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ABSTRACT

A series of experiments was completed on a single-cylinder Co-
operative Fuel Research engine to determine the effect of Hy ad-
dition on the extension of the exhaust gas recirculation (EGR)
limit of a natural gas fuelled spark ignition engine. All exper-
iments were conducted at 1200 RPM, wide open throttle and
maximum brake torque spark timing. The addition of a 17.4%
H, energy fraction resulted in a doubling of the original EGR
mass fraction limit, from 14.8% to 30.0%. Such an extension
of the EGR limit had significant implications on all metrics of
engine performance: indicated specific NO emissions decreased
by 93%, from 1.5 to 0.1 g/kW h while neither indicated specific
CO or indicated specific total hydrocarbon emissions were greatly
affected; fuel conversion efficiency (7y.) decreased slightly, from
31.4 to 30.9%, although this change falls within the uncertainty
in determining 7;.; indicated mean effective pressure decreased
by 20%, from 5.21 to 4.17 bar; and “usage” indicated specific
CO, emissions fell by 18%, from 637 to 521 g/kW h.
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CHAPTER 1

INTRODUCTION

hile the environmental impact of the automobile has long been re-
garded as a relevant and important research topic, increasingly strict
environmental regulations and ever-expanding automobile use are both in-
creasing the impetus of developing a cleaner and more efficient automobile.

The typical pollutants in the exhaust stream of a four-stroke spark igni-
tion (SI) automobile engine include CO, hydrocarbons (HC) and NO. While
CO and HC are typically indicative of incomplete combustion, NO is a result
of the elevated in-cylinder temperatures associated with complete combus-
tion. Such a dichotomy also extends to the manner in which the individual
pollutants are abated. To convert CO and HC to CO, and H,O, an oxidative
environment is required. In an automotive exhaust system, this is typically
achieved through the presence of excess O, and an oxidizing catalyst which
promotes the rapid oxidation of both CO and HC. However, the conversion
of NO to Ny and O, requires a reducing environment, normally accomplished
with an O, deficit and a reducing catalyst. As it is necessary for all three of
CO, HC and NO to be abated simultaneously in an automobile, a three-way
catalytic converter is used.

Three-way catalytic converters typically use a combination of Pt and Rh
as catalysts to simultaneously oxidize CO and HC (Pt), and to reduce NO
(Rh). An O, sensor in the exhaust system is used as feedback in rapidly
varying the air/fuel ratio between lean (to promote oxidation) and rich (to
promote reduction) air/fuel mixtures in order that all three pollutants are
simultaneously abated. An O, storage compound (typically CeO,) acts as a
buffer, allowing for continued oxidation of CO and HC during periods of rich
operation. The simultaneous peak conversion efficiency of a typical three-
way catalytic converter is quite high, with conversion rates exceeding 95%
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CHAPTER 1. INTRODUCTION 2

for each pollutant (Shelef and McCabe, 2000). However, this peak conversion
efficiency is limited to within a fine margin of a stoichiometric air/fuel ratio,
thus precluding the potential efficiency gain associated with a lean air/fuel
ratio. As catalysis is presently the only way in which current and future
emissions regulations can be met (Kaspar et al., 2003), there is a strong
incentive to increase the efficiency of engines operating with a stoichiometric
air/fuel ratio.

A method which is currently used to increase part-load efficiency and
decrease engine-out NO emissions of stoichiometric SI engines is exhaust gas
recirculation (EGR). By returning a fraction of the exhaust products to the
intake of the engine, the thermodynamic properties of the intake mixture
are altered, resulting in desirable changes to the emissions and efficiency
characteristics of the engine. The decrease in energy density and increase
in bulk heat capacity associated with an exhaust diluted mixture equates
to lower peak in-cylinder temperatures and thus, decreased NO emissions
(Quader, 1971). The decreased mixture energy content also results in a
reduction in the amount of intake throttling required to maintain a partial
load, thus improving part-load efficiency (Nakajima et al., 1981).

While EGR is an effective way to improve efficiency and decrease NO
emissions, its use results in a decrease in mixture laminar burning velocity
which is proportional to the amount of EGR employed (Stone et al., 1998).
While most engine designs can tolerate EGR mass fractions of 30% (Hey-
wood, 1988, page 103), the use of large EGR fractions is limited by the onset
of excessive cycle-to-cycle variations in combustion associated with a signif-
icantly decreased laminar burning velocity. Thus, the extent of emissions
and efficiency improvements associated with EGR are limited by a reduc-
tion in burning rate. While it is possible to increase the burning rate of an
engine through changes in combustion chamber geometry, in-cylinder turbu-
lence levels and spark plug location, it is more desirable to develop a simple
and flexible means of increasing the burning rate which is easily adapted to
a variety of engine operating conditions and which can be applied to a cur-
rent engine platform. One such method involves the addition of Hs, a fuel
with a laminar burning velocity roughly one order of magnitude higher than
conventional automotive fuels (Karim, 2003).

This study investigates the potential of Hy addition as a means of ex-
tending the EGR limit of a natural gas fuelled SI engine at full-load. In
particular, this study aims to determine the following:
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CHAPTER 1. INTRODUCTION 3

(1.) How much H, is required to maintain an original, undiluted level of
combustion stability for a given EGR mass fraction?

(2.) What effect does H, addition have on full-load indicated specific NO
(ISNO) emissions as the tolerable EGR mass fraction is extended?

(3.) How is full-load fuel conversion efficiency affected as the tolerable EGR
mass fraction is extended?

(4.) How far can the indicated mean effective pressure (IMEP) be depressed,
at full-load, as the tolerable EGR mass fraction is extended?

(5.) How are full-load indicated specific CO, (ISCO,) emissions affected as
the tolerable EGR mass fraction is extended?

(6.) How do the CO, implications of Hy production affect total ISCO, emis-
sions?

Prior to the development and execution of the experimental agenda, an
extensive literature review was performed to become familiar with previous
work on the topics of EGR and H, addition. The results of the literature
review are presented in Chapter 2 as the motivation and underpinning for the
remainder of the study. The effect of both EGR and H; addition are discussed
in the context of changes in laminar burning velocity and thus, flame kernel
development. The resulting changes in cycle-to-cycle combustion variation as
a result of an extended (or reduced) flame kernel development time are also
considered. Finally, previous studies in which Hy or more typically, reformer
gas, were used as a means of extending the EGR limit of an SI engine are
considered.

An overview of the design, construction and use of the experimental sys-
tem is given in Chapter 3. A description of the entire experimental system
is provided in eight consecutive sections which describe the individual sub-
systems of the apparatus, including (in order): the engine intake, fuelling,
EGR, ignition, cylinder pressure measurement, torque measurement, emis-
sions measurement and data acquisition systems. Following this, details of
both the engine startup and experimental procedures are described.

All pertinent experimental results are presented and discussed in Chap-
ter 4. A discussion of the data post-processing techniques is first included
to better understand the subsequent results. The experimental results are
discussed in three sections, including: the effect of spark timing on engine
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CHAPTER 1. INTRODUCTION 4

performance; the effect of EGR addition on engine performance; and the
effect of Hy addition on exhaust diluted engine performance. The initial
tests on spark timing were performed to determine the effect of spark timing
uncertainty on total measurement uncertainty. A rigorous description and
explanation of the observed findings is included for each set of presented
data.

A list of conclusions and an outline of possible extensions of this research
are included in Chapter 5. Observed findings are discussed in the context of
answering the questions posed at the beginning of this chapter. The impact
of the research findings is also discussed in relation to the practical conse-
quences and requirements of using Hy addition to extend the EGR limit in a
production automobile. A discussion of possible improvements to both the
experimental apparatus and procedure are given along with future research
possibilities which the present study can support.

A set of appendices is included which gives additional information about
the equipment and data analysis procedures used in the study. Appendix A
includes a detailed description of all equipment used in the study, including
model numbers and serial numbers, as well as a description of the operating
principles of the gas analyzers. Appendix B describes the procedures used
to calibrate individual transducers and includes representative calibration
plots for each instrument used. A detailed error analysis of both calibra-
tion procedures and individual measurements is also included. Appendix C
lists the physical properties of the domestic natural gas supply used in the
experiments. The calculation method for determining the relative air/fuel
ratio (A) based on measured intake air and fuel flow rates is also included.
Finally, Appendix D describes the method that was used in calculating the
EGR mass fraction based on the measured “dry” CO, mole fraction of the
engine intake mixture.
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CHAPTER 2

REVIEW OF RELEVANT LITERATURE

I'T Yhe unique physical properties of Hy brand it a natural choice for promot-
L ing combustion in adverse conditions. As a result, Hy supplementation
has been studied extensively as a way to increase the robustness of spark ig-
nition (SI) engine operation for both lean and dilute mixtures. A majority of
previous research focussed on the use of Hj in extending the lean limit. How-
ever, this study deals exclusively with the use of H, as a means of exhaust
gas dilution limit extension. Hence, a review of the underlying mechanisms
of both H, addition and exhaust gas dilution will first be presented so as to
underpin the following critical review and discussion of studies in which Hs
is used specifically for dilute limit extension in SI engines.

2.1 The Effect of Mixture Composition on Combustion

Each measure of performance in an SI engine is wholly dependent upon the
combustion quality in a given cycle, and upon the cycle-to-cycle variations in
combustion quality. While there are many factors which may affect combus-
tion quality in an SI engine, a large portion may be attributed to the laminar
burning velocity of the in-cylinder mixture which governs the initial stages
of flame growth.

The laminar burning velocity is a fundamental property of a combustible
mixture which describes the rate at which reactants move normally through
the combustion wave surface (Glassman, 1987) and is essentially a measure
of the rate of heat and mass diffusion through the reaction zone in a flame.
The laminar burning velocity largely affects the combustion mechanism in
an SI engine. It is thus prudent to investigate the effects of a change in
laminar burning velocity as a result of a change in mixture composition if
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CHAPTER 2. REVIEW OF RELEVANT LITERATURE 6

engine performance is to be predicted and understood.

2.1.1 Exhaust Gas Dilution

Exhaust gas dilution has a significant effect on the laminar burning velocity of
a mixture, which has been illustrated in previous studies (Gat and Kauffman,
1980; Stone et al., 1998; Elia et al., 2001). Stone et al. (1998) measured
the laminar burning velocity of CH4-diluent-air mixtures within a spherical
combustion chamber in a series of free-fall experiments. A near-zero gravity
environment was used to negate flame buoyancy effects, to minimize heat
transfer to the chamber walls and to maximize the amount of useable data
from each experiment. A diluent consisting of 85% Ny and 15% CO, was used
because it simulated both the molar mass and heat capacity of combustion
products. A comprehensive set of least squares correlations was determined
for various initial conditions and mixture compositions. At a stoichiometric
equivalence ratio and initial conditions of 298 K and 1 atm, the addition of
a 20% diluent fraction resulted in a decrease of laminar burning velocity of
65% - from 37.5 cm/s at an undiluted condition to 13 cm/s for a 20% dilute
fraction.

Elia et al. (2001) performed further experiments in a spherical combus-
tion chamber to determine the laminar burning velocity of CHy-air-diluent
mixtures. Correlations for burning velocity were determined which extended
the range of unburned gas pressures and temperatures previously used by
Stone et al. (1998). The addition of a 15% fraction of simulated combus-
tion products (86% N2 and 14% CO,) to a stoichiometric CHy-air mixture
with initial conditions of 298 K and 1 bar, resulted in a decrease in laminar
burning velocity of 55% - from 37.5 cm/s to 17.0 cm/s.

Beyond a decrease in laminar burning velocity, the use of exhaust gas
recirculation (EGR) results in other changes in combustion which can affect
the performance of an SI engine. Gat and Kauffman (1980) performed a
series of experiments in a cylindrical combustion chamber to determine the
effect of simulated exhaust gas on both laminar and turbulent burning ve-
locities, ignition energy, heat flux and flame quenching behaviour of CHy-air
mixtures. It was shown that at a given turbulence intensity, the addition
of simulated exhaust diluent results in a significant increase in the ratio of
turbulent to laminar burning velocity (Sr/St), thus indicating that the addi-
tion of diluents primarily affects laminar burning velocity. The temperature
time-history of an instrumented quenching surface within the combustion
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chamber allowed for the calculation of heat flux and heat transfer, both of
which decreased with diluent addition, mainly as a result of decreased adia-
batic flame temperature. Further measurements showed that an increase in
diluent fraction also causes increases in both flame quenching distance and
the minimum energy required for ignition.

With the effect of simulated exhaust gas products on the combustion
mechanism of CHy-air determined for single events within constant volume
combustion chambers, this knowledge can be applied in understanding phe-
nomena in SI engine experiments. The decrease in laminar burning velocity,
associated with an increase in exhaust gas dilution, has a strong effect on the
rate and variability of the early phases of flame development in an SI engine.
Matekunas (1983) performed a series of experiments on a single-cylinder re-
search engine equipped with a transparent piston crown to determine the
various modes of cycle-to-cycle variations in pressure development. The con-
tribution of several parameters were investigated, including the amount of
swirl production (achieved through the use of shrouded intake valves and
specially designed intake ports), spark plug location and equivalence ratio.
Through a combination of in-cylinder cinematography and pressure measure-
ment it was determined that, as combustion quality approached the misfire
limit, the rate of flame kernel growth is the governing factor in cycle-to-cycle
variations in combustion. As a flame kernel is developing, it is vulnerable to
local flow conditions which may convect the flame kernel toward the cylin-
der wall, resulting in increased heat loss from the flame and a reduction
in the subsequent rate of flame propagation, typically due to an opposition
from in-cylinder flows. An increase in flame kernel development time is then
equatable to an increased likelihood of cycle-to-cycle variations in pressure
development.

The primary factor which governs the rate of flame kernel development
is the laminar burning velocity of the mixture within the vicinity of the
spark plug electrode. It is during this time that the in-cylinder eddies are
large in comparison to the flame kernel and do not distort the flame front to
enhance its burning velocity, as in turbulent combustion (Lancaster et al.,
1976). Thus, the reduction in laminar burning velocity associated with the
use of exhaust gas dilution, as discussed by Gat and Kauffman (1980), Stone
et al. (1998) and Elia et al. (2001), is presumed to cause an increase in
cycle-to-cycle pressure development variations in an SI engine.

This effect is compounded when the variation in mixture composition
within the spark plug gap is considered. Matsui et al. (1979) developed an
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unobtrusive method of measuring the mixture composition within the spark
plug gap for successive engine cycles in a running engine. Through the use of
a rapid-acting solenoid needle valve, mixture samples were drawn from within
the spark plug gap and transferred, via a N, flow line, to a quick response
emissions test bench that was customized to be used with small gas samples.
It was determined that an increased exhaust gas dilution fraction resulted
in a marked rise in cycle-to-cycle variation in both the total hydrocarbon
(THC) and CO, concentrations within the spark gap. As equivalence ratio
and CO, dilution are both known to affect the laminar burning velocity of
a CHy-air mixture (Stone et al., 1998), it is supposed that this mechanism
further increases variation in cycle-to-cycle pressure development as the EGR
fraction is increased.

The effect of EGR on combustion stability in an SI engine has been stud-
ied directly by Kuroda et al. (1978). A set of experiments was performed
on an instrumented cylinder of a production four-cylinder SI engine. The
cylinder was equipped with a pressure transducer and four ionization detec-
tors which were used to detect the arrival of the flame front at the cylinder
wall. The addition of EGR was found to increase covariant indicated mean
effective pressure (COV IMEP), hydrocarbon exhaust emissions and fuel con-
sumption. A set of four combustion patterns was developed to describe the
quality of combustion based on the indicated mean effective pressure (IMEP),
the burn duration and ionization sensor data. The four combustion patterns
are given as normal burn, slow burn, partial burn and misfire. It was deter-
mined that the addition of EGR always resulted in the appearance of 5% of
total engine cycles being “slow burn” before additional EGR caused partial
burn or misfire cycles. The use of a dual spark plug configuration was shown
to greatly increase the EGR limit of the engine, resulting in greater improve-
ments in NO emissions and fuel economy. Based on the previous discussion
of flame kernel development, this is expected as a faster burning engine al-
lows for a greater spark retard at a comparable dilution fraction, resulting in
unburned gas conditions which are more conducive to flame initiation.

2.1.2 H, Addition

H, addition is another method that has been investigated as a means to
improve flame kernel development and thus reduce cycle-to-cycle variations
in pressure development.

The effect of Hy addition to the laminar burning velocity of CHy-air mix-
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tures has been thoroughly investigated (Milton and Keck, 1984; Yu et al.,
1986). Milton and Keck (1984) measured the laminar burning velocities of
stoichiometric CHy-air and Hy-air (among other) mixtures at various initial
pressures in a constant volume spherical combustion bomb. As all experi-
ments took place within a constant volume combustion bomb, the burning
velocities at elevated pressures and temperatures were also measured. The
burning velocity of Hp-air mixtures was given as being approximately one or-
der of magnitude higher than that of CHy-air. The laminar burning velocity
of stoichiometric CH4-Hj-air was measured for a Hy/CH4 mole ratio of 2/1.
The results showed that the burning velocity of the Hyo-CHy-air mixture was
significantly higher than for CHy-air, but lower than if the burning velocity
was predicted based on the mole ratio and burning velocities of individual
fuels within the mixture. A stoichiometric Hy-CH, mixture with a Ho/CH,
ratio of 2/1 and initial conditions of 300 K and 1 atm resulted in an in-
crease of laminar burning velocity of more than 200% - from 35 cm/s for
stoichiometric CHy, to 110 cm/s for the Hy/CH, blend.

Yu et al. (1986) further investigated the effect of adding different amounts
of Hy on the laminar burning velocity of CHs-air (among other) mixtures at
various equivalence ratios. Burning velocities were measured using a sym-
metrical counterflow arrangement in which flame stretch and heat loss are
negated. The amount of H, added was given as a relative ratio and the mea-
sured laminar burning velocity at different equivalence ratios was related to
this relative Hy ratio. At a given equivalence ratio, the relative amount of
H, added is linearly correlated to an increase in laminar burning velocity.
For a given Hj ratio, the laminar burning velocity peaks at an approximately
stoichiometric equivalence ratio.

As discussed in Section 2.1.1, the laminar burning velocity governs the
rate of flame kernel development, which has been shown to be directly related
to cycle-to-cycle variation in pressure development for an SI engine operating
near the misfire region. It is presumed that the increase in laminar burn-
ing velocity associated with H, addition should reduce these cycle-to-cycle
variations in pressure development if misfire is incipient.

Heywood and Vilchis (1984) investigated the flame development of both
Hj-air and CgHg-air flames using schlieren photography with a quartz walled
square piston single-cylinder research engine. Testing for each fuel was con-
ducted with the same operating and mixture conditions to isolate and study
the effect of fuel chemistry on flame development and propagation. The Hs-
air flames were shown to develop significantly faster, with a uniformity in
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flame size, position and reaction zone distribution between cycles. Whereas
the C3Hg-air flames displayed significant cycle-to-cycle variations in each of
these attributes. The effects of in-cylinder flow are visible in the photographs
of C3Hg-air flame development, with the center of the flame being convected
away from the spark electrode in several instances.

A study on the effect of H, addition on flame development in an SI engine
was performed by Rauckis and Mclean (1979). Using cylinder pressure data
from a single-cylinder cooperative fuel research (CFR) engine operating with
various fractions of Hy and indolene, the effect of Hy addition on the various
stages of flame growth and propagation was investigated. Flame growth and
propagation was divided into three categories based on the mass fraction
burned: kernel growth duration (0-2% burned); flame development duration
(2-10% burned); and combustion duration (10-90% burned). It was deter-
mined that H, addition resulted in a significant reduction in kernel growth
duration at all equivalence ratios, with smaller (but still significant) reduc-
tions in both flame development duration and combustion duration. At an
equivalence ratio of 1.0, a 15% Hs energy fraction (HEF) resulted in a 28%
decrease in duration of flame kernel growth, from 9.9 to 7.2° CA. This re-
sult is supported by previous studies which illustrated an increase in laminar
burning velocity with the addition of Hy (Milton and Keck, 1984; Yu et al.,
1986) and by Heywood and ‘Vilchis (1984) who showed the difference in flame
development between H, and hydrocarbon fuels using schlieren photography.

2.2 H,; Addition to Extend EGR Limit of an SI Engine

Having separately established the effects of both exhaust dilution and H,
addition on flame development (and thus cycle-to-cycle variations in pres-
sure development), the discussion turns to previous studies that used Hy as
a means of accommodating increased exhaust gas dilution fractions in SI
engines.

A majority of previous studies of H, addition in SI engines focussed on
lean (rather than dilute) limit extension. The reader can refer to review
papers by Jamal and Wyszynski (1994) and Akansu et al. (2004) for further
information on this topic. While a lean mixture can result in greater fuel
economy increases when compared to exhaust diluted mixtures (Lumsden
et al., 1997), its use precludes the application of (and increased robustness
associated with) a three-way catalytic converter.

Smith and Bartley (2000) investigated the effect of Ha-rich “synthesis
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gas” addition on the performance and EGR limit of a single-cylinder re-
search engine. All tests were conducted at 1800 RPM, 11.0 bar brake mean
effective pressure (BMEP) and wide open throttle (WOT) (load was main-
tained through supercharging). The synthesis gas that was produced had the
following composition based on wet mole fractions: H, (29.7%), CO (15.1%),
amount of synthesis gas used in the experiments was quantified as the mass
fraction of total natural gas consumption that was used by the catalyst in
its production. A 40% synthesis gas fraction resulted in a 44% increase in
EGR tolerance - from 27% (for a baseline case) to 39%. The use of synthesis
gas was not shown to noticeably affect indicated thermal efficiency for EGR
fractions beyond 15%. As expected, an increased fraction of synthesis gas
also resulted in a significant decrease in ignition delay (0-10% mass fraction
burned) - especially at increased EGR fractions. The effect was present,
although not as pronounced, for the remaining 10-90% mass fraction burn
duration. The extension in EGR limit afforded by the synthesis gas resulted
in a 40% decrease in NO,, emissions - from 680 to 156 ppm for a 40% synthesis
gas fraction. Hydrocarbon emissions were also shown to decrease with an in-
crease in synthesis gas while CO emissions were mostly unaffected. However,
for ‘a combination of high EGR and synthesis gas fraction, the significance
of the CO present in the synthesis gas became apparent with a noticeable
increase in CO emissions. While no limit was placed on what was considered
“acceptable combustion quality” in this study, the COV IMEP remained at
approximately 2% for all tests. As a result of there being no formal limit
on combustion stability, it is noted that the EGR limits are likely somewhat
higher than those reported in this study.

Allenby et al. (2001) studied the effect of both H, and simulated reformer
product addition on the extension of the EGR limit of a single-cylinder SI
research engine. Experiments were performed at three operating conditions:
1500 RPM at 2 bar IMEP; 2000 RPM at 2 bar IMEP; and 2000 RPM at
4 bar IMEP. At each condition, EGR and H, were added in succession to
follow a constant COV IMEP of 5%, which was considered to be an accept-
able combustion stability. The addition of H, required to extend the EGR
limit was shown to be strongly dependent upon load and less so on engine
speed. At 2000 RPM and 2 bar IMEP, H, addition of 22% resulted in a five
fold increase in EGR limit - from 5 to 30%. When the load was increased
to 4 bar at 2000 RPM, only an 11% H, fraction was required to sustain the
same 30% EGR fraction. As expected, the larger EGR fractions supported
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by H, addition resulted in further decreases in NO emissions. Results re-
ported for hydrocarbon emissions show no discernible trend. A large portion
of this study (which is not discussed here) was devoted to evaluating the
performance of a reformer catalyst that was used to produce H,-rich gas.

Quader et al. (2003) further studied the effect of both simulated and
actual gasoline reformate addition on the lean and dilute limit of a single-
cylinder SI research engine. The volumetric composition of the simulated
reformer gas was 21% Ha, 24% CO and 55% Nj. All tests were performed
at 1330 RPM, maximum brake torque (MBT) spark timing, with refor-
mate/gasoline energy fractions of 0, 15, 30, 50 and 100%. Both the lean and
dilute limits were bracketed using a series of equivalence ratios and EGR frac-
tions at a value of COV IMEP no higher than 3%. Both light load (216 kPa
NMEP) and heavy load (540 kPa NMEP) conditions were tested.

An increase in reformate fraction to 100% resulted in a 44% lean limit
extension (from A = 1.47 to A = 2.63) and a 115% increase in the dilute limit
(from 17% to 37%). The extension in both lean and EGR limits afforded by a
100% reformate fraction resulted in a one order of magnitude reduction of NO
emissions in both cases. However, at a given relative dilution, the use of EGR
resulted in greater decreases in NO emissions then for a lean mixture. EGR
dilution also resulted in a slight decrease in hydrocarbon emissions while a
lean mixture showed no noticeable trend. As expected, the use of a 100%
reformate fraction resulted in near-zero hydrocarbon emissions in both cases.
CO emissions remained relatively unaffected in both cases, except for large
reformate fractions, where the CO contained in the fuel became apparent
in the exhaust emissions. The thermal efficiency remained constant with
EGR addition, while a lean mixture resulted in an approximate 5 to 10%
gain in efficiency (when compared to EGR). Reformate addition caused a
decrease in both flame initiation (0-10% mass fraction burned) and flame
propagation (10-90% mass fraction burned) at a given relative dilution for
both EGR and lean mixtures. However, the total burn duration was much
higher for exhaust diluted mixtures than for lean mixtures. The total burn
duration at the EGR limit increased from 86° CA for gasoline to 90° CA
for 100% reformate, while decreasing by a similar amount for lean mixtures.
All discussed results were similar for the high load (540 kPa NMEP) case,
except for the following differences: a higher baseline dilution tolerance for
both EGR and lean mixtures; higher thermal efficiency; and the requirement
for supercharging to obtain the required load with 100% reformate.

Conte and Boulouchos (2004) performed a comprehensive study on the
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effect of reformer gas addition on the performance, lean limit and dilute limit
extension of an SI research engine. All tests were performed at 2000 RPM,
200 kPa and MBT spark timing. Simulated bottled reformer gas with the
same composition used by Quader et al. (2003) (i.e. 21% H,, 24% CO and
55% Nj) was used for all tests. Various reformate/gasoline energy fractions
were tested at each of three operating points: A = 1.0 with no EGR; ) =
lean limit with no EGR; and A = 1.0 at EGR limit - only the results from
the latter two cases will be discussed here. The limit for combustion stability
in this study was chosen to be 10% COV IMEP.

As expected, an increase in reformate fraction resulted in extensions of
both the lean and dilute limits. A 100% reformate fraction gave a 92%
extension in lean limit (from A = 1.12 to A = 2.15) and an approximate ten-
fold increase in EGR limit (from 5 to 51%). While the percentage values of
both lean and dilute limit extension are much higher than those presented by
Quader et al. (2003), this can be explained by observing two factors: first,
the definitions of combustion stability vary from 10% COV IMEP, in the
present study, to a value of 2% COV IMEP used by Quader et al. (2003);
and second, the baseline values of both lean and EGR limit with no reformate
are much lower in the present study, which may be attributed to the excessive
valve overlap (and retained residual gas fraction) that is characteristic of the
engine used in the study.

The amount of time required for flame initiation (0-5% mass fraction
burned) and propagation (5 to 90% mass fraction burned) is shown to re-
main relatively constant at both the lean and EGR limit with increasing
reformate fraction. As discussed previously (Matekunas, 1983), the mixture
laminar burning velocity is the primary factor in governing cycle-to-cycle
variations when misfire is incipient. Hence, at a constant combustion stabil-
ity of 10% COV IMEP, the mixture laminar burning velocity is likely staying
constant with increasing amounts of both reformate and excess air or EGR,
thus resulting in a constant duration of all combustion phases. Specific CO
emissions were shown to increase as the lean limit was extended, likely due to
a decrease in post-combustion oxidation resulting with falling exhaust tem-
peratures. CO emissions remained relatively constant for EGR dilution. As
expected, both hydrocarbon and NO emissions were shown to significantly
decrease with an increasing reformate fraction in both lean and EGR dilution
cases, due (respectively) to a direct displacement of hydrocarbon fuel and a
reduction in peak combustion temperature. As was also expected, EGR dilu-
tion had a greater effect than a lean mixture in reducing NO emissions for all
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but a 100% reformate fraction where they were equally effective. Some basic
efficiency calculations were performed to determine the global efficiency of a
reformer and SI engine system. With a presumed reactor efficiency of 0.85
(based on the lower heating value (LHV) of the inlet and outlet streams), a
maximum global efficiency gain of 13% can be obtained at both the lean and
EGR limit with a 100% reformate fraction.

2.3 Summary

A discussion of previous studies has shown that, when misfire is incipient,
the primary cause of cycle-to-cycle variations in pressure development is a
decreased mixture laminar burning velocity. The rate of flame kernel devel-
opment is governed by the laminar burning velocity and thus, a decrease in
laminar burning velocity translates to an increased likelihood of the flame
kernel being convected away from the spark plug electrode, resulting in var-
ied heat transfer and flame development. Investigations using both constant
volume combustion bombs and counterflow flame configurations have deter-
mined that the addition of exhaust gas diluents results in a decreased lami-
nar burning velocity whereas increased laminar burning velocity is achieved
through H, addition. The relation between laminar burning velocity and
cycle-to-cycle variations in pressure development was established in single-
cylinder SI engine experiments where the effects of EGR and Hj addition were
evaluated individually. The addition of EGR was shown to increase cycle-
to-cycle variability in pressure development while H, addition decreased this
variability.

Studies in which H, was investigated as a means of extending the dilute
limit of an SI engine were also discussed. All but one study focussed on the
use of Hy-rich simulated reformer gas as a means of dilute limit extension. In
general, the addition of either Hy or a Ha-rich gas was shown to extend the
dilute limit, allowing for greater decreases in NO emissions while maintaining
or slightly improving thermal efficiency.

While previous studies have been performed using simulated reformer
gas, the presence of both CO and N, result in different emissions and dilu-
tion characteristics when compared to neat H, addition. Furthermore, the
use of onboard reforming, while championing development of Hy-compatible
SI engines, does little to promote the development of a Ho infrastructure.
Thus, the current study is being undertaken to demonstrate the effect of
neat H, addition on the emissions and performance implications of an ex-
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tended dilution limit in an SI engine. This study may be used to underpin the
investigations of reformer gas addition and to promote the use of Hp-blended
vehicle fuels as a means of significantly reducing emissions while maintaining
or improving efficiency.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3

EXPERIMENTAL SYSTEM AND PROCEDURE

he aim of this study was to determine the effect of H, addition on the

exhaust gas dilution limit of a spark ignition (SI) engine. Engine per-
formance was quantified using four parameters: output torque, combustion
stability, fuel conversion efficiency (n;.) and exhaust emissions. Based on
these metrics, a single-cylinder cooperative fuel research (CFR) engine was
suitably modified and instrumented for this investigation. Several safety
features were incorporated into the experimental design to account for the
unique physical properties of Ho. Prior to the execution of any experiments,
all instruments were carefully calibrated to ensure reliable results.

This chapter focuses on a description of the experimental design and the
test procedures employed in determining the effects of Hy addition and ex-
haust gas recirculation (EGR) on engine performance. Section 3.1 includes
a summary of eight individual subsystems of the experimental apparatus,
including (in order): engine intake, fuelling, EGR, ignition, cylinder pres-
sure measurement, torque measurement, emissions measurement and data
acquisition systems. An overview of the experimental procedures used in
conducting this study is given in Section 3.2.

3.1 Instrumented Engine

All experiments were conducted on an instrumented single-cylinder CFR
engine, the specifications of which are given in Table 3.1. A schematic of the
CFR engine and all associated modifications and instrumentation is given in
Figure 3.1.

16
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Table 3.1: CFR Engine Specifications

Engine. Model Waukesha CFR,
Engine Type Water cooled, four stroke, single-cylinder, SI
Displacement [cc] 612
Bore [mm] 82.6
Stroke [mm] 114.3
Compression Ratio 11.5
Combustion Chamber Disc cylinder head, flat-top piston
Intake Valve [mm]! 31.8
Exhaust Valve [mm] 31.8
Valve Timing

EVO 40 ["BBD(]
IVO 10 ["ATDC(]
EVC 15 ["PATDC]
IVC 34 [PABD(]

! Intake valve is unshrouded

3.1.1 Intake System

The intake system was designed with three factors in mind: the accurate and
continuous measurement of intake air mass flow rate and temperature, intake
pressure and EGR mass fraction; promotion of mixing between external EGR
and intake air; and incorporation of suitable safety features to accommodate
H, fuel usage.

At the upstream side of the intake system, an inlet filter (3.1-1)' was
installed to prevent contaminants from reaching downstream components. A
thermal mass flow meter (3.1-2) was used to measure the mass flow rate of
intake air. Details of the mass flow meter calibration, a typical calibration
plot and a differential error analysis are given in Appendix B. As is typical
with industrial instrumentation, the air mass flow meter produced a current
output of 4-20 mA. To obtain the necessary voltage signal, a known resistance
(250 Q) was applied across the meter output leads and the voltage across
these leads measured.

To prevent upstream convection of the inherent intake flow fluctuations

'Parenthesized numbers refer to the figure number in which the component appears
and the individual component label within that figure.
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of a single-cylinder engine, a 205 litre pulsation barrel (3.1-3) was installed
downstream of the intake air mass flow meter. The temperature of the intake
air stream was measured downstream of the pulsation barrel using a 1.6 mm
diameter sheathed and ungrounded type-T thermocouple (3.1-4).

While this investigation only focussed on testing at wide open throttle
(WOT), a 12.7 mm butterfly valve (3.1-5) was incorporated as an intake
throttling device for two reasons: first, to allow for future part-load testing;
and second, to permit a means of quickly shutting off air flow to the engine
if required.

An intake plenum (3.1-6) was constructed out of a length of 90 mm di-
ameter schedule 40 carbon steel pipe. To promote mixing of EGR and intake
air, the EGR was introduced directly downstream of the throttling valve.
The EGR-air sample was then drawn from the downstream side of the intake
plenum (3.1-33), at which point it was presumed that adequate mixing of
the EGR and intake air had taken place. Further details of the EGR sys-
tem, including measurement and calculation procedures, are given in Section
3.1.3. The pressure of the intake plenum was measured using a Validyne
diaphragm differential pressure transducer (3.1-7) with a range of £138 kPa.
The calibration procedure, a representative calibration plot and a differential
error analysis of this pressure transducer are all included in Appendix B. To
minimize the risk of H, ignition within the intake system, the plenum was
mounted at a positive angle to ensure that any fuel would remain close to
the intake port of the running engine. Furthermore, the downstream joint
of the intake plenum was designed to minimize the resulting pressure rise if
any fuel were to ignite within the intake system.

Both H», and natural gas were introduced directly upstream of the en-
gine intake port using horizontally opposed Bosch electronic natural gas fuel
injectors (3.1-23, 3.1-24). Further details of the fuelling system are given
in Section 3.1.2. The temperature of the air-fuel-EGR mixture was then
measured immediately upstream of the intake port with a 1.6 mm diameter
sheathed and ungrounded type-T thermocouple (3.1-8).

Prior to the execution of any experiments, the entire intake system was
checked for leaks. Because it is difficult to detect a vacuum leak while the
engine is running, the intake system was pressurized and checked for leaks
while the engine was shut off. All temperature, pressure and sample ports on
the intake system were plugged and the entire intake system was pressurized
to approximately 15 kPa. The system was inspected using a leak detection
solution and any leaks were remedied. The system was again pressurized and
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it was determined that there were no further leaks.

3.1.2 Fuelling System

The fuelling system was designed to allow computer control and measurement
of the individual mass flow rates of H, and natural gas. Several safety features
were incorporated into the fuelling system to account for the use of high-
pressure Hy and natural gas. A schematic of the fuelling system is given in
Figure 3.2.

Both H, and natural gas were taken from pressurized cylinders (3.2-1,
3.2-10). Industrial grade H, was obtained from Praxair while the natural
gas cylinder was filled from a high pressure domestic natural gas supply. A
detailed description of the physical properties of both fuels is given in Ap-
pendix C. Both natural gas and H, are regulated to a pressure of 550 kPa, -
natural gas via an electronic two-stage pressure regulator (3.2-11) and H, via
a manual two-stage diaphragm pressure regulator (3.2-2) prior to usage. To
prevent the unintended flow of H, and natural gas, each was routed through
normally closed solenoid shut-off valves.(3.2-3, 3.2-12). Downstream of the
shut-off solenoid valves, both the temperature and pressure of the gases are
measured using 1.6 mm diameter sheathed and ungrounded type-T ther-
mocouples (3.2-5, 3.2-14) and bourdon tube pressure gauges (3.2-4, 3.2-13).
The mass flow rate of each gas was measured using thermal mass flow meters
(3.2-6, 3.2-15). The calibration procedure, a typical calibration plot and a
differential error analysis for each thermal mass flow meter are all given in
Appendix B. To prevent the mass flow meters from being affected by up-
stream convection of flow fluctuations, plenums (3.2-7, 3.2-16) were placed
downstream of each flow meter. Ball valves were then installed downstream
of each fuel plenum (3.2-8, 3.2-17) to provide a rapid means of shutting off
the fuel supply when desired. Beyond the ball valves, each fuel was routed
directly to respective electronic fuel injectors (3.1-23, 3.1-24) using braided
stainless steel flexible tubing.

All control of fuelling was accomplished with a custom single-cylinder,
two-fuel engine control module (ECM) based on crankshaft position as de-
termined by a variable reluctance sensor (3.1-27) and a 36-1 tooth crankshaft
mask. The control of individual injector pulse width and thus fuel mass flow
rate was achieved by updating the table values within the ECM via a personal
computer.

Prior to engine operation, the entire fuel system was purged with N, to
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maintain O, levels below the rich flammability limits of each fuel. The fuel
system was repeatedly purged with N, whenever components needed to be
removed for service or replacement, or for any other reason where it was
believed that O, may have entered the fuel system.

To prevent the accumulation of Hy within the crankcase, a pressurized
supply of N (3.1-32) was introduced to the crankcase and the exiting gases
(3.1-35) were monitored to ensure that the O, content remained below the
rich lammability limit of H,.

3.1.3 EGR System

The EGR system was designed to ensure that a well-mixed air-EGR mixture
was achieved prior to both the measurement and consumption of the intake
mixture. To accomplish this, a portion of the hot exhaust products was re-
cycled to the upstream end of the intake plenum, directly downstream of the
throttle valve. The temperature of the EGR was initially reduced using a
shell and tube heat exchanger (3.1-19) which was connected to the domes-
tic hot water supply. The temperature of the cooled EGR was measured
immediately downstream of the heat exchanger using a 1.6 mm diameter
sheathed and ungrounded type-T thermocouple (3.1-20). To accurately con-
trol the amount of EGR inducted into the intake plenum, both small and
large gate valves (3.1-21, 3.1-22) were installed in parallel upstream of the
intake plenum.

To measure the mass fraction of EGR, a gas sample was drawn from
the downstream end of the intake plenum (3.1-33), at which point it was
presumed that sufficient mixing between the air and exhaust streams had
taken place. Based on the measured dry CO, mole fraction, the mass fraction
of EGR was calculated. A detailed example of this calculation is given in
Appendix D. Further details of the emissions measurement system are also
included in Section 3.1.7.

While the residual fraction (internal EGR) was not measured directly, the
conditions of the exhaust products were monitored to show that differences
in residual fraction between experiments were negligible. The exhaust gas
temperature was measured directly downstream of the exhaust port using a
1.6 mm diameter sheathed and grounded type-J thermocouple (3.1-14) while
the exhaust pressure was measured using a Validyne diaphragm differential
pressure transducer (3.1-15) with a range of 69 kPa. The calibration pro-
cedure, a representative calibration plot and a differential error analysis of
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this pressure transducer are all included in Appendix B.

3.1.4 Ignition System

The original 110 volt AC ignition system of the CFR engine was used for
all experiments. The ignition coil (3.1-10) was relocated so that a minimal
length of shielded wire was required to connect it to the spark plug (3.1-12).
This was done to minimize the electrical noise transmitted to the surrounding
instrumentation and data acquisition systems during spark discharge.

The spark plug used was an NGK AB-6, the gap of which was set to
0.64 mm. This spark plug is considered to be in the middle of the “heat”
scale, which describes the temperature that the insulator tip maintains during
engine operation. While a “cool” spark plug may prevent the pre-ignition
of fuels with a propensity to do so (e.g. H), it also inhibits flame kernel
development through increased heat transfer. Thus, a spark plug in the
middle of the heat scale was chosen to balance the opposing requirements of
H, addition and exhaust gas dilution.

The spark timing was adjusted using a 12 volt automotive inductive tim-
ing light and the manual spark adjustment located on the side of the CFR
engine.

3.1.5 Cylinder Pressure Measurement

All cylinder pressure measurements were obtained with a Kistler model 6043A
water cooled piezoelectric pressure transducer (3.1-13). The pressure trans-
ducer was mounted in an access port, at the top of and normal to the cylinder
wall. The cylinder pressure transducer was calibrated over a range of 0 to 50
bar by the manufacturer. Further details on the accuracy and calibration of
the cylinder pressure transducer are included in Appendix B.

A closed-loop cooling system was designed, based on the work of Atkins
(2004), especially for the pressure transducer using a water tank, vinyl tubing
and a diaphragm pump which met the necessary flow requirement of 0.5 LPM.
As the output of the pressure transducer was in units of pC/bar, the use of
an MTS model 1104CA charge amplifier was necessary to obtain a voltage
output.

To relate the cylinder pressure to crankshaft position, a BEI rotary incre-
mental encoder with a resolution of 0.1° CA was mounted to the crankshaft
of the engine. The output of both the rotary encoder and the cylinder pres-
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sure charge amplifier were connected to an MTS combustion analysis system
(CAS), which processed the cylinder pressure and crankshaft position mea-
surements in real-time.

Prior to performing any experiments, it was necessary to align the abso-
lute position of the crankshaft with the index pulse of the rotary encoder, in
order that the MTS CAS have a reference of absolute crankshaft position. A
detailed overview of this alignment procedure and a representative calibra-
tion plot is given in Appendix B. Further details of data acquisition with the
MTS CAS system are given in Section 3.1.8.

3.1.6 Torque Measurement

The power output of the engine was absorbed with an eddy current dy-
namometer (3.1-30). In order to directly measure the brake torque of the
engine, an Eaton model 3168 load cell (3.1-31) was used to measure the force
generated at a measured distance from the centerline of the dynamometer.
The calibration procedure of the load cell, a representative calibration plot,
the technique used to determine the centerline distance and a differential
error analysis are all included in Appendix B.

3.1.7 Emissions Measurement

The emissions measurement system was designed to accurately determine
gas compositions based on samples from the intake plenum and exhaust sys-
tem. The results of this analysis are necessary in quantifying several impor-
tant measures of engine performance. The EGR mass fraction is determined
based on the CO, concentration in the intake plenum sample, whereas both
pollutant emissions and a confirmation of mixture stoichiometry and fuel
composition can be determined from an analysis of the exhaust products. A
schematic of the emissions measurement system is given in Figure 3.3.

Both the intake plenum and exhaust product samples (3.1-33, 3.1-34) were
routed to the emissions analyzers via 6 mm stainless steel and teflon tubing.
To desiccate the samples prior to reaching the emissions analyzers, they were
first routed through shell-and-tube heat exchanges (3.3-3, 3.3-4) which were
supplied with domestic cold water. Any condensed water was captured in
glass beakers (3.3-5, 3.3-6). Diaphragm vacuum pumps (3.3-7, 3.3-8) were
then used to transport the gas samples to the various gas analyzers 3.3-15 to
3.3-19). Solenoid valves (3.3-9, 3.3-10) were installed and connected such that
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they were open when the respective upstream vacuum pump was running. A
three-way switch was connected to the vacuum pump-solenoid valve circuit
which allowed for the independent sampling of either the intake or exhaust
mixture. As several of the gas analyzers required a specific sample flow rate,
needle valves (3.3-12 to 3.3-14) were installed upstream of the gas analyzers
to control individual flow rates. A bypass valve (3.3-26) was also used to
route excess sample gases to the building exhaust system.

A chemiluminescent detector (CLD) (3.3-15) was used to measure the
concentration of NO in the gas sample. The CLD analyzer required that
the gas sample inlet pressure be between 40 and 170 kPa and the flow rate
be between 2 and 4 LPM. Hydrocarbon emissions were measured with a
flame ionization detector (FID) (3.3-16). Similar to the CLD analyzer, the
FID analyzer required that the gas inlet pressure be between 40 and 170 kPa
with an inlet flow rate of 2.5 to 5.5 LPM. The FID analyzer can be used to
measure either total hydrocarbon (THC) emissions or CH4 emissions; THC
emissions are measured in this study. Both CO4 and CO concentrations in the
gas sample were measured using a non-dispersive infrared (NDIR) analyzer
(3.3-18). The NDIR analyzer requires that the sample flow rate be between
0.5 and 2 LPM, with no specification on required sample pressure. Finally,
the Oy concentration of the gas sample was determined using a paramagnetic
detector (3.3-19). The paramagnetic detector required that the sample flow
rate be 1 LPM with no requirement on sample pressure. Detailed descriptions
of the operating principles of each gas analyzer are given in Appendix A.

Prior to the start of any experiments, the gas analyzers were calibrated
using mixtures of bottled calibration gases (3.3-22 to 3.3-25) which were
blended to the appropriate concentrations using a multi-gas calibrator (3.3-
20). Further details of the calibration procedure of the gas analyzers, rep-
resentative calibration plots and differential error analyses are all given in
Appendix B. The warm-up and operating procedures of the gas analyzers
are discussed in Section 3.2.

3.1.8 Data Acquisition System

The data acquisition system consisted of two separate subsystems: a Labview
system which was used to measure and record data which required a moderate
sampling rate (i.e. < 10 kHz); and an MTS CAS which was used to measure
cylinder pressure data at 0.1° CA intervals over consecutive engine cycles in
real-time. Both Labview and MTS CAS systems were interfaced to a personal
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computer to display and store the experimental results. A schematic of the
entire data acquisition system is included in Figure 3.4.

3.1.8.1 Labview System

The Labview data acquisition system was used to obtain all measurements
save cylinder pressure. All signals were connected to three 12-bit multifunc-
tion PCI data acquisition boards via shielded connector blocks, as shown in
Figure 3.4. Wiring schematics for each connector block are given in Figures
3.5, 3.6 and 3.7.

While most measurements were taken with a temporally based sample
rate, the inherent gas exchange fluctuations of a single-cylinder engine re-
quired that some signals be measured with a sample rate based on crankshaft
position, thus allowing for accurate and consistent averaging over a given
number of engine cycles. Figure 3.5 shows the wiring schematic of the
shielded connector block which was used to obtain measurements based on
crankshaft position. The 0.1° CA resolution afforded by the crankshaft
encoder was deemed excessive for these measurements and so a “decade
counter” integrated circuit was used to supply a 1° CA pulse train to the
appropriate programmable function input (PFI) of the connector block (pin
38). To trigger a sequence of measurements based on crankshaft position, a
one pulse-per-revolution (PPR) signal was taken from the crankshaft encoder
and connected to PFI0 (pin 11) of the connector block.

Bias resistors were used to allow for the differential measurement of float-
ing ground signals while rejecting common mode voltage. The value of bias
resistors (10 k2 in this study) is chosen to balance electrical noise suppres-
sion with common mode voltage rejection; the minimum resistance which
gave acceptable noise rejection was chosen in this study.

As all temperature measurements were accomplished with thermocouples,
it was necessary to establish a datum of known temperature to which the
thermocouple readings could be referenced. This was achieved through the
use of an integrated resistive temperature detector (RTD) which was present
on each of the connector blocks. When activated, the RTD cold junction
compensator occupied the first channel of the data acquisition board. The
wiring diagrams of the connector blocks used for temperature measurement
are shown in Figures 3.6 and 3.7. The first channel of each board (pins 68
and 34) was occupied by cold junction compensation.

An overview of the Labview code execution is given as a flowchart in
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Figure 3.8. The measurements based on crankshaft position execute first
and are shown within the dashed rectangle. Here the raw voltages from four
transducers are measured once per 1° CA over five complete engine cycles
(1800° CA). Upon completion, the data from each transducer is averaged over
the five engine cycles and predetermined calibration coefficients are applied
to the average value to provide meaningful results. This process is then
repeated for each of the other transducers, except that the sample rate is
now time based. Again, several measurements (typically 100) are obtained
from a given transducer, after which the data is averaged and calibration
_coefficients are applied. Several parameters are then calculated based on the
acquired data; namely the H, energy fraction (HEF), relative air/fuel ratio
(A) and the EGR mass fraction. Finally, all relevant data is written to a single
row in a spreadsheet. Further details regarding experimental procedure and
the use of the Labview code are included in Section 3.2.

3.1.8.2 MTS CAS

The MTS CAS was used to obtain cylinder pressure measurements over a
consecutive number of engine cycles in real-time. The MTS CAS was con-
nected directly to a personal computer via a PCI-BNC network card, as
shown in Figure 3.4. A schematic wiring diagram for the MTS CAS is also
included in Figure 3.9. To determine absolute crankshaft position, both the
1 PPR and 3600 PPR signals from the BEI crankshaft encoder were con-
nected to the MTS CAS. A calibration was then required to relate absolute
crankshaft position to piston TDC; an overview of this calibration procedure
and a representative calibration plot are given in Appendix B.

The cylinder pressure transducer signal was connected to the MTS CAS
through an MTS 1104CA charge amplifier. Both the cylinder pressure and
crankshaft position were measured for a consecutive number of engine cycles
(typically 100). Upon completion of data acquisition, the raw data were post-
processed to provide meaningful results. The post-processed data included
values of: cylinder pressure, engine speed, crankshaft position, cylinder vol-
ume and indicated mean effective pressure (IMEP). The mean, standard
deviation, maximum and minimum values of cylinder pressure, IMEP and
engine speed were also calculated, thus allowing for a quantification of com-
bustion stability. The raw data were retained for further analysis.
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3.2 Test Procedure

It was necessary to follow a regimented procedure when performing engine
experiments to ensure the consistency and accuracy of the collected data.
The test procedure is described here in two parts, including both the startup
and experimental procedures.

3.2.1 Startup Procedure

At the start of each day, the barometric pressure was measured with a mer-
cury barometer and used to update both the Labview and MTS CAS pro-
grams. Several measurements depended on atmospheric pressure: the ab-
solute intake and exhaust pressures; the gas properties within the exhaust
sample line; and the datum from which the piezoelectric cylinder pressure
transducer readings were based. The humidity of the air within the engine
lab was also measured and recorded at the beginning of each day using a wet
sling psychrometer. This value was updated in the Labview program because
humidity affects several calculated properties of the intake mixture.

The bottled supply gases for each of the emissions analyzers were then
opened and the analyzers were allowed to warm up for a minimum of one
hour before they were used for either calibration or experimentation. It
should be noted that a minimum of 30 minutes of warm-up was required for
the FID analyzer before flame ignition was typically successful. Following
ignition, the FID analyzer was allowed to warm-up for one additional hour.
All remaining instrumentation was also warmed up for a minimum of one
hour.

After all instrumentation had warmed up, the CFR engine was motored
with the eddy current dynamometer. The appropriate valves were then
opened on the natural gas fuel supply system, the natural gas fuel injec-
tor pulse width was set to an approximate value and the spark timing was
adjusted to get the CFR engine to run. Once running, the eddy current
dynamometer was set to absorb the power of the CFR engine and the engine
speed was set to the desired value. The fuel injector pulse width was adjusted
until a stoichiometric air/fuel ratio was indicated and the engine was allowed
to warm-up until both the coolant and oil temperatures had reached steady
state (typically two hours).

While the engine was warming up, daily instrument preparation and cal-
ibration was performed. The emissions analyzers were each calibrated using
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bottled gases and a multi-gas calibrator. The strain gauge bridge present in
the dynamometer load cell was also balanced using the load cell conditioner.
The zero and span on each of the intake and exhaust pressure transducers
were set at the beginning of each week, although it was eventually noted that
this was not required as the values remained relatively constant. A detailed
description of the calibration procedures and representative calibration plots
for the above instrumentation are included in Appendix B.

3.2.2 Experimental Procedure

Once all instrumentation had been calibrated and both the engine oil and
coolant temperatures had reached steady state, it was possible to begin the
experiments.

After selecting HEF and EGR mass fractions to test, the amount of EGR
was first set to an approximate value by adjusting the large gate valve (3.1-
22). The pulse width of both the natural gas and H, fuel injectors were
then changed until the approximate HEF was obtained, while also paying
attention to maintaining a stoichiometric air/fuel ratio. To obtain the desired
final values of both HEF and EGR mass fraction was to perform a somewhat
tedious iterative process, with the amount of EGR affecting the amount
of gaseous fuel injected and vice versa. Upon achieving the desired HEF
and EGR fractions, the engine was allowed to run for a minimum of five
minutes. Once stable engine operation had been confirmed, an initial spark
timing sweep was performed to bracket an approximate value of maximum
brake torque (MBT) spark timing. The spark timing was then adjusted, in
intervals of 2° CA, over this region and the value of MBT spark timing was
determined. All experiments took place at MBT spark timing for a particular
HEF and EGR mass fraction.

Data acquisition was then accomplished in three steps. As the intake
plenum mixture was already being sampled by the gas analyzers (to set
EGR mass fraction), the Labview code discussed in Section 3.1.8.1 and shown
in Figure 3.8 was executed for 100 iterations. This data was stored as an
“upstream” Labview data file for a given HEF and EGR mass fraction. The
emissions sampling system was then switched to draw a gas sample from the
exhaust system. After allowing the gas analyzers one minute to stabilize,
the Labview code was executed for another 100 iterations, with the resulting
data being stored as a “downstream” Labview data file.

Once the upstream and downstream data had been obtained using the
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Labview data acquisition system, the MTS CAS was used to acquire cylinder
pressure data, at 0.1° CA intervals, for 100 consecutive engine cycles. This
data was immediately post-processed to give values of cylinder pressure, en-
gine speed, crankshaft position, cylinder volume and IMEP.

The above outlined three-step data acquisition procedure was then fol-
lowed for all desired HEF and EGR mass fraction combinations.
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Figure 3.1: Schematic of CFR engine and associated instrumenta-
tion. All labels are defined in Table 3.2.
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Table 3.2: CFR Schematic Label Descriptions

Label Description®

1 Intake air filter

2 Intake air mass flow meter

3 Intake pulsation barrel

4 Intake air thermocouple

5 Intake throttle valve

6 Intake plenum

7 Intake pressure transducer

8 Intake mixture thermocouple

9 CFR engine

10 Ignition coil

11 Coolant thermocouple

12 Spark plug

13 Cylinder pressure transducer

14 Exhaust thermocouple

15 Exhaust pressure transducer

16 Exhaust back pressure gate valve
17 Exhaust to building exhaust

18 Crank case ventilation to building exhaust

19 EGR cooler
20 Cooled EGR thermocouple
21 Small (6 mm) gate valve for fine EGR control

22 Large (25 mm) gate valve for coarse EGR control
23 H, fuel injection

24 Natural gas fuel injection

25 Camshaft hall effect sensor

26 Crankshaft rotary encoder

27 Variable reluctance crankshaft sensor

28 Qil sump thermocouple

29 Oil pressure gauge

30 Eddy current dynamometer

31 Dynamometer force transducer

32 N for crankcase purging during Hy operation

33 Intake plenum mixture to emissions measurement system
34 Exhaust to emissions measurement system

35 Crankcase vapour to emissions measurement system

! Detailed descriptions and serial numbers of equipment are given
in Appendix A
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Figure 3.2: Schematic of CFR engine gaseous fuelling system. All
labels are defined in Table 3.3.
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Table 3.3: Fuelling System Schematic Label Descriptions

Label Description!

H, fuel cylinder

Two-stage Hy pressure regulator
Hs, solenoid shut-off valve

H, pressure gauge

Hy thermocouple

Hs thermal mass flow meter

H, plenum

H, ball shut-off valve

H, to CFR engine (3.1-23)

10 Natural gas fuel tank

0O O U W N =

=]

11 Electronic two-stage natural gas pressure regulator
12 Natural gas solenoid shut-off valve

13 Natural gas pressure gauge

14 Natural gas thermocouple

15 Natural gas thermal mass flow meter

16 Natural gas plenum

17 Natural gas ball shut-off valve
18 Natural gas to CFR engine (3.1-24)

! Detailed descriptions and serial numbers of equipment are
given in Appendix A

32
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Figure 3.3: Schematic of emissions measurement system. All labels
are defined in Table 3.4.
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Table 3.4: Emissions Measurement System Schematic Label Descrip-

tions

Label Description!

1 Exhaust emissions from CFR engine (label 34 in Figure 3.1)

2 Intake plenum sample from CFR engine (label 33 in Figure 3.1)

3 Exhaust water knockout

4 Intake water knockout

5 Exhaust water storage beaker

6 Intake water storage beaker

7 Exhaust sample vacuum pump

8 Intake sample vacuum pump

9 Exhaust solenoid valve

10 Intake solenoid valve

11 Distribution block

12 CLD? flow adjustment needle valve

13 FID? flow adjustment needle valve

14 HFID* flow adjustment needle valve

15 CLD analyzer

16 FID analyzer

17 HFID analyzer

18 Non-dispersive infrared analyzer

19 Paramagnetic analyzer

20 Multi-gas calibrator

21 Multi-gas calibrator solenoid valve

22 Paramagnetic calibration gas (79.05% N, 20.95% O,)°

23 CLD calibration gas (4021 ppm NO, balance Nj)

24 FID, HFID and low range infrared calibration gas
(4.97% CO,, 4000 ppm CO, 5030 ppm CH,4, balance N)

25 High range infrared calibration gas
(20.2% CO,, 2.45% CO, balance Ny)

26 Bypass control valve

27 Bypass to building exhaust

! Detailed descriptions and serial numbers of equipment are given in Ap-
pendix A

2 Chemiluminescent detector

3 Flame ionization detector

4 Heated flame ionization detector

5 All gas compositions are given as volume fractions
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Personal Computer with 3 NI-PCI-MIO-16E
Data Acquisition Boards and 1 PCI-BNC
Network Board (for MTS CAS)

——J| MIscas

= 3 NI-SCB-68
Shielded
Connector Blocks

E Device 1
E Device 2
E Device 3

e

Figure 3.4: Schematic of data acquisition system
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PIN# SIGNAL
1 FREQ_OUT
35 DGND
2 GPCTRO_OUT
3600 PPR Signal from BEI Crank Encoder |38 DGND
3 PFI19/GPCTRO_GATE
37 PFI18/GPCTR0_SOURCE
4 DGND
| (110) Decade Counter |———"38 PFI7/STARTSCAN
5 PFI6/WFTRIG
39 DGND
6 PFI5/UPDATE
40 GPCTR1_OUT
7 DGND
41 PF14/GPCTR1_GATE
8 +5V, FUSED
42 PFI3/GPCTR1_SOURCE
9 DGND
43 PFI2/CONVERT
10 PFI1/TRIG2
44 DGND
1 PPR Signal from BE! Crank Encoder—s={ 11 PFIOTRIG1
45 EXTSTROBE
68 ACHO
34 ACHB
67 AIGND
Hydrogen Mass Flow Meter (+)}———={ 33 ACH1
Hydrogen Mass Flow Meter (-}————s gg ,Qg:?) j 10 kQ Bias Resistor
Natural Gas Mass Flow Meter (+}——w={ g5 ACH2
Natural Gas Mass Flow Meter (-}———m=] ;1 zl(:-:: g 3 10 kQ Bias Resistor
Air Mass Flow Meter (+)ESOL—: 30 ACH3
Air Mass Flow Meter (- gg 23-:: r; 3 10 K Bias Resistor
62 | AISENSE
Intake Pressure Transducer (+)-———={ 28 ACH4
Intake Pressure Transducer (-}———m=f 61 ACH12
27| AIGND
Exhaust Pressure Transducer (+)-—~—=i 60 ACH5
Exhaust Pressure Transducer (-y——m={ 26 ACH13
59 AIGND
- 25 ACHB
J - 58 ACH14
24 AIGND
80 Hz Low Pass Fiter 57 ACHT
23 ACH15
{ |
Vishay Strain Gauge
Conditioner

Dynamometer Load Cell (+) —l

I- Dynamometer Load Cell (-)

Figure 3.5: Wiring diagram for NI-SCB-68 (Device 1)
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PIN# SIGNAL
Cold Junction Compensation (+)———»=1 68 ACHO
Cold Junction Compensation (-)————m— 34 ACH8
67 AIGND
Hydrogen Temperature (+)———————= 33 ACH1
Hydrogen Temperature (-}—————»=! 66 ACH9
132 AIGND
Natural Gas Temperature (+)————m={ 65 ACH2
Natural Gas Temperature (-}————= 31 ACH10
64 AIGND
Intake Air Temperature (+)———— = 30 ACH3
Intake Air Temperature (-)————— s 63 ACH11

29 AIGND
62 | AISENSE
28 ACH4
61 ACH12
27 | AIGND

Engine Coolant Temperature (+)———=— 60 ACH5
Engine Coolant Temperature (-}————w= 26 ACH13
59 AIGND
Engine Exhaust Temperature (+)———=—{ 25 ACH6
Engine Exhaust Temperature (-)——— 58 ACH14
24 AIGND
Intake Mixture Temperature (+)————s= 57 ACH7
Intake Mixture Temperature (-}————w=1 23 ACH15

Figure 3.6: Wiring diagram for NI-SCB-68 (Device 2)
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PIN# SIGNAL
Cold Junction Compensation (+)———m={ 68 ACHO
Cold Junction Compensation (~)——————m=— 34 ACHB8
67 AIGND
Cooled EGR Temperature (+)——w=— 33 ACH1
Cooled EGR Temperature (-)———— == 66 ACH9

32 AIGND
CLD Analyzer (+)—————> 65 ACH2
CLD Analyzer (-} 31 ACH10
64 AIGND
FID Analyzer (+)————————> 30 ACH3
FID Analyzer (-) = 63 ACH11
29 AIGND
62 | AISENSE
28 ACH4
61 ACH12
27 AIGND

NDIR Analyzer (CO2) (+)———————————= 60 ACH5
NDIR Analyzer (CO2) (-}—————m=1 26 ACH13
59 AIGND
Infrared Analyzer (CO) (+)————— = 25 ACH6
Infrared Analyzer (CO) (-)—————————m{ 58 ACH14
24 AIGND
Paramagnetic Analyzer (+)—————m={ 57 ACH7
Paramagnetic Analyzer (-}———————s={ 23 ACH15

Figure 3.7: Wiring diagram for NI-SCB-68 (Device 3)
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MTS 1104CA

Charge Amplifier | Cylinder Pressure Transducer Signal

Figure 3.9: Wiring diagram for MTS CAS
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CHAPTER 4

RESULTS AND DISCUSSION

To determine the effect of H, addition on the exhaust gas dilution limit
of a spark ignition (SI) engine, a series of experiments was performed on
a single-cylinder cooperative fuel research (CFR) engine.

Prior to dilution limit testing, initial experiments were run to measure the
uncertainty in the measured values of engine performance and the uncertainty
in setting the maximum brake torque (MBT) spark timing. Two sets of
experiments were completed to form 95% confidence intervals for the mean
values of each measured engine performance value, as well as for MBT spark
timing.

With the confidence intervals established, an initial set of experiments
was performed to determine the effect of spark timing on the performance of
the engine for an undiluted base condition. Performance was quantified using
four measures: output torque, combustion stability, fuel conversion efficiency
(n7c) and pollutant emissions. These four performance metrics were the
basis for all subsequent experiments. The previously measured uncertainty
in spark timing was then translated to an uncertainty in each measured
variable. The fraction of the total system uncertainty (as determined by the
initial repeatability trials) owing to spark timing was then calculated.

With the relative effect of spark timing on the total system uncertainty
established, the first set of experiments was performed to determine the effect
of exhaust gas recirculation (EGR) dilution on the performance of the CFR
engine with natural gas fuelling.

Finally, a set of experiments was performed to determine the effect of Hy
addition on exhaust diluted engine performance. The amount of Hy required
to return the combustion stability to an original, undiluted value at varying
exhaust dilution fractions was also determined.

41
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4.1 Data Post-Processing

4.1.1 Exhaust Emissions

Upon completion of all experiments, it was necessary to post-process the
measured exhaust emissions data. As a portion of the water in the exhaust
emissions was removed prior to analysis, it was necessary to convert the
measured “dry” (some water still exists in the sample line) molar fractions
to a wet specific mass emission rate. Specific emissions with units of [g/kW h]
are typically used to allow a fair comparison of emission results from different
types and sizes of engines, as well as engines operating at different conditions.

It is first necessary to calculate the dry molar fractions of each exhaust
component from the measured emissions data. This is straightforward for
NO, total hydrocarbon (THC), CO,, CO and O, emissions as they are all
measured directly. The mole fraction of water present in the sample line
downstream of the water knockout can be calculated as:

YH,0,dry = 1_33;;& (4.1)
line
where Pgar,,. is the saturated vapour pressure at the measured sample
line temperature and P, is the measured sample line pressure. The dry mole
fraction of Ny can then be determined by subtracting all other measured! and
calculated product mole fractions from unity, as:

YNasdry = 1 — YNO,dry — YTHC,dry — YCOudry — YCO dry — YH20.dry (4.2)

To calculate the amount of water that was originally present in the ex-
haust stream, it is necessary to work back from the combustion equation
using the dry molar fractions. The combustion equation including the natu-
ral gas composition given in Table C.1, H, and all measured and calculated
products, is given as:

!The mole fraction of H, was not measured in this study as it is expected to be low
during stable combustion, due mainly to its inherent reactivity.
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a Hy+

b(0.007778 CO4 + 0.01934 N, + 0.9539 C Hy + 0.01901 CoHg)+

d(Og +3.773 Ny + ¢ HQO) —
FHO4+9CO;+h0;+iCO+3iNO+EkCHy+mN, (4.3)

The number of moles of water present in the intake air can be calculated

as:
4.773 Py,
atm vap

where Py, is the vapour pressure of the intake air and P,y is the mea-
sured atmospheric pressure. Using the measured and calculated product dry
mole fractions and the number of moles of water present in the intake air,
it is now possible to balance each element in Equation 4.3, allowing for the
determination of the unknown reactant coefficients and the amount of water
originally present in the exhaust. The elemental balances are given as:

YcOa,dry + Yco,dry + YTHC dry
b= .
C 0.0997 (4.5)
Yno, +2 YNy dry — 0.03868 b
N: =S 7546 (4.6)

O: f=0.01856b+d (2+¢€) —2Ycosdry — 2Y0,.dry — YCOdry — YNOdry (4.7)

H a=f+ 2yTHC,dry —-1.965b—ed (48)

A correction factor for the actual amount of water in the exhaust stream
can now be calculated as:

Ywet,corr = 1+ (f - szO,dry) (49)
The wet mole fractions of each exhaust component are now determined
as:
Yd.
Ywet = - (410)
Ywet,corr
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To calculate the wet indicated specific mass emissions, it is first required
to convert the wet mole fraction emissions to wet mass fractions. The molar
mass of the exhaust is calculated as:

n
Z Al‘z Yi,wet
1

]Memh = L=t E. (4.11)

n

E Yi wet
i=1

where y; e and M; are the wet mole fraction and molar mass of individual
exhaust components, respectively. To satisfy conservation of mass, the mass
flow rate of exhaust can be calculated as:

Mezh, = Mair + 'rh'Hz + Mene (412)

where 1y, ™y, and meng are the mass flow rates of the intake air, Hq
fuel and natural gas fuel, respectively.
The mole rate of exhaust is then:

. 'm'e:z:h
exth = 3, 413
Mleal -Alezh ( )

Finally the mass flow rate of each exhaust component is calculated as:

'fhfi = Yiwet 'hle:::iz. ]\lz (414)

The indicated specific mass emissions of individual exhaust components
can now be determined as:

3600 mm;

Pind
where P4 is the indicated output power of the engine in [kW), as calcu-
lated from the cylinder pressure data, and 7; is the wet mass emission rate of

an individual exhaust component in [g/s]. The resulting indicated emissions
are then in [g/kWh].

IS; = (4.15)

4.1.2 Chauvenet’s Criterion

The final step in post-processing the data involved the elimination of suspect
data that occurred due to random errors. Occasionally there would be points
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of data which were obviously incorrect by several orders of magnitude, likely
as a result of an isolated and unknown problem with the data acquisition
system. To easily and consistently remove these from the raw data sets,
Chauvenet’s Criterion was used (Taylor, 1997, pp. 166-169).

If it is assumed that the measured data follow a Gaussian distribution,
the probability of a single datum occurring at a certain distance from the
mean value of the data set can be calculated. If the probability of this datum
occurring over a given number of measurements is low, then the datum is
rejected.

For a Gaussian distribution, the number of standard deviations between
the mean value of the data set and the datum being investigated, can be
determined as:

(4.16)

where: z = datum
Z = mean value of data
0, = sample standard deviation of data

The probability that a single measured value lay within Z &+ d o is cal-
culated as the area under the normal distribution centered upon Z, between

—do and +do, or:

po= L [Ty 417
in = e 2 az .
" \/27T./—d ( )

So it follows that the probability of the single measured value laying
outside T £ do is:

Paut =1- Pz (418)

Chauvenet’s Criterion states that a single datum may not deviate any
more than that which causes the number of expected occurrences in N mea-
surements to be more than 0.5. That is:

N-P, <05 (4.19)

where N is the number of measurements in the data set. In this case, 100
measurements were taken at each test point, resulting in the requirement that
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Table 4.1: Statistical Effects of Applying Chauvenet’s Criterion

Average percentage change in mean value 0.55
Maximum percentage change in mean value 110
Average percentage change in SSD 3.6
Maximum percentage change in SSD 100

Average number of rejected points (per 100)  0.36
Maximum number of rejected points (per 100) 4.0

P,; <0.005, or that any single datum cannot lie beyond 2.81 ¢ from Z. As all
testing was performed at steady-state conditions and 100 samples were taken
at each test point, Chauvenet’s Criterion only rejects acute outliers. However,
any researcher should be wary of rejecting individual data points without a
specific reason and so a comparison was made between data sets before and
after the use of Chauvenet’s Criterion. Table 4.1 shows the statistical results
of the application of Chauvenet’s Criterion on all data sets.

As expected, the application of Chauvenet’s Criterion to steady state
test conditions and 100 sample data sets resulted in an average change in
mean and sample standard deviation (SSD) values of only 0.55 and 3.6%
respectively. The maximum change in mean and SSD values of 110% and
100% were due to single faulty thermocouple readings on the order of 1x104 °C
within a data set. The isolation of these occurrences is also reflected in the
average and maximum number of rejected readings per 100 measurements,
0.36 and 4.0 respectively.

4.2 The Effect of Spark Timing on Engine Performance

To understand the effect of spark timing on engine performance, and to
determine how much of the total uncertainty in each measurement had been
translated through a variance in spark timing, a series of engine experiments
was conducted. All engine conditions were kept constant at the values listed
in Table 4.2, with the exception of spark timing, which was varied over an
interval with MBT timing occurring approximately in the center of the range.
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Table 4.2: CFR Engine Operating Conditions

Engine Speed 1200+1 RPM
Compression Ratio 11.5
Fuel Compressed Natural Gas
Throttle Position Fully Open
Spark Timing MBT+2°
Relative Air/Fuel Ratio, A 1.00+0.02
Atmospheric Pressure 93.5010.7 kPa
Atmospheric Vapour Pressure 1.5040.2 kPa
Oil Temperature 70+5°C
Water Temperature 99+1°C

4.2.1 Output Torque

Measurements of engine torque have been normalized for engine displacement
and reported as indicated mean effective pressure (IMEP) in this study. Fig-
ure 4.1 shows that IMEP reaches a maximum value at MBT spark timing
(12° BTDC). As is typical, the difference between adjacent IMEP values near
peak output is relatively small, making the determination of MBT timing dif-
ficult. The uncertainty in spark timing of £2° CA has a limited effect on
IMEP as shown in the hatched region in Figure 4.1. Here the spark timing
uncertainty accounts for only 19% of the total uncertainty in IMEP. It is
believed that uncertainty in the air/fuel ratio was responsible for a large part
of the remaining error.

The IMEP is directly related to the cylinder pressure history for a given
engine cycle. To better understand the relation between IMEP (and all
other performance metrics) and spark timing it is prudent to examine how
cylinder pressure development varies with spark timing. Figure 4.2 shows
the development of cylinder pressure for 100 consecutive engine cycles at
three spark timings: retarded (6° BTDC), MBT (12° BTDC) and advanced
(18° BTDC).

A retarded spark timing as seen in Figure 4.2(a) results in low peak
pressure and sustained pressure during the expansion stroke, thus resulting
in reduced IMEP. In contrast, an advanced spark timing as in Figure 4.2(c)
results in a rapid pressure rise during the compression stroke and a very
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Figure 4.1: The effect of uncertainty in MBT spark timing on IMEP.
The hatched region indicates a 95% confidence interval resulting from
a £2° CA variance in determining MBT spark timing. The error bar
indicates a 95% confidence interval for the measured value of IMEP
based on repeated experiments at MBT spark timing.
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Figure 4.2: The effect of spark timing on cylinder pressure history.
Data is given for 100 consecutive engine cycles.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4. RESULTS AND DISCUSSION 50

high peak pressure. The excessive negative work which occurs during the
compression stroke also causes a decreased IMEP. The cylinder pressure
data for MBT spark timing is represented in Figure 4.2(b). Here the negative
work during the compression stroke is balanced with an optimal amount
of combustion occurring during the expansion stroke, thus resulting in a
maximum value of IMEP.

4.2.2 Combustion Stability

Combustion stability plays a central theme in this study and it is discussed
here as a dependent variable of spark timing. In this study, the measure of
combustion stability used is the covariant indicated mean effective pressure
(COV IMEP) for a set of 100 consecutive engine cycles. The effect of spark
timing on COV IMEP is shown in Figure 4.3. Here it is seen that an advance
in spark timing generally decreases COV IMEP. However, if data had been
taken at further advances in spark timing, the COV IMEP would likely have
begun to rise. It has been observed that COV IMEP reaches a minimum
value at approximately MBT timing, where further advances cause a rise in
COV IMEP whose steepness is proportional to the burning rate of the engine
(Ozdor et al., 1994).

The fraction of total uncertainty in COV IMEP attributable to uncer-
tainty in spark timing is shown in Figure 4.3 to be 34%. However, the
measured value of COV IMEP at 14° BTDC, while within the error limits,
is likely high which causes the error attributed to spark timing to be conser-
vative. If this suspect point had followed the observed trend in COV IMEP,
a majority of the uncertainty in COV IMEP would be due to spark timing
with the remainder likely caused by variance in the air/fuel ratio.

At MBT timing the value of COV IMEP is 5.36 & 1.05 bar, as shown in
Figure 4.3. This range of combustion stability is considered acceptable for the
remainder of experiments. If a change in parameters causes the combustion
stability to rise out of this range, it is considered to be unacceptable and is
labeled as such with an ‘X’ symbol.

4.2.3 Fuel Conversion Efficiency

Spark timing has a direct and well known effect on 7;.; the results from this
study are shown in Figure 4.4. It is shown that the peak 7;. coincides with
MBT spark timing. If the spark timing is advanced from MBT, the amount
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Figure 4.3: The effect of uncertainty in MBT spark timing on COV
IMEP. The hatched region indicates a 95% confidence interval result-
ing from a £2° CA variance in determining MBT spark timing. The
error bar indicates a 95% confidence interval for the measured value
of COV IMEP based on repeated experiments at MBT spark timing.
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of negative work exerted against the piston by the cylinder contents is too
large, resulting in a decreased ny.. Whereas, if the spark timing is retarded
from MBT, peak cylinder pressures are reduced as a greater portion of the
combustion is still occurring during the expansion stroke, again resulting in
a reduced 7. The reduction in 7y, associated with a retarded spark timing
can also be seen in an increased exhaust temperature, as shown in Figure
4.5. Similar predicted results for 7y, and exhaust temperature, as functions
of spark timing, have been previously observed (Heywood et al., 1979).

The uncertainty in 7y, due to spark timing is shown in Figure 4.4 as 26%
of the total uncertainty. The remaining uncertainty can be attributed to
variations in air/fuel ratio. However, the uncertainty in exhaust temperature
illustrated in Figure 4.5 can be wholly accounted for by the uncertainty in
spark timing.

4.2.4 Pollutant Emissions

To determine the effect of spark timing on pollutant emissions, and to deter-
mine the emissions implications associated with accurately determining the
MBT spark timing, the exhaust stream was analyzed for three pollutants:
NO, CO and total hydrocarbons. It was found that the accuracy to which
the MBT spark timing was determined had profound implications on the
level of NO emissions produced. Spark timing was also shown to have an
effect on both CO and THC emissions.

4.2.4.1 Nitric Oxide

It is commonly known that spark timing greatly affects the NO emissions
of an SI engine; Figure 4.6 illustrates the results obtained in this study.
As the spark timing is advanced from MBT, a greater fraction of fuel com-
busts before TDC, resulting in higher peak pressures and thus higher peak
in-cylinder temperatures. Contrariwise, as the spark timing is retarded, a
smaller fraction of fuel burns before TDC, resulting in lower peak pressures
and in-cylinder temperatures. This behaviour is seen in the cylinder pressure
data presented in Figure 4.2. As it is well established that the kinetics which
govern the production of NO have a strong dependence upon temperature
(Lavoie et al., 1970), it is expected that as the peak in-cylinder temperature
increases, so too does the peak NO concentration. Figure 4.6 shows that an
advance in spark timing of 6° from MBT results in an increase in specific NO
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Figure 4.4: The effect of uncertainty in MBT spark timing on fuel
conversion efficiency. The hatched region indicates a 95% confidence
interval resulting from a £2° CA variance in determining MBT spark
timing. The error bar indicates a 95% confidence interval for the mea-
sured value of fuel conversion efficiency based on repeated experiments
at MBT spark timing.
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Figure 4.5: The effect of uncertainty in MBT spark timing on ex-
haust gas temperature. The hatched region indicates a 95% confidence
interval resulting from a +2° CA variance in determining MBT spark
timing. The error bar indicates a 95% confidence interval for the mea-
sured value of exhaust gas temperature based on repeated experiments
at MBT spark timing.
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emissions of 55% whereas retarding the spark timing by 6° results in a 43%
decrease.

Beyond the relation between spark timing and NO emissions, Figure 4.6
also reveals the effect of an uncertainty in determining MBT spark timing
on measured NO emissions. The hatched area in Figure 4.6 represents the
change in measured NO emissions resulting from an uncertainty of MBT
spark timing of £2° CA. This uncertainty in MBT spark timing translates
to a possible 19% increase or 17% decrease in NO emissions. The measured
total uncertainty (based on repeated trials) of NO emissions, as indicated by
the error bar in Figure 4.6, is only +14%.

Clearly the system uncertainty is expected to be at least as high as the
contribution from an uncertainty in MBT spark timing. One possible ex-
planation for the disparity is the inherent bias encountered when setting the
spark timing in repeated trials of system uncertainty. This would result in
a lower total uncertainty in NO emissions, as spark timing is a major con-
tributing factor.

Regardless of the discrepancy in uncertainties, the effect of spark timing
on indicated NO emissions has been demonstrated. The total uncertainty in
measured NO measurements has been shown to be mostly due to an uncer-
tainty in spark timing, thus underscoring the importance of a. proper spark
timing strategy.

4.2.4.2 Carbon Monoxide

Spark timing also has an effect, albeit less pronounced, on CO emissions.
Typically, CO emissions are a function of the air/fuel ratio, with the effect
of spark timing being minor in comparison. In an SI engine, the in-cylinder
concentration of CO remains equilibrated for local conditions until the middle
stages of the expansion stroke. Through the later stages of the expansion
stroke and the exhaust stroke, CO concentrations are kinetically controlled
by the oxidation of CO to CO, (Heywood, 1988, pp. 592-59G). Because the
rate of CO oxidation is primarily a function of temperature, spark timing
plays a role in determining how much post-combustion oxidation occurs.
The relation between spark timing and CO emissions is illustrated in
Figure 4.7. It can be seen that as the spark timing is advanced, CO emis-
sions increase, likely due to the reduced levels of post-combustion oxidation
associated with a decreasing exhaust temperature. However, the trend of in-
creasing CO emissions with advanced spark timing is not significantly beyond
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Figure 4.6: The effect of uncertainty in MBT spark timing on rela-
tive ISNO emissions. Values are relative to MBT spark timing. The
hatched region indicates a 95% confidence interval resulting from a
+2° CA variance in determining MBT spark timing. The error bar
indicates a 95% confidence interval for the measured value of relative
ISNO emissions based on repeated experiments at MBT spark timing.
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the measurement uncertainty, making the distinction of a trend difficult. A
previous study has suggested that spark timing plays a negligible role in CO
emissions, especially when compared with variations in air/fuel ratio (Hagen
and Holiday, 1962). This is reinforced when noting that the uncertainty in
spark timing only accounts for a minor fraction of total uncertainty. Fig-
ure 4.7 indicates that the uncertainty in spark timing, as indicated by the
hatched region, only accounts for 33% the total uncertainty in CO measure-
ments. It is reasonably presumed that a large part of the remaining total
uncertainty is due to a variance in the air/fuel ratio.

4.2.4.3 Total Hydrocarbons

The effect of spark timing on THC emissions is shown in Figure 4.8. Similar
to the trend of CO emissions, an advanced spark timing results in increased
THC emissions. There are several mechanisms responsible for hydrocarbon
emissions and spark timing plays a role in several of them.

The first and most important source of hydrocarbon emissions comes
from the cylinder crevice volumes where it has been estimated that 38%
of THC emissions are produced (Cheng et al., 1993). As the spark timing
is advanced, a larger mass of fuel/air mixture is forced into these crevice
volumes as a result of higher peak pressures, as is shown in Figure 4.2(a).
While an increased cylinder pressure also increases the rate of blow-by, it
has been shown that it is not sufficient to compensate for the increased
mass of hydrocarbons compressed into the crevice volumes (Daniel, 1970).
As the cylinder pressure falls and the hydrocarbons in the crevice volumes
are released into the cylinder, they are further oxidized within the cylinder
and exhaust system. However, this process of post-combustion oxidation is
largely dependent upon the in-cylinder temperature during the expansion
stroke and the resulting exhaust temperature, both of which are decreased
with an advance in spark timing. The negative effect of an advanced spark

“timing on hydrocarbon emissions is thus further compounded by temperature
effects.

The sensitivity of hydrocarbon emissions to an uncertainty in spark tim-
ing is shown as the hatched region in Figure 4.8. It can be seen that 47% of
the total uncertainty in relative indicated THC emissions is due to an uncer-
tainty in spark timing. As with CO, the remaining uncertainty is likely due
to variations in air/fuel ratio.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4. RESULTS AND DISCUSSION 58

1.6 4

1.4 /

(2]
5
B 1.2+ T
£
/ Y
2wl o087
2 ] LLLLL
g D/D
§ 0.8 - 1
1 —
06 + 2°CA
] MBT
Retard 4—'—> Advance
0-4 l ¥ ' ¥ l L4 l L] l ¥ l ¥ I Li
6 8 10 12 14 16 18
Spark Advance [°BTDC]

Figure 4.7: The effect of uncertainty in MBT spark timing on rela-
tive ISCO emissions. Values are relative to MBT spark timing. The
hatched region indicates a 95% confidence interval resulting from a
+2° CA variance in determining MBT spark timing. The error bar
indicates a 95% confidence interval for the measured value of relative
ISCO emissions based on repeated experiments at MBT spark timing.
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Figure 4.8: The effect of uncertainty in MBT spark timing on rela-
tive ISTHC emissions. Values are relative to MBT spark timing. The
hatched region indicates a 95% confidence interval resulting from a
+2° CA variance in determining MBT spark timing. The error bar
indicates a 95% confidence interval for the measured value of rela-
tive ISTHC emissions based on repeated experiments at MBT spark
timing.
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4.3 The Effect of EGR on Engine Performance

In this study, ‘EGR’ refers to external EGR where the products of combustion
are returned to the intake of the engine via an external pathway. In reality,
the total amount of exhaust gas dilution which occurs is the sum of any
external EGR and the residual gas (prompt EGR) which is retained between
engine cycles. Thus, any EGR mass fraction reported in this study is lower
than the total amount of in-cylinder diluent content. However, the primary
factors which affect the residual gas fraction (Fox et al., 1993) have remained
constant between experiments, thus qualifying external EGR as a suitable
measure of overall exhaust dilution in this study.

The use of EGR in SI engines has been studied and employed extensively
as a means of controlling NO emissions in production automotive SI engines
(Jadskeldinen and Wallace, 1994). Given its popularity and widespread use,
it is prudent to investigate other performance implications of EGR use. How-
ever, this prudence has been shown previously and the effect of EGR on al-
most every metric of engine performance has been investigated. The purpose
of this section is thus to form a datum, from which the effects of H, addition
on an exhaust diluted engine may be measured.

4.3.1 Output Torque

In an SI engine, torque is typically controlled by limiting the amount of
air/fuel mixture that is inducted per cycle by means of a throttle valve. The
use of EGR results in a similar torque reduction through its direct displace-
ment of air/fuel mixture which would have otherwise been combusted. The
effect of EGR on IMEP is illustrated in Figure 4.9.

Here it is shown that a reduction in IMEP of 12.9% is achieved (at wide
open throttle) solely through the use of EGR without any appreciable loss of
combustion stability. As torque control is normally achieved through throt-
tling, there is an appreciable loss in 7y, associated with a reduction in IMEP.
Thus the accomplishment of any reduction in IMEP without the use of a flow
restriction is desired as efficiency losses are largely negated. The effects of
EGR on 7y are discussed further in Section 4.3.3. As the EGR fraction is
increased beyond 15%, the IMEP drops sharply due to the onset of partial
burn and misfiring cycles, negatively affecting THC and CO emissions as well

as Tye-
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Figure 4.9: The effect of EGR on IMEP. The error bar represents a
95% confidence interval for an undiluted base condition. The symbol
containing an ‘X’ indicates that the COV IMEP has exceeded the
upper error bound of the undiluted base condition (6.54%) and the
combustion stability is thus considered unacceptable.
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4.3.2 Combustion Stability

Combustion stability is a measure of the magnitude of cycle-to-cycle varia-
tions both in the development and propagation of the flame. These variations
can be attributed to a great number of mechanisms, many of which are af-
fected by the addition of EGR (Ozdor et al., 1994).

One of the known effects of EGR addition is the observed decrease in mix-
ture laminar burning velocity. Experiments have been performed in combus-
tion chambers that have demonstrated a decrease in laminar burning veloc-
ity with the addition of simulated exhaust gas products (Gat and Kauffman,
1980; Stone et al., 1998; Elia et al., 2001). The laminar burning velocity is
an important characteristic of a mixture as it governs the initial stages of
flame kernel development.

Until the flame kernel has reached the size of the turbulent eddies present
in the cylinder, its growth is dictated by the laminar burning velocity of the
mixture (Lancaster et al., 1976). It is during this development stage where
the flame kernel is vulnerable to subtle changes in local mixture composition
and flow field characteristics, as evidenced by cycle-to-cycle variations which
occur at ideal operating conditions without the presence of EGR (Gatowski
et al., 1984). And seeing as the temporal history of the flame kernel acts as
the underpinning for the remaining flame development and propagation, it
is desirable to ensure that the development of the flame kernel is consistent
and prompt. Any delay in flame kernel growth represents additional oppor-
tunity for the kernel to be convected away from the electrode, resulting in
varying flame characteristics and thus development times (Matekunas, 1983).
Therefore, a reduced laminar burning velocity is not desirable if cycle-to-cycle
variations are to be minimized.

This is illustrated in a previous study that found significant variation in
the rate of flame kernel growth in the presence of EGR (Cho et al., 1992).
While a change in spark timing can be sufficient to maintain a suitable com-
bustion phase for a decreased burning velocity, it is not adequate to elim-
inate cycle-to-cycle variations in flame kernel development. Uncertainty in
flame kernel development is compounded with the addition of EGR, not only
through an increase in development time, but also with additional variation
in local mixture composition. Using a specially designed sampling system,
composition measurements have been made of the mixture in the vicinity
of the spark gap. It has been determined that the addition of EGR results
in greater cycle-to-cycle variation of both hydrocarbon and CO; concentra-
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tion within the spark gap (Matsui et al., 1979). Although not included in
this study, it can be extended that increased variation in mixture composi-
tion near the spark plug would result in-increased cycle-to-cycle variability
through reductions in laminar burning velocity.

Subsequent to the development of the flame kernel, the flame propagation
is governed by the turbulent burning velocity. During this stage, mixture in-
homogeneities and the presence of EGR have a lesser effect on cycle-to-cycle
variations. It has been shown that the decreased rate of flame propagation
associated with a ‘slow burn’ engine can be compensated for by maintaining
an MBT spark timing without significantly affecting the angles at which ei-
ther 50% mass fraction had burned or maximum cylinder pressure occurred
(Matekunas, 1983). Thus, a change in burning velocity is not necessarily af-
fecting cycle-to-cycle variations, assuming that a suitable combustion phase
has been maintained with an adjustment in spark timing. The effect of EGR
fraction on MBT spark timing in this study is shown in Figure 4.10. Here
it is shown that the addition of EGR requires an advance in spark timing
to accommodate the increased combustion duration while maintaining MBT.
Another study has shown that the ratio of turbulent to laminar burning veloc-
ity (S./Sr) rises with both increased EGR fraction and turbulence intensity
(Gat and Kauffman, 1980). Thus, at a given turbulence intensity, the addi-
tion of EGR does not significantly affect the turbulent burning velocity. The
changes in spark advance required to maintain MBT spark timing in Figure
4.10 are then likely due to the effect of EGR on flame kernel development
where Sy, is a governing factor.

The effect of EGR on combustion stability in this study is illustrated
in Figure 4.11. It is shown that the COV IMEP remains within the error
bounds of the undiluted base condition until the EGR mass fraction exceeds
15%. As the fraction of EGR is increased further to 19%, the COV IMEP
sharply increases to 36% as a result of partial burn and misfiring cycles. The
variation in pressure history for both an undiluted mixture and a 19% EGR
fraction is shown in Figure 4.12. The disparity in combustion stability is
apparent in the additional variance in peak pressure for the dilute mixture
as shown in Figure 4.12(b). What is not apparent in Figure 4.12 are the
partial burn and misfiring cycles which are ultimately increasing the value
of COV IMEP for the dilute mixture. A histogram of COV IMEP values for
the same 100 consecutive engine cycles displayed in Figure 4.12 is shown in
Figure 4.13. Here a 19% EGR mass fraction is shown to have resulted in an
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approximate 10% misfire? rate and a decrease in mean IMEP of 25%. The
presence of partial burn cycles is also visible in Figure 4.13(b) near an IMEP
of 3 bar.

4.3.3 Fuel Conversion Efficiency

The addition of EGR affects the 7. of an SI engine through several mecha-
nisms. Those that act to improve 7y, include reductions in pumping (at con-
stant load), cooling and dissociation losses, whereas 7y, is decreased through
a reduction in the degree of constant volume combustion and an increase in
cycle-to-cycle combustion variations (Nakajima et al., 1981).

However, it is important to note that the reduction in pumping losses
through the addition of EGR is only observed when comparing constant load
conditions. Thus, pumping losses are not expected to have an effect on 7,
for this study as all tests were performed at wide open throttle (WOT).
This is partially revealed in Figures 4.14 and 4.15 which show the effect of
EGR mass fraction on 7y, and exhaust gas temperature respectively. It is
seen that both 7y, and exhaust gas temperature stay relatively constant until
15% EGR, at which point both decrease. As a reduction in pumping losses is
not applicable in this case, it is presumed that there are additional competing
mechanisms which are causing 7. and exhaust gas temperature to remain
relatively constant while combustion stability is acceptable.

Additional mechanisms which act to raise ;. after the addition of EGR
are due to a reduced mixture energy density, which results in decreased peak
cylinder temperatures. This has two effects in improving ny.: first, reduced
peak temperatures equate to reduced heat losses to the cylinder walls; sec-
ond, the amount of energy diverted to temperature dependent endothermic
dissociation reactions decreases. However, the addition of EGR also results
in mechanisms which act to reduce 7., creating increased cyclical variations
in flame development and a decrease in constant volume combustion. The
competition between these mechanisms results in the observed trends of rel-
atively constant 7y, and exhaust gas temperature as shown in Figures 4.14
and 4.15. A previous study has also shown that for slow burn engines at
moderate loads (as in this study), any gains in 7y, resulting from the use of
EGR are minimal (Nakajima et al., 1981).

2A misfire is defined as an IMEP value less than zero.
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Figure 4.10: The effect of EGR on MBT spark timing. The error
bar represents a 95% confidence interval for an undiluted base condi-
tion. The symbol containing an ‘X’ represents that the COV IMEP
has exceeded the upper error bound of the undiluted base condition
(6.54%) and the combustion stability is thus considered unacceptable.
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Figure 4.11: The effect of EGR on COV IMEP. The error bar rep-
resents a 95% confidence interval for an undiluted base condition. The
symbol containing an ‘X’ represents that the COV IMEP has exceeded
the upper error bound of the undiluted base condition (6.54%) and the
combustion stability is thus considered unacceptable.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4. RESULTS AND DISCUSSION

0 100 200 300 400 500 600 700
Crank Angle []

(a) 0%mass EGR

cov, ., = 36.11%

IMEP__ =4.49 bar
ave

” > g Lg 14

0 100 200 300 400 500 600 700
Crank Angle [}

(b) 19%mass EGR

45
40
35
30
25
20
15
10

Pressure [bar]

Pressure [bar]

Figure 4.12: The effect of EGR on cylinder pressure history is shown

in 100 consecutive cylinder pressure traces.

67

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4. RESULTS AND DISCUSSION 68

(2]
o
]

A T
x=5.98

1 -
30_?%/ ¢=0.33

AY
2%Y

/2/

7

15

|

NN

10

N

-

_l‘
(=]
-
N
w
E-S

IMEP [bar]
(a) 0%mass EGR

@

2 ]

N
X

X =4.49
30_¢§/ c=1.63
Vs
21/ i
J;E%
20-%/

(3}
1

i

(]

)

av

=)
n
-;:l—’

L
=]
-
[
w
'S
)]
o
\‘—‘

IMEP [bar]
(b) 19%ymass EGR

Figure 4.13: The effect of EGR on the distribution of IMEP. Data
is shown for 100 consecutive engine cycles.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4. RESULTS AND DISCUSSION 69

0.32 0

0.31 5
>
2 0.30 4
Q0
(5] -
i
- 0.29 -
Re]
w -
o X
Z 0.28 -
o
o -
°©
Z 0.27 -

0.26 - Note: The 'X' symbol

| denotes unacceptable
combustion stability
0-25 1 ) ] T | | ] Ll 1 '
0 5 10 15 20

EGR Mass Fraction [%]

Figure 4.14: The effect of EGR on fuel conversion efficiency. The er-
ror bar represents a 95% confidence interval for an undiluted base con-
dition. The symbol containing an ‘X’ indicates that the COV IMEP
has exceeded the upper error bound of the undiluted base condition
(6.54%) and the combustion stability is thus considered unacceptable.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4. RESULTS AND DISCUSSION 70

540

a

520—- %/ \D

500 - T

480 -
460

440 -

Exhaust Temperature [°C]

420 - Note: The 'X' symbol

| denotes unacceptable

combustion stability

400 T T T T T T ~T T I =
0 5 10 15 20

EGR Mass Fraction [%]

Figure 4.15: The effect of EGR on exhaust temperature. The error
bar represents a 95% confidence interval for an undiluted base con-
dition. The symbol containing an ‘X’ indicates that the COV IMEP
has exceeded the upper error bound of the undiluted base condition
(6.54%) and the combustion stability is thus considered unacceptable.
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4.3.4 Pollutant Emissions

The use of EGR is one of the most effective methods to obtain significant
reductions in NO emissions in SI engines and its use is widespread in produc-
tion engines. EGR also has a smaller effect on both CO and THC emissions.

4.3.4.1 Nitric Oxide

As discussed in Section 4.2.4.1, it is commonly known that the formation of
NO in SI engines depends on both temperature and O, availability. Previ-
ous studies have shown that the production of NO is kinetically controlled
and that concentrations remain ‘frozen’ above equilibrium values early in
the expansion stroke (Lavoie et al., 1970). As the kinetics that govern NO
production are exponentially dependent upon temperature, any factor which
affects the time-history of temperature or O, concentration will have an im-
pact on NO emissions.

The addition of EGR, as was discussed in Section 4.3.3, results in de-
creased peak temperatures through a decrease in the energy density of the
cylinder contents. The effect of various diluents on the formation of NO has
been investigated and it has been determined that the reduction in NO emis-
sions is proportional to the product of the mass flow rate and specific heat
of the diluent (Quader, 1971). The reduction in NO emissions as a result
of EGR dilution is shown for this study in Figure 4.16. Here it is shown
that a reduction of 81% in indicated specific NO (ISNO) emissions, from 8.0
to 1.5 g/kW h, was achieved while maintaining suitable combustion stabil-
ity. While NO emissions were reduced further, to 1.0 g/kW h at 19% EGR,
the associated drop in combustion stability had an adverse effect on torque
output, 7y, and THC emissions.

4.3.4.2 Carbon Monoxide

The formation of CO, as discussed in Section 4.2.4.2, is equilibrated through-
out the combustion process and only becomes rate controlled through the
later stages of the expansion stroke (Heywood, 1988, pp. 592-596). Thus the
temperature time-history through the expansion and exhaust strokes plays a
role in both the equilibrium concentration of CO and the subsequent amount
of post combustion oxidation which occurs. Thus, as discussed in Section
4.3.3, the addition of EGR results in a lower temperature time-history dur-
ing the early stages of the expansion stroke and, because of the increase in
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Figure 4.16: The effect of EGR on ISNO emissions. The error bar
represents a 95% confidence interval for an undiluted base condition.
The symbol containing an ‘X’ indicates that the COV IMEP has ex-
ceeded the upper error bound of the undiluted base condition (6.54%)
and the combustion stability is thus considered unacceptable.
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bulk heat capacity and reduction in heat transfer to the cylinder wall, sus-
tained elevated temperatures through the later stages of the expansion stroke
and exhaust stroke. It may then be presumed that an increase in EGR will
result in lower equilibrium CQO concentrations during combustion and similar
levels of post combustion oxidation as a result of a sustained temperature
throughout the expansion and exhaust strokes.

The effect of EGR on indicated specific CO (ISCO) emissions for this
study is shown in Figure 4.17. Here CO emissions have been reduced by
35%, from 6.9 to 4.5 g/kW h. However, this trend is only slightly outside
the uncertainty in CO measurements thus requiring further experiments to
confirm. As the EGR fraction is raised to 19%, the influence of slow burning
and misfiring cycles is evident in the rise in CO emissions. Also note that
these are specific emissions and so any reduction in torque compounds an
increase in emission concentration.

4.3.4.3 Total Hydrocarbons

As stated in Section 4.2.4.3, the crevice mechanism is the primary source for
THC emissions (assuming that the engine is operating without partial burn or
misfire cycles). During the expansion stroke, as in-cylinder pressure decreases
and unburned mixture is released from the crevice volume, the amount of
post combustion oxidation that occurs is what ultimately determines the
amount of THC emissions. Thus any change in factors which affect either
the mass of hydrocarbons compressed into the crevice volume or the level
of post combustion oxidation which occurs afterward, will have an effect on
THC emissions.

To demonstrate the improvement in pumping losses as a result of EGR
addition, many studies performed testing at a constant load with MBT spark
timing. As the EGR fraction is increased at a constant load, and MBT spark
timing is maintained, the total mass inducted into the engine cylinder is
increased and thus peak pressures also increase (Nakajima et al., 1981). As
stated above, increased peak cylinder pressures also increase the mass of
unburned mixture which is compressed into crevice volumes, thus requiring
greater levels of post combustion oxidation to maintain similar levels of THC
emissions.

The addition of EGR has been found to negatively affect factors which
reduce post combustion oxidation. A previous study has found that, in the
absence of slow burn and misfire engine cycles, two factors play a role in
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Figure 4.17: The effect of EGR on ISCO emissions. The error bar
represents a 95% confidence interval for an undiluted base condition.
The symbol containing an ‘X’ indicates that the COV IMEP has ex-
ceeded the upper error bound of the undiluted base condition (6.54%)
and the combustion stability is thus considered unacceptable.
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determining engine-out THC emissions: first, the post combustion temper-
ature time-history which affects rates of post combustion oxidation; second,
the reactivity of the post combustion gases which may be altered with the
addition of EGR, also resulting in varying levels of post combustion oxidation
(Jadskeldinen and Wallace, 1994). This study also found that, with sufficient
increases in combustion duration, it is possible to negate the dilution effects
of EGR and obtain an increase in THC emissions with an increase in exhaust
temperature. Assuming an absence of partial burn and misfiring cycles, this
finding confirms that the oxidative environment of post combustion gases
is compromised with the addition of EGR, thus resulting in increased THC
emissions. As the EGR fraction is increased further, the onset of partial
burn and misfiring cycles results in a sharp increase in specific THC emis-
sions, as a result of both increased THC concentration and reduced engine
torque output.

The indicated specific THC (ISTHC) emissions as a result of EGR fraction
are shown in Figure 4.18 for this study. Here it is shown that THC emissions
remain relatively constant until the onset of partial burn cycles at an EGR
fraction of 15%. As the EGR fraction is increased further to 19%, THC
emissions increase sharply due to the presence of slow burn and misfiring
cycles.

4.4 The Effect of H, Addition on Exhaust Diluted
Engine Performance

Having established a datum of diluted engine performance in Section 4.3,
the use of Hy as a means of restoring combustion stability and extending
the dilution limit is investigated. The goal of this study was to determine
the minimum amount of Hy required to maintain an undiluted combustion
stability at each EGR fraction. H, addition is only applied at EGR fractions
where the COV IMEP exceeded the upper error bound of the undiluted
condition. The amount of Hy used is presented as a H, energy fraction (HEF).
Using the lower heating value (LHV) of each fuel, the HEF is equivalent to
the fraction of total fuel energy that was provided by H,.

There exists a distinct dichotomy in the use of Hy as an SI engine fuel:
several of its physical properties give it a marked advantage over conven-
tional fuels while these same properties necessitate specialized infrastructure
and safety measures to be developed and used. A comparison of applicable
physical properties of Hy and CHjy is given in Table 4.3. Any properties spe-
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Figure 4.18: The effect of EGR on ISTHC emissions. The error bar
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ceeded the upper error bound of the undiluted base condition (6.54%)
and the combustion stability is thus considered unacceptable.
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cific to the natural gas used in this study are given in place of CH4 and are
indicated as such.

4.4.1 Output Torque

As noted in Table 4.3, H, has a very high LHV (119.93 MJ/kg) and a very
low density (0.0838 kg/m®) when compared with natural gas and all other
gaseous fuels. This results in equivalent volumes having much less energy
and equivalent masses having much more energy than other gaseous fuels.
However, the stoichiometric air/fuel ratio (by mass) of Hy is roughly double
that of natural gas, resulting in values of volumetric energy density (VED)
of stoichiometric mixtures which vary by only 7% between the two fuels.
Previous studies have shown that this difference in VED results in a loss
in IMEP, when H, is added to a natural gas fuelled SI engine (Nagalingam
et al., 1983).

However, in this study Hs is only added when combustion instability has
increased beyond the undiluted base condition, as caused by the onset of
slow burn and misfire cycles. As was discussed in Section 4.3.2, the addi-
tion of EGR reduces laminar burning velocity and thus increases both flame
kernel development time and cycle-to-cycle variations in flame development.
Thus the addition of Hy is used to restore the original combustion stability
by increasing the mixture laminar burning velocity. The difference in stoi-
chiometric VED between the two fuels does not have as significant an effect
on performance as does the exclusion of slow and partial burn cycles. Thus
the addition of Hy results in an increased IMEP at each EGR fraction, as
shown in Figure 4.19. Here it is seen that a reduction in IMEP of 30% at
WOT is possible with the use of a 17% HEF and a 30% EGR mass fraction,
while still maintaining suitable combustion stability.

4.4.2 Combustion Stability

H, addition is a means of restoring suitable combustion stability through the
maintenance of a consistent and prompt flame kernel development period.
The lack of a stable flame kernel development undermines other measures of
engine performance, including torque output, efficiency and emissions (Ozdor
et al., 1994). ‘

As was discussed in Section 4.3.2, the use of EGR results in greater cycle-
to-cycle variations in flame kernel development through an observed reduc-
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Table 4.3: Physical Properties of Ho and CHy

Property Ho CH4
Density at NTP [kg/m?3]!%3 0.0838 0.6966
Lower heating value (LHV) [MJ/kg]*3 119.93  49.82
Volumetric fuel/air ratio of stoichiometric mixture at NTP [m3/m3]23 0.2950 0.1004
Stoichiometric air/fuel ratio [kg/kg]? 34.3 17.2
Volumetric energy density (VED) of stoichiometric mixture at NTP [kJ/m3]}34 2913 3133
Diffusion coefficient in air at NTP [cm?/s]!2 0.63  0.16
Combustion range [%ye in air]? 4-75 5.3-1.5
Minimum ignition energy in air [mJ]? 0.02 0.29
Quenching distance at 1 atm [cm)? 0.060  0.203
Laminar burning velocity in air at NTP [cm/s]!2 265-325  37-45

! NTP conditions are 293 K and 101.3 kPa
2 (Das, 1996)

3 Atco Gas Daily Analysis, 2003-11-25

4 (Bauer, 1999)
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Figure 4.19: The effect of Hy addition on exhaust diluted IMEP.
The amount of Hy employed at each point is listed as a Hy energy
fraction (HEF). The error bar represents a 95% confidence interval
for an undiluted base condition. The symbols containing an ‘X’ indi-
cate that the COV IMEP has exceeded the upper error bound of the
undiluted base condition (6.54%) and the combustion stability is thus

considered unacceptable.
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tion in mixture laminar burning velocity and fluctuations in mixture com-
position within the spark gap. Thus, to restore combustion stability, it is
necessary to reduce flame kernel development time and ensure that there is a
homogeneous mixture composition within the spark gap, or at least make any
mixture inhomogeneities irrelevant to the development of the flame kernel.

A previous study investigated the effect of Hy addition on the combustion
phases of a CFR. engine operating with an indolene base fuel (Rauckis and
Mclean, 1979). The combustion phases were split into three categories: 0 to 2

. percent mass fraction burned (kernel growth duration); 2 to 10 percent mass
fraction burned (flame development duration); and 10 to 90 percent mass
fraction burned (combustion duration). It was found that the addition of Hy
causes a significant reduction in kernel growth duration, with a progressively
lesser effect on both the flame development and combustion durations. The
reduction in kernel growth duration was a function of the amount of Hj
used and the equivalence ratio, with leaner mixtures and higher amounts of
H, yielding the biggest reductions. For a stoichiometric mixture, the flame
kernel growth duration was decreased by approximately 28%, from 9.9 to
7.2° CA, with a 15% HEF.

A subsequent study has compared the growth rate and cycle-to-cycle
variation of flame kernel development for both C3Hg and Hs using schlieren
photography (Heywood and Vilchis, 1984). The shape of the developing
H,; flame kernel was more spherical and less irregular than that of CsHs.
Further, the spatial distribution of the reaction zone was also shown to be
more regular for the H, flame kernel. Cycle-to-cycle variations of the flame
kernel development were much reduced for Hy, with the flame always staying
centered at the spark plug electrode. It was concluded that while the in-
cylinder flow conditions and residual gas inhomogeneities were comparable for
both Hy and C3Hg, the faster development of the H, flame kernel resulted in
less cycle-to-cycle variation in the rate and location of the flame development.

The decreased flame development period associated with H, is apparent
in Figure 4.20 which shows the effect of Hy addition on MBT spark timing.
It is shown that at an equivalent EGR fraction, the addition of Hs reduces
the spark advance necessary to maintain MBT. At an EGR mass fraction
of 19%, the use of a 9% HEF reduced the MBT spark timing by 40%, from
30°to 18° BTDC.

The resulting reduction in cycle-to-cycle variations in flame development
associated with a shortened flame kernel growth duration is shown in Figure
4.21. While an increased EGR mass fraction decreases combustion stability,
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Table 4.4: Hs Required to Maintain Combustion Stability
EGR Mass Fraction [%] HEF [%] HVF [%] HEF / EGR [

14.8 0 0 0
18.6 9.0 23.5 0.484
30.0 17.4 39.5 0.580

as was discussed in Section 4.3.2, the addition of Hy acts to oppose this
trend. Through the incremental addition of Hy, an undiluted combustion
stability is maintained to an EGR mass fraction of 30%. The improvement
of combustion stability through Hs addition is also illustrated in Figure 4.22
as a comparison of the cylinder pressure time histories for two cases: 19%
EGR with no H, and 19% EGR with a 9% HEF. The variation between
adjacent cylinder pressure traces is shown to decrease with the addition of
H,. The IMEP values associated with these pressure traces are also shown
as a histogram in Figure 4.23. It is clear that the addition of H, eliminates
any misfiring or slow burning cycles, as evidenced by the 11% increase and
81% decrease in the respective mean and SSD values of IMEP.

The amount of He required to sustain combustion stability at various
levels of EGR dilution is given in Table 4.4.

4.4.3 Fuel Conversion Efficiency

As discussed in Section 4.3.3, the addition of EGR affects 7y, in an SI en-
gine through several mechanisms: positively through the reduction of cooling
and dissociation losses and negatively through an increase in cycle-to-cycle
combustion variation and a reduced degree of constant volume combustion.
The addition of Hy to an exhaust diluted SI engine influences several of
these mechanisms, mainly through the maintenance of the mixture laminar
burning velocity.

The effect of Hy addition on the 7y, of an EGR diluted SI engine is
illustrated in Figure 4.24. It is shown that H, addition results in a relatively
constant 7. until a 19% EGR mass fraction, where a significant improvement
in 7. is shown for a HEF of 9%. As the EGR fraction increases to 30%, the
ns. gradually decreases to the lower error bound of the undiluted condition.
Beyond an EGR fraction of 30%, the onset of slow burn and misfire cycles

results in a sharp decrease in 7.
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Figure 4.20: The effect of Hy addition on exhaust diluted MBT
spark timing. The amount of Hy employed at each point is listed as a
H, energy fraction (HEF). The error bar represents a 95% confidence
interval for an undiluted base condition. The symbols containing an
‘X’ indicates that the COV IMEP has exceeded the upper error bound
of the undiluted base condition (6.54%) and the combustion stability
is thus considered unacceptable.
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of the undiluted base condition (6.54%) and the combustion stability
is thus considered unacceptable.
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These trends in 7y, are also reflected in the exhaust gas temperature,
which is given in Figure 4.25. As for 7y, the exhaust gas temperature re-
mains relatively constant up to a 19% EGR mass fraction, beyond which it
decreases significantly. From 0 to 19% EGR, the constant values of 7;. and
exhaust gas temperature suggest the following: the addition of H, is main-
taining a constant flame propagation rate; the tendency for lower exhaust
temperatures (through decreased bulk mixture energy density with EGR) is
being balanced by the higher peak temperatures associated with Hy com-
bustion and increased burn duration. Beyond 19% EGR, the exhaust gas
temperature decreases significantly while 7y, only shows a slight decrease.
Here the decreased bulk mixture energy content dominates, thus resulting
in a decrease in exhaust gas temperature. The slight decrease in 7y, is an
indication that slow burn cycles are developing. As the EGR fraction further
increases to 36%, sharp reductions in both 7, and exhaust gas temperature
indicate the presence of slow burn and misfire cycles.

4.4.4 Pollutant Emissions

While this section has been relegated to the end of the chapter, it is of
significant importance. The combination of EGR dilution and H, addition
in an SI engine operating stoichiometrically has very attractive emissions
characteristics, further so upon application of a three-way catalytic converter.
An additional subsection on indicated specific CO, (ISCO3) emissions is also
included to illustrate the benefits of H, supplementation on greenhouse gas
emission reductions.

4.4.4.1 Nitric Oxide

The trend in NO emissions originally established in Figure 4.16 is extended
to higher EGR mass fractions with the use of Hy supplementation. While
a previous study has found that Hy supplementation causes increased NO
emissions (Nagalingam et al., 1983), likely caused by the elevated peak tem-
peratures associated with Hy combustion, this effect is negated in this study
through the use of large EGR fractions. Figure 4.26 shows that ISNO emis-
sions are further reduced through the use of Hy supplementation, to a min-
imum value of 0.10 g/kW h at an EGR fraction of 30% and a HEF of 17%
while still maintaining suitable combustion stability. A further reduction in
NO emissions, to less than 0.01 g/kW h, is achieved at 36% EGR with a
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Figure 4.24: The effect of H addition on exhaust diluted fuel conver-
sion efficiency. The amount of Hy employed at each point is listed as a
H, energy fraction (HEF). The error bar represents a 95% confidence
interval for an undiluted base condition. The symbols containing an
‘X’ indicate that the COV IMEP has exceeded the upper error bound
of the undiluted base condition (6.54%) and the combustion stability
is thus considered unacceptable.
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Figure 4.25: The effect of Hy addition on exhaust diluted exhaust
gas temperature. The amount of Hy employed at each point is listed as
a Ho energy fraction (HEF). The error bar represents a 95% confidence
interval for an undiluted base condition. The symbols containing an
‘X" indicate that the COV IMEP has exceeded the upper error bound
of the undiluted base condition (6.54%) and the combustion stability
is thus considered unacceptable.
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42% HEF. However, at this point combustion stability is unacceptable and
all other measures of engine performance suffer as a result. The addition of
H, at an EGR. fraction of 19% results in a noticeable initial decrease in ISNO
emissions which is due solely to an increase in IMEP as illustrated previously
in Figure 4.19.

4.4.4.2 Carbon Monoxide

As CO emissions are considered to be equilibrated until the early stages of
the expansion stroke, it is expected that further EGR dilution will only ex-
tend the decreasing trend originally established in Figure 4.17. However,
additional EGR dilution has been shown to result in further decreases in
both IMEP (Figure 4.19) and exhaust gas temperature (Figure 4.25), thus
increasing indicated emissions and decreasing levels of post combustion oxi-
dation. The effect of Hs addition on ISCO emissions is shown in Figure 4.27.
The initial decrease in CO emissions at 15% EGR can be attributed to both
an increase in IMEP and a displacement of hydrocarbon fuel through the
addition of Hy. From 15% EGR to 30% EGR, CO emissions stay relatively
constant, likely due to competition between decreasing levels of post com-
bustion oxidation, IMEP and hydrocarbon fuel. Beyond 30% EGR, ISCO
emissions rise sharply, presumably as a result of a significant reduction in
IMEP (due to slow burn and misfire engine cycle) and a further reduction in
levels of post combustion oxidation.

4.4.4.3 Total Hydrocarbons

As was discussed in Section 4.2.4.3, THC emissions are determined by two
factors (disregarding slow burn or misfire engine cycles): first, the mass of
unburned mixture compressed into crevice volumes; and second, the amount
of post combustion oxidation that occurs during the expansion and exhaust
strokes. The effect of Hy addition on ISTHC emissions is shown in Figure
4.28.

Similar to CO, THC emissions initially decrease at 15% EGR, again due
to an increase in IMEP and the displacement of hydrocarbon fuel. THC
emissions remain relatively constant between 15% and 30% EGR, where de-
creasing levels of post combustion oxidation, IMEP and the fraction of hy-
drocarbon fuel are in competition. However, unlike CO, beyond 30% EGR
there is a slight decrease in THC emissions, as compared to the sharp increase
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Figure 4.26: The effect of Hy addition on exhaust diluted ISNO
emissions. The amount of Hy employed at each point is listed as a
Hj energy fraction (HEF). The error bar represents a 95% confidence
interval for an undiluted base condition. The symbols containing an
‘X’ indicate that the COV IMEP has exceeded the upper error bound
of the undiluted base condition (6.54%) and the combustion stability
is thus considered unacceptable.
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Figure 4.27: The effect of Hy addition on exhaust diluted ISCO
emissions. The amount of Hy employed at each point is listed as a
Hy energy fraction (HEF). The error bar represents a 95% confidence
interval for an undiluted base condition. The symbols containing an
‘X” indicates that the COV IMEP has exceeded the upper error bound
of the undiluted base condition (6.54%) and the combustion stability
is thus considered unacceptable.
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of CO seen in Figure 4.27.

This trend can be explained through the observation that at 36% EGR, a
42% HEF is required to maintain combustion stability. In terms of volume, a
42% HEF results in an approximate Hs volume fraction of 69%, thus resulting
in a large fraction of hydrocarbon fuel being displaced by the addition of Ho.
This displacement is believed to be causing the observed trend in ISTHC
emissions. While Hy exhaust emissions were not observed, the presence of
slow burn and partial burn cycles at a 36% EGR fraction would likely result in
the presence of unburned Hs, further explaining the trend in THC emissions.

4.4.4.4 Carbon Dioxide

The inclusion of a section on CO, is a testament to the importance of green-
house gas emissions. The effect of both H, addition and EGR on ISCO,
emissions is shown in Figure 4.29. As expected, ISCO, emissions are essen-
tially an inverse measure of 7y, when natural gas is the sole fuel, thus staying
relatively constant until the onset of unstable combustion at an EGR fraction
of 19%. As H, is added, there is a significant reduction in ISCO, emissions -
18%, from 638 g/kW h at 15% EGR to 521 g/kW h at 30% EGR. while still
maintaining acceptable combustion stability.

While the addition of Hy results in a significant decrease in “usage” ISCO,
emissions, as shown in Figure 4.29, there are also “upstream” CO, emissions
which are created from the production of Ho; Figure 4.29 and the previous
discussion do not take these emissions into account.

Although there are several methods of Hy production, the steam reforma-
tion (SR) of CH, is one of the most popular and proven (Trimm and Onsan,
2001). The SR of CH, is an endothermic reaction which can be represented
as:

CHy + H,O — 3Hy+CO (AH® =206 kJ/mol) (4.20)

Following SR, the CO is subjected to an exothermic water shift (WS)
reaction in order to convert any CO to COa: :

CO+ H,O — COy;+ H,  (AH°=-41 kJ/mol) (4.21)

If it is presumed that the SR and WS reactions take place in an integrated
facility, then any energy resulting from the exothermic WS reaction is used
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Figure 4.29: The effect of Hy addition on exhaust diluted ISCO,
emissions. The amount of Hy employed at each point is listed as a
H, energy fraction (HEF). The error bar represents a 95% confidence
interval for an undiluted base condition. The symbols containing an
‘X" indicate that the COV IMEP has exceeded the upper error bound
of the undiluted base condition (6.54%) and the combustion stability
is thus considered unacceptable.
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to provide energy to the SR reaction. The entire process can then be viewed
as:

SR+WS — COy+4H, (AH°=165kJ/mol) (4.22)

With the energy of the WS reaction being applied to the SR process,
the net result is an overall endothermic reaction. In order to provide the
required energy for this process, it is assumed that stoichiometric CHy-air
is combusted and that all resulting energy is applied to the SR-WS system.
The combustion of stoichiometric CHy-air can be represented as:

CH,4 +2(02+3.773 Ng) — v
CO, + 2 HQOWp + 7.546 N, (AH® =-846 kJ/mOl) (4.23)

From Equations 4.22 and 4.23 it can be determined that 0.195 moles of
CH; must be combusted (and 0.195 moles of CO, produced) in order to
provide the energy required by the SR-WS system. The net result is the
production of 1.195 moles of CO, for every 4 moles of Hy produced. In
terms of mass, and taking into account a global reaction efficiency (n¢gr), the
Hj-specific CO, production can be represented as:

mco, _ 1.195 . ]\fooz _ 6.522
mu, 4-Mn,-n6r  Ncr

(4.24)

Thus, for every 1 gram of Hy produced, approximately 6.5 grams of CO,
are produced (neglecting ngr). Recent estimates of mco,/mpy, for the SR
of CHy4 vary from 7.178 (Edwards et al., 1999) to 8.889 (Spath and Mann,
2001), which results in a range of approximate global efficiency values:

2 29

0.734 = S22 <non < poms = 0.909 (4.25)
An average ngg value of 0.822 results in a mgo,/muy, value of 7.939.
When these upstream CO, emissions are taken into account, the significant
decrease in ISCO, emissions originally reported in Figure 4.29 is no longer
valid. Figure 4.30 illustrates the importance of the upstream CO, emissions
when considering total ISCO, emissions. Here it is shown that the addition
of Hy, and subsequent extension of the EGR limit, results in a 6% increase
in ISCO, emissions, from 638 g/kW h at 15% EGR to 679 g/kW h at 30%
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EGR. These results underscore the importance of life-cycle considerations
when comparing the emissions performance of alternative fuels.
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Figure 4.30: The effect of upstream COg emissions on Hy supple-
mented exhaust diluted ISCO2 emissions. The amount of Hy employed
at each point is listed as a Hy energy fraction (HEF). The error bar
represents a 95% confidence interval for an undiluted base condition.
The symbols containing an ‘X’ indicate that the COV IMEP has ex-
ceeded the upper error bound of the undiluted base condition (6.54%)
and the combustion stability is thus considered unacceptable.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

The effect of Hy addition on the exhaust diluted full-load performance of a
spark ignition (SI) engine has been investigated through a series of exper-
iments conducted on a single-cylinder research engine. Several conclusions
can be drawn on the basis of the experimental results, including:

(1.) For natural gas fuelling, the maximum exhaust gas recirculation (EGR)
mass fraction that could be tolerated at 1200 RPM, wide open throttle
(WOT), without the covariant indicated mean effective pressure (COV
IMEP) increasing beyond the upper error limit of the undiluted base
condition, was 14.8%.

(2.) The addition of a 17.4% H, energy fraction (HEF) resulted in a maxi-
mum increase in EGR limit of 102% - from 14.8% to 30.0% EGR.

(3.) For natural gas fuelling, a 12.9% reduction in indicated mean effective
pressure (IMEP), from 5.98 to 5.21 bar, was observed at the EGR
dilution limit. The addition of Hy and the subsequent extension of the
EGR limit resulted in an additional 20.0% reduction in IMEP, from
5.21 to 4.17 bar.

(4.) For natural gas fuelling, a reduction in full-load indicated specific NO
(ISNO) emissions of 81%, from 8.0 to 1.5 g/kW h, was achieved at the
EGR limit of 14.8%. The addition of H, and associated extension of the
EGR limit resulted in an additional 93% reduction in ISNO emissions,
from 1.5 to 0.1 g/kW h. As NO emissions are typically a concern only
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at high-load operation, it is promising that an 81% reduction in ISNO
emissions has been achieved. at full-load, with an associated decrease
in IMEP of only 12.9%. With an increase in engine displacement, it
would be possible to achieve significant reductions in ISNO emissions
while still maintaining the original maximum power output of the en-
gine. The addition of Hy and associated extension of the EGR limit
resulted in additional 93% reduction in full-load ISNO emissions, with
an associated 20.0% decrease in IMEP. While the engine displacement
may be further increased to allow for similar maximum power outputs
with additional decreases in ISNO emissions, this operating mode may
also be used in place of throttling to achieve decreases in both IMEP
and ISNO emissions. The added flexibility associated with H, addition
may allow the development of an operating scheme which precludes the
use of a reduction catalyst in abating NO emissions.

(5.) With natural gas fuelling, the fuel conversion efficiency (7;.) remained
relatively constant with EGR dilution, decreasing slightly from 31.6 to
31.4%. This deviation lies within the total uncertainty in 7. The
use of Hy again resulted in a marginal decrease in 7., from 31.4 to
30.9%, however this too was within the total uncertainty in ns.. Thus,
it can be stated that the 7. remained essentially constant as the EGR
dilution was increased, with and without H, addition.

(6.) While “usage” indicated specific CO, (ISCO,) emissions remained rel-
atively constant with EGR dilution alone (here ISCO, is essentially an
inverse measure of 7;.), the addition of Hs resulted in significant de-
creases in ISCO, emissions. A total reduction of 18.3% in usage ISCO,
emissions, from 638 to 521 g/kW h, was accomplished with the use
of a 17.4% H, energy fraction and a 30% EGR mass fraction. How-
ever, when the upstream CO, implications of Hy production from the
steam reformation of CH, are taken into account, an increase of 6%
in total ISCO, emissions, from 638 to 679 g/kW h, was observed with
the use of a 17.4% H, energy fraction and a 30% EGR mass fraction.
These results underscore the importance of life cycle considerations
when comparing the relative emissions of alternative fuels.
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5.2 Future Work

Prior to performing further experiments, there are several equipment modi-
fications that may be completed to expedite and simplify the experimental
procedure.

The engine control module (ECM) is currently designed to operate in
an open-loop mode, where the pulse width of both the Hy and natural gas
injectors are controlled based on input from a personal computer. To increase
the ease and consistency with which the air/fuel ratio and HEF are set, the
ECM should be modified to operate in a closed-loop mode. Feedback from
either fuel and air mass flow rates, or exhaust oxygen level could be used to
control the air/fuel ratio and the HEF. The incorporation of spark control
should also be added to the ECM. Currently, spark timing is set with a
common inductive timing light, making the adjustment of spark timing both
tedious and time consuming.

The EGR system would also benefit from the implementation of closed
loop control. Currently, the EGR mass fraction is set using two gate valves.
Once the appropriate EGR mass fraction has been achieved, the position of
the gate valves is left unchanged for the duration of the data acquisition.
During this time, it is possible for the EGR mass fraction to drift. The mea-
sured CO, mole fraction within the intake plenum could be used as feedback
in controlling a valve which meters the amount of EGR that reaches the in-
take plenum. A separate non-dispersive infrared gas analyzer should be used
for this purpose which would also eliminate the need for separate “upstream”
and “downstream” data acquisition.

Upon completion of the above-mentioned system modifications, experi-
ments could be completed to determine the effect of both engine speed and
load on the amount of Hj required to extend the EGR limit. In addition to
experiments with Hy addition, simulated reformer products (e.g. 20% Ha,
25% CO and 55% Nj) could be substituted for Hy. The diluent effect of the
additional Ny and the possibility of increased CO emissions, when compared
with neat H, addition, could be investigated.

A life cycle analysis (LCA) should be completed to compare the actual
emission implications of using both Hy and reformer gas addition. Based
on various sources of Hy production, a control scheme could be developed
to minimize total “life cycle” emissions according to the method of H, pro-
duction employed. The emissions reduction shown in this study as a result
of EGR limit extension could also be investigated on a life cycle basis by
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determining the corresponding reduction of precious metal loading required
on a three-way catalytic converter to meet the same emissions characteristics
of a traditional SI engine and three-way catalytic converter.
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APPENDIX A

DETAILED EQUIPMENT INFORMATION

Detailed information on the equipment used in this study is presented in
order that all experiments be wholly reproducible. A tabular description
of all equipment is given, including the manufacturer, model number, serial
number and a general description of each component. Following this, an
overview of the individual operating principles of the gas analyzers used for
emission measurements is given.

A.1 Equipment Specifications

A tabular description of all equipment is presented in Table A.1.

107
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Table A.1l: Detailed Equipment Information

Manufacturer Model Serial # Description
AFS! 30-02024 04-230202 Falcon natural gas regulator
AFS 400010-5 456550 Sparrow II engine control module
BEI XH25P-55-3600- DD042564 Rotary encoder (used on crankshaft)
T2-ABZC-7272-
SM18
Bosch N/A N/A Electronic natural gas fuel injector (used for nat-
ural gas and H,)
CA? 300 1J09001 Non-dispersive infrared gas analyzer (CO. and
CO)
CA 100P 8J09003 Paramagnetic gas analyzer (O,)
CA 300-CLD 28J04007 Chemiluminescent detector (CLD) gas analyzer
(NO)
CA 300M-FID 30J04002 Flame ionization detector gas analyzer (THC)
Dasibi 5008 678 Multi-gas calibrator
Digalog 1002A 821112 230 volt dynamometer controller
Dynascan 3300 93-00867 Pulse generator
Eaton 3168 2360 Dynamometer load cell
Ford N/A N/A Variable reluctance crankshaft sensor (used by

Sparrow II engine control module)

! Alternative Fuel Systems
2California Analytical
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Table A.1: continued

Manufacturer Model Serial # Description

GSE 550 25405 Electronic top loading mass balance (used for cal-
ibration of Omega FMA-A2117 natural gas flow
meter)

Harris MR501-6 N/A Compressed gas pressure regulator

HP3 6038A 3221A-11427 0-60 volt, 0-10 amp, 200 watt power supply

Lucas/Schaevitz 500DC-E 7576 Linear variable differential transformer

Mettler PE16 . N/A Electronic top loading mass balance

MTS 1104CA 36322503 Pressure transducer charge amplifier

MTS E002-0093 36422503 Baseline combustion analysis system (CAS) pro-
cessing unit

NI4 PCIMIO16E-1 10018C3 12-bit data acquisition card (device 1)

NI PCIMIO16E-1 1001882 12-bit data acquisition card (device 2)

NI PCIMIO16E-4 A4833F 12-bit data acquisition card (device 3)

NI SCB-68 N/A Shielded connector block (devices 1-3)

NGK AB-6 N/A Spark plug

Omega FMA-A2108 6780 H, thermal mass flow meter (0-5 SLPM)

Omega FMA-A2117 6958 H, thermal mass flow meter (0-50 SLPM)

Omega FMA-A2117 6760 Natural gas thermal mass flow meter (0-50 SLPM)

Omega HH506 53001085 Thermocouple thermometer (used to measure ex-
haust sample line temperature)

Omega PCL 601 P601146810 Pressure calibrator (0-200 kPa)

3Hewlett Packard

4National Instruments
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Table A.1: continued

Manufacturer Model Serial # Description

Shurflo 8000-933-250 N/A Diaphragm pump (415 kPa bypass)

TES N/A 0203311 Thermocouple temperature controller

TSI 42350101 42350402003 Intake air thermal mass flow meter

Validyne CD15 12308 - Intake pressure carrier demodulator

Validyne CD15 56365 Exhaust pressure carrier demodulator

Validyne DP15 63251 Intake pressure transducer

Validyne DP15 28916 Exhaust pressure transducer

Vishay 2110 0133474 Strain gauge power supply

Vishay 2120 40479 Strain gauge signal conditioner
5Thermoelectric
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APPENDIX A. DETAILED EQUIPMENT INFORMATION 111

A.2 Equipment Operating Principles

The operating principles of several instrumentation components are discussed
here in detail.

A.2.1 Chemiluminescent Detector Gas Analyzer

A California Analytical model 300-CLD chemiluminescent detector (CLD)
was used to measure the NO concentration of the exhaust products from
the cooperative fuel research (CFR) engine. Within the CLD, any NO in
the exhaust products is converted to NO, via an oxidative reaction with
molecular ozone, which is produced on-board the gas analyzer using bottled
air. It is typical for a portion of these NO; molecules to become electronically
excited, after which they return to their original state, causing the emission
of photons. A photodiode detector converts this photon emission into a
low-level DC voltage, which is proportional to the NO concentration of the
gas. This voltage is amplified and is available as a voltage output from the
instrument.

A.2.2 FID Gas Analyzer

A California Analytical model 300M-FID flame ionization detector (FID)
was used to measure the total hydrocarbon (THC) concentration of the ex-
haust products from the CFR engine. The FID utilizes a carbon-free flame,
supplied in this case by a 40%-60% Ho-He gas mixture, through which the
gas sample is passed. Any carbon atoms within the sample are ionized, thus
causing the production of both electrons and positive ions. These ions are
collected by a 250 volt polarized electrode ring and a low-level current is
produced, which is proportional to the carbon content of the sample. This
current is amplified and converted to a DC voltage by the main electrometer
amplifier board and is available as a voltage output from the instrument.

A.2.3 NDIR Gas Analyzer

A California Analytical model 300 non-dispersive infrared (NDIR) gas ana-
lyzer was used to measure both the CO and CO, within the intake plenum
and exhaust system of the CFR engine. Within the infrared gas analyzer, an
infrared beam is passed through a “chopper” which essentially divides the
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continuous infrared beam into a series of finite length segments. These seg-
ments are passed through a chamber of known length which contains the gas
sample to be analyzed. The presence of the gas component of interest results
in an attenuation of the infrared light source, which is subsequently directed
into the front chamber of a two-chamber micro-flow sensor. The micro-flow
sensor is filled with the gas component of interest, and the infrared light is
further attenuated upon passing through both the front and rear chambers of
the sensor. This energy absorption results in a differential pressure between
the front and rear chambers of the micro-flow sensor, thus causing a gas flow
that is proportional to the concentration of the gas component of interest.
The output signal is a low-level AC voltage and is amplified and rectified
after which it is available as a voltage output from the instrument.

A.2.4 Paramagnetic Gas Analyzer

A California Analytical model 100P paramagnetic gas analyzer was used to
measure the O, content from the exhaust stream of the CFR engine. The
paramagnetic analyzer relies on the paramagnetic properties of Oy when com-
pared to other gases. Within the analyzer, two quartz spheres are filled with
(diamagnetic) N5 and this dumbbell is suspended within a symmetrical mag-
netic field. As the sample gas is passed around this dumbbell, the presence of
any O, results in an altered magnetic field, thus causing the dumbbell to ro-
tate. This rotation is detected by an optical circuit and a countering torque
is applied to the dumbbell via a platinum wire which is wrapped around
the center of the dumbbell. The amount of current required to restore the
original dumbbell position is proportional to the Oy content of the gas sam-
ple. The temperature dependency of the paramagnetic susceptibility of O,
is compensated for within the feedback circuit.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX B

CALIBRATION AND ERROR ANALYSIS

To ensure reliable results, all instrumentation was carefully calibrated before
any experiments were performed. An overview of the techniques and equip-
ment used in the calibration of various components is presented here, along
with representative calibration plots.

While it is important to ensure that all instrumentation is carefully cali-
brated, it is also prudent to calculate the uncertainty of individual measure-
ments resulting from the finite accuracy of both calibration procedures and
individual instruments. Wherever possible, a differential error analysis has
been performed to determine the uncertainty associated with a particular
calibration method. The larger of either maximum calibration or instrument
uncertainty is then used to represent the error in a given measurement. The
maximum instrument uncertainty typically corresponds to calibrated values
which are very small when compared to the measurement range of the instru-
ment, resulting in large values of maximum instrument uncertainty reported
for several instruments. Note that the instruments are rarely (if ever) used for
measurements of this magnitude and the maximum instrument uncertainty
is much lower for the range in which they are typically used.

Prior to a detailed description of calibration procedures and differential
error analysis, a tabular overview of all instrumentation, including maximum
instrument and calibration uncertainties is first presented. The interested
reader can find further details in the subsequent sections.

B.1 Overview of Measurement Error

A tabular description of the uncertainty associated with instrumentation
and calibration procedures is presented in Table B.1. The larger of either

113
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maximum instrument or calibration uncertainty is presented in underline as
the governing amount of measurement error.
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Table B.1: Instrument and Calibration Uncertainty

Description Maximum Maximum
Calibration  Instrument
Uncertainty! Uncertainty?
TSI model 4235 air thermal mass flow meter 1.0% 2.5%
Omega model FMA-A2117 H, thermal mass flow meter 0.6% 5.8%
Omega model FMA-A2117 natural gas thermal mass flow meter 1.8% 5.6%
Validyne model DP15 intake pressure transducer 0.4% 1.3%
Validyne model DP15 exhaust pressure transducer 0.8% 1.3%
Eaton model 3168 dynamometer load cell 0.05% 2.2%3
California Analytical CLD gas analyzer 3.2% 9.7%
California Analytical FID gas analyzer 2.9% 17.9%
California Analytical NDIR gas analyzer {(COs) 2.8% 11.1%
California Analytical NDIR gas analyzer (CO) 2.8% 9.2%
California Analytical paramagnetic gas analyzer 2.8% 10.7%

1Maximum percentage uncertainty of a given measurement based on total calibration uncertainty

?Maximum percentage uncertainty of a given measurement due to instrument uncertainty, typically occurring at the lowest

calibrated value - note that the instrument is typically not operated in this region
3Based on a summation of worst case specified hysteresis and non-linearity
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B.2 Differential Error Analysis Overview

Given a function, f = f(z,...,y), the error in f can be calculated as the
error which is propagated through independent and random uncertainties in
each of z,...,y as:

2 2
o1 = (Lon) s (L) 1)

where § represents the uncertainty in a given variable (Taylor, 1997).

B.3 Mass Flow Meters

Each of air, Hy and natural gas were measured with thermal mass flow meters
in this study. Each flow meter required a unique method of calibration due
to differences in the physical properties of the measured gases.

B.3.1 Air Mass Flow Meter

The TSI model 4235 mass flow meter was calibrated by measuring the time it
took for a known volume of air to pass through the flow meter. The volume
of air was measured using a recently calibrated 140 litre (5 ft3) bell prover
which was accurate to within 0.5%. As all testing took place at ambient
conditions with negligible pressure increase across the flow meter, the air
density was calculated for ambient temperature and atmospheric pressure.
The voltage output of the mass flow meter was monitored using an averaging
volt meter. Upon completion of a test, the average voltage over the duration
of the test was recorded. The time of each test was measured by hand with
a NIST traceable stopwatch.
The mass flow rate of air can be calculated as:

mair = M— (BQ.)
t Ra.ir Tair
where:  V,;, = Volume of air as measured with bell prover

P,;» = Atmospheric pressure

t = Elapsed time

R,;» = Gas constant for air

Twir = Ambient temperature
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To determine the uncertainty in the mass flow rate of air, Equation B.2
is differentiated according to Equation B.1. If it is assumed that the error in
the gas constant of air is negligible, the uncertainty in the mass flow rate of
air is calculated as:

St = Pa.ir(SV 2+ Va,i-r(SP 2+
Mair = tRair Tair t Rair Tair
0.5
"'Pai'r I/air 6t 2 4 ai ir 2
=Py Ve 88\* | (=P VSTV
t2 Rair Tai'r t Ra,ir Ta2.ir

Since the elapsed time is the only variable that changes as the flow rate
is varied, a worst-case uncertainty exists at the highest flow rate where the
fractional uncertainty in time is highest. At this condition, the variables and
respective uncertainties are:

Vair = 0.1133 £ 0.0006 m?®
P, =921+ 0.1 kPa

t =123+01s

R, = 0.287 £ 0 kJ/kgK
Teir =293+ 1K

which results in an air mass flow rate of;

Teir = 10.3 £ 0.1 g/s

A representative calibration plot of the TSI mode] 4235 mass flow meter
is included in Figure B.1.

B.3.2 H, Mass Flow Meter

The H, thermal mass flow meter was calibrated using the same procedure
that was followed for the air mass flow meter, as outlined in Section B.3.1,
except that the working gas was switched from air to Np. It is typical to
calibrate a thermal mass flow meter with an inert gas (such as N,) and then
apply a correction factor which accounts for differences in gas density and
specific heat between calibration and working gases. In the case of Hy, no
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12

My = -5.12706 + 5.08607 * Vo
R =0.99989

My Air Mass Flow Rate [g/s]

| ! 1 ' I ' I ' I !

1.0 1.5 2.0 2.5 3.0

V__ ., Sensor Voltage [V]

maf?

Figure B.1: Calibration of TSI model 4235 air mass flow meter.
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correction factor is needed when a calibration has been performed with N,
as the product of density and specific heat between the two gases is within
one percent.

Thus, a worst case uncertainty in Hy, mass flow rate is again taken at the
highest mass flow rate where the fractional uncertainty in time is highest.
At this condition, the variables and respective uncertainties are:

Vi, = 0.1133 % 0.0006 m3
Py, = 93.2 & 0.1 kPa

t =1222+01s

Ry, = 0.2968 + 0 kJ/kgK
Ty, =292 £ 1K

which results in a Ny mass flow rate of:

Ty, = 0.997 & 0.006 g/s

The mass flow rate of Hy can then be calculated as:

. . R
My, = mN”—Zi;f; = 71.8 + 0.2 mg/s

A representative calibration plot of the Omega model FMA-A2117 H,
mass flow meter is included in Figure B.2.

B.3.3 Natural Gas Mass Flow Meter

As the specific heat of the domestic natural gas supply was not readily avail-
able, the calibration method used for the air and Hy, mass flow meters was
not applicable in calibrating the natural gas mass flow meter. Instead, the
natural gas mass flow meter was calibrated by measuring the reduction in
mass that occurred over a given time when natural gas was vented out of
a pressurized cylinder. The mass was measured using a model GSE 550
electronic top loading mass balance which was interfaced to a Labview data
acquisition system.

Using this system, the mass flow rate of natural gas can be calculated as:

. Mstart — Mend
MmeNGg = —-"t—' (B4)
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My, = -0.00179 + 0.01477* V_____
R = 0.99989

Mot Hydrogen Mass Flow Rate [g/s]

T T T

T T T T T 1 1
-05 00 05 1.0 35 40 45 50 5.5

Sensor Voltage [V]

| LB L B ¥
156 20- 25 3.0
\Y;

sensor!

Figure B.2: Calibration of Omega model FMA-A2117 Hy mass flow
meter.
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where: Mg,y = Cylinder mass at beginning of calibration
Mend = Cylinder mass at end of calibration
t = Elapsed time

Differentiating Equation B.4 according to Equation B.1, the uncertainty
in natural gas mass flow rate can be calculated as:

2 0 _ 9y 0.5
S = {l:(sm»tstart} +[ JT'end:I + [(nlend t';n'start) 5t:l } (B5)

Again, a worst case uncertainty occurs at the highest flow rate, as the
fractional uncertainty in time is highest. At this condition, the variables and
respective uncertainties are:

Mstart = 29049 = 1 g
Meng = 28972 £ 1 g
t =156.0 £ 0.1 s

which results in a natural gas mass flow rate of:

mene = 504 £ 9 mg/s

A representative calibration plot of the Omega model FMA-A2117 natural
gas mass flow meter is included in Figure B.3.

B.4 Pressure Transducers

Validyne differential pressure transducers were used to measure the intake
and exhaust pressures in this study. To calibrate the differential pressure
transducers, an Omega PCL 601 (0-200 kPa) pressure calibrator was used.
The pressure calibrator was accurate to within 0.1 kPa, over a temperature
range of 0 to 40 °C. As the calibration error is a fixed value of 0.1 kPa, and
is only a function of the calibration device, the worst case uncertainty occurs
at the lowest calibrated pressure.

The worst case uncertainty for both the intake and exhaust pressure trans-
ducers can then be calculated as:
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My, = 0.00949 + 0.10346 * V.
R =0.99752
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Figure B.3: Calibration of Omega model FMA-A2117 natural gas
mass flow meter.
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:
140-]| Py =-1.04234 + 1498713+ V-
1| R=0.99886
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Figure B.4: Calibration of Validyne model DP15 intake pressure
transducer.

| Pintake = 27.6 & 0.1 kPa| (B.6)
Peghaus = 13.8 & 0.1 kPa (B.7)

Representative calibration plots for both intake and exhaust pressure
transducers are shown in Figures B.4 and B.5 respectively.

B.5 Dynamometer Load Cell

To measure brake torque, a load cell was mounted at a distance from the
centerline of the eddy current dynamometer used to absorb engine power.
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P, = -0.08335 + 7.63412* V-
R = 1.00000
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Figure B.5: Calibration of Validyne model DP15 exhaust pressure
transducer.
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The force measured by the load cell was directly proportional to the brake
torque of the engine.

The load cell was calibrated by connecting a platform of known mass
to the top of the load cell, on to which various masses were placed. The
low-level output of the load cell was connected to a Vishay model 2120 load
cell signal conditioner and was measured using a Labview data acquisition
system. The load cell force can be calculated as:

FLC = Myotal * G (B8)

where: myu = Total mass on load cell
g = Gravitational constant

Prior to calibration, the mass of each calibration weight was determined
using a Mettler PE-16 electronic top loading mass balance to an accuracy
of 0.2 grams. Assuming that there is no uncertainty in the gravitational
constant, the uncertainty in the load cell force can be calculated as:

5FLC =g- 577710!(11 (Bg)

As the uncertainty in measured mass is constant, a worst case uncertainty
in load cell force occurs at the minimum calibrated mass. At this condition,
the variables and respective uncertainties are:

Myotal = 420.6 + 0.2 g
g =981+0m/s?

The worst case uncertainty in load cell force is then calculated as:

| FLo = 4.126 & 0.002 N| (B.10)

A calibration plot of the dynamometer load cell is given in Figure B.6.

The uncertainty in brake torque measurements was further compounded
by an uncertainty in measuring the distance between dynamometer centerline
and load cell measurement axis. Brake torque is calculated as:

Tbrake = FLC . d (B-ll)

where: d = Measured distance between dynamometer and load cell
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Figure B.6: Calibration of Eaton model 3168 dynamometer load
cell.
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The uncertainty in brake torque can then be calculated as:

8Tirake = [(d - 6F1c) + (Fro - 6d))"° (B.12)

As the uncertainty in d is a constant, the worst case uncertainty in brake
torque occurs at the minimum calibrated load cell force. At this condition,
the variables and respective uncertainties are:

Fro =4.126 4+ 0.002 N
d =294+1cm

The worst case uncertainty in brake torque is then calculated as:

Tyrake = 1.20 & 0.04 Nm| (B.13)

B.6 Gas Analyzers

The calibration of the emission analyzers was performed using Praxair Cer-
tified Standard bottled gases and a Dasibi model 5008 multi-gas calibrator.
The analytical accuracy of the bottled gases was £2% of the stated concen-
tration, while the accuracy of the multi-gas calibrator was 0.25% of the full
scale flow measurement of 10 LPM. Prior to calibration, each gas analyzer
was allowed a minimum of one hour to reach a steady operating condition.
Careful attention was paid to achieving the appropriate sample inlet pressure
and flow rate, as specified in the instruction manual of each analyzer.

B.6.1 Chemiluminescent Detector Gas Analyzer

The chemiluminescent detector (CLD) was used to measure the NO concen-
tration of the exhaust gas sample. To obtain the appropriate calibration
gas, it was necessary to use Praxair Certified Primary Standard bottled gas
which had an analytical uncertainty of 1% of the stated composition of
4021 ppm NO. The CLD analyzer was calibrated over an operating range of
0-3000 ppm. To calibrate the CLD analyzer over a number of NO concentra-
tions, measured amounts of Np were mixed with the calibration gas using a
multi-gas calibrator. The NO concentration in a given mixture of calibration
gas and Nj can be calculated as:
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YNO, bot @NO, bot
YNO = - — B.14
QNo,bot + QNy,bot (B14)

where:  yno,s0r = Molar concentration of NO in calibration gas
Q@no,bot= Volume flow rate of calibration gas
Q@nN,, 00t = Volume flow rate of N dilution gas

Differentiating Equation B.14 according to B.1 results in an expression
for the uncertainty in measured NO concentration:

5Z/No — [QNO,bot : 5yNO,botJ2 +
@No, bot + @ No, bot

2
+

YNo, bot * 0QNO, bt YNO,bot * @NO, b0t * OQNO, bot
QNo,bot + N, bot (@no,bot + QNz,bat)2

5 05
YNO, bot * @NO,bot * JQNz,zbot (B.15)
— (@No, b0t + @y, bot)

As the uncertainty of the NO concentration in the bottle gas is constant,
a worst case uncertainty in measured NO concentration occurs at the lowest
calibrated concentration. At this condition, the variables and respective
uncertainties are:

YNo,bot = 4021 £ 40 ppm
@no, b= 0.78 £ 0.03 LPM
@nNy, 00t = 9.22 £ 0.03 LPM

The worst case uncertainty in measured NO concentration is then calcu-
lated as:

|yno = 310 £ 10 ppm| (B.16)

A representative calibration plot for the California Analytical CLD gas
analyzer is given in Figure B.7.
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Figure B.7: Calibration of California Analytical model 300-CLD
CLD gas analyzer.
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B.6.2 FID Gas Analyzer

A California Analytical model 300M-FID flame ionization detector (FID)
was used to measure the total hydrocarbon (THC) concentration of the ex-
haust gas sample. The FID was allowed to warm up for one hour after the
internal burner had been ignited. To calibrate the FID, a CH;4-N, blend was
supplied to the FID from two gas cylinders: a Praxair Certified Standard
gas cylinder with a CHy4 concentration of 5030 ppm; and a separate cylinder
of Np. CH4 and Nj were blended using a multi-gas calibrator. The FID was
calibrated using an operating range of 0-10000 ppm, although the maximum |
CH, concentration used for the calibration was 5030 ppm. For a given blend
of CH4 and N,, the CH, concentration can be calculated as:

YTHC, bot RTHC, bot ( B.1 7)
QrHc,vor + @ N, bot

Yrae =

where:  yruc o = Molar concentration of CHy in calibration gas
QrHe,bor= Volume flow rate of calibration gas
QN bt = Volume flow rate of N, dilution gas

Equation B.17 can be differentiated according to Equation B.1 to solve
for the uncertainty in measured THC concentration as:

2
5yTHc - [QTHC, bot * 5yTHc. oot] +
QrHC,bot + Q Ny, bot

2
l:yTHC,bot 0QTHG,bot _ YTHC,bot * QTHC,bot - 5QTHC.bot:| +

)
QrHC, ot + @ Ny, bot (QrHe, ot + Q Ny, bot)
0.5

2
l:yTHC, bot * QTHC, bot * 6QN2’W] (B.18)

~(QrHe,bot + QNg,bot)2

As the uncertainty in the CH4 concentration of the calibration gas is
constant, a worst case uncertainty occurs at the calibration point with the
lowest CH4 concentration. The values of the variables and their respective
uncertainties at this condition are:

yruc, ot = 9030 = 101 ppm
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Figure B.8: Calibration of California Analytical model 300M-FID
flame ionization detector gas analyzer.

Qruc,pa= 1.11 £ 0.03 LPM
ONy b = 8.89 £ 0.03 LPM

A worst case uncertainty in measured THC concentration is then calcu-
lated as:

[?/THC = 559 £ 16 ppml (B.19)

A representative calibration plot of the California Analytical model 300M-
FID flame ionization detector is given in Figure B.8.
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B.6.3 NDIR Gas Analyzer

A California Analytical model 300 non-dispersive infrared (NDIR) gas ana-
lyzer was used to measure both the CO, and CO of gas samples in this study.
Prior to calibration or usage, the NDIR analyzer was allowed to warm up for
a minimum of one hour.

B.6.3.1 Carbon Dioxide Measurements

To calibrate the NDIR analyzer for CO, measurements, varying blends of
CO4 and N, were supplied to the NDIR analyzer using a multi-gas calibrator.
CO, was provided from a Praxair Certified Standard gas cylinder with a CO,
concentration of 20.2% while N, was supplied from a separate gas cylinder.
The NDIR analyzer was calibrated over a range of 0 to 20.2% CO, using an
analyzer measurement range of 0 to 25%. For a given blend of CO, and N,
the CO, concentration can be calculated as:

YCOy, bot @COg, bot (B.20)
Qco,, tot + @ Ny, bot

Yco, =

where:  Yco.,b0t = Molar concentration of CO, in calibration gas
Rco,,boe= Volume flow rate of calibration gas
@nN,, bt = Volume flow rate of Ny dilution gas

To determine the uncertainty in measured CO, concentration, Equation
B.20 can be differentiated according to Equation B.1 as:

Syco, = [Qcoz,baz'5ycog,bot]2+
i Qc0,, b0t + @y, bot

2
Y00z, b0t * 0QC0s, b0t YCOs, bt * QC0s,bot. * 0Q O, bot +
2
Qco,,b0t + &Ny, bot (Qcoy, b0t + @ Nz, vot)

2 0.5
YCO,, bot. - @C0,, bot. * OQ N, bot (B.21)
— (Qc0s, bot + QNa.tot)”

Again, the uncertainty in the CO, concentration in the calibration gas
is constant, thus a worst case uncertainty in measured COy; concentration
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occurs at the lowest concentration that was calibrated. The variables and
respective uncertainties at this condition are:

Yco,, b0t = 202 £ 04 %
Qco,,b00= 1.11 £ 0.03 LPM
Qny, 0 = 8.89 = 0.03 LPM

A worst case uncertainty in measured CO, concentration can then be
calculated as:

Yoo, = 2.24 £ 0.06 % (B.22)

A representative calibration plot of the California Analytical 300 NDIR
gas analyzer is shown in Figure B.9 for CO,.

B.6.3.2 Carbon Monoxide Measurements

The procedure for calibrating the NDIR gas analyzer for CO is much the
same as that for CO,, which was discussed in Section B.6.3.1. The CO
was provided from a Praxair Certified Standard gas cylinder with a CO
concentration of 2.45%. The CO was mixed in various proportions with N
from a separate cylinder through the use of a multi-gas calibrator. The NDIR
analyzer was calibrated over a range of 0 to 2.45% CO using an analyzer
measurement range of 0 to 2.5%. For a given blend of CO and N,, the CO
concentration can be calculated as:

Yco,bot @co, vot
Yco = - - B.23
Qco, ot + QNa, bot (B.23)

where:  yco, vt = Molar concentration of CO in calibration gas
Qco.vot= Volume flow rate of calibration gas
Qn,, ot = Volume flow rate of Ny dilution gas

The uncertainty in measured CO concentration can then be determined
by differentiating Equation B.23 according to Equation B.1 as:
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Figure B.9: Calibration of California Analytical model 300 non-
dispersive infrared gas analyzer for COa.
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[ Qc0. bot * Y00, 501 |
0yco = : = +
| Qco, bot + @N,, bot

Y00, bt - 0Qc0,b0t  Yco, bot * R0, bat * 000, bot

+
| @00, b0t + @y, bot (Qco,bot + Qna,bot)’

2
Yco, vot * Qco, bot * 5QN2,2bo:, (B.24)
— (Qco,bot + QN bot)

As with CO,, a worst case uncertainty in measured CO concentration
occurs at the minimum calibrated concentration. Values of the variables and
their respective uncertainties at this conditions are:

Yoo, vt = 2.45 £ 0.05 %
Qco. b= 1.11 £ 0.03 LPM
Q@N,, b0t = 8.89 £+ 0.03 LPM

A worst case uncertainty in measured CO concentration can then be
calculated as:

yoco = 0.272 £ 0.007 % (B.25)

A representative calibration plot of the California Analytical 300 NDIR
gas analyzer is shown in Figure B.10 for CO.

B.6.4 Paramagnetic Gas Analyzer

A California Analytical model 100P paramagnetic gas analyzer was used in
this study to measure the O, concentration in exhaust gas samples. Prior
to calibration or experimentation, the paramagnetic analyzer was allowed
to warm up for a minimum of one hour. Using a multi-gas calibrator and
separate gas cylinders, various O,-N, blends were used to calibrate the gas
analyzer. A Praxair Certified Standard gas cylinder with an O, concentra-
tion of 20.95% was blended with N, from a separate gas cylinder for the
calibration. The paramagnetic analyzer was calibrated over a range of 0 to
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Figure B.10: Calibration of California Analytical model 300 non-
dispersive infrared gas analyzer for CO.
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20.95% O, using an analyzer measurement range of 0 to 25%. For a given
04-N, blend, the O, concentration can be determined as:

Y0s, bot 03, bot
Yo, = B.26
> Qo b0t + QNa. vot (B.26)

where:  yo,,50t = Molar concentration of O, in calibration gas
Q0,,b0t= Volume flow rate of calibration gas
@n,,b0t= Volume flow rate of N, dilution gas

To determine an expression for the uncertainty in measured O, concentra-
tion, Equation B.26 can be differentiated according to Equation B.1, yielding:

WY 2
5y02 — [Qoz,bot yOg,bot] +
Q02 b0t + @ Ny, ot

2
[yog,bof, - 0Q0y, b0t Y03, b0t * D0y, bot * 5Q02,bot} +

Q0a, bot + @ Ny, bot (Q0s,00t + @y, o)’
0.5

2

Y- 5 ’

Y0a.bot * Q0,, bot QNz,g t (B.27)
- (QOz,bot + QNz,bOt)

As in the calibration of the other gas analyzers, a worst case uncertainty
occurs for the lowest calibrated O, concentration. The values of variables
and respective uncertainties at this condition are:

Yoo, bot = 21.0 £ 0.4%
Q0,,000= 1.11 £ 0.03 LPM
@ Ny, bot= 8.89 £ 0.03 LPM

The worst case uncertainty in measured O, concentration can then be
calculated as:

Yo, = 2.33 £ 0.07 % (B.28)

A representative calibration plot of the California Analytical 100P para-
magnetic gas analyzer is shown in Figure B.11.
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Figure B.11: Calibration of California Analytical model 100P para-
magnetic gas analyzer.
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B.7 Rotary Encoder Alignment

To obtain relevant measurements with the MTS combustion analysis system
(CAS), it was first necessary to establish the relationship between piston
TDC and the 1 PPR pulse from the BEI crankshaft rotary encoder. After
removing the spark plug, piston displacement was measured directly using
a Lucas/Schaevitz model 500DC-E linear variable differential transformer
(LVDT) mounted on a magnetic base. The output from both the LVDT
and the BEI crankshaft rotary encoder were connected to a Labview data
acquisition system, thus allowing for LVDT measurements to be obtained at
a sample rate based on crankshaft position. To measure the 1 PPR pulse
from the rotary encoder as an analog input to the Labview data acquisition
system, it was necessary to use a Dynascan model 3300 pulse generator. The
1 PPR pulse from the rotary encoder was used as an external trigger to the
pulse generator, which produced a wider pulse which was measurable as an
analog signal to the Labview data acquisition system.

After warming up the engine and achieving steady oil and coolant tem-
peratures, the engine was shut off and the spark plug removed. The LVDT
was mounted through the spark plug hole as previously described and all
instrumentation was connected to the Labview data acquisition system. The
crankshaft position was set to an approximate value of TDC on the exhaust
stroke, based on the valve and indicated flywheel positions. With the data
acquisition software running, the engine was turned by hand for five complete
engine cycles. Piston displacement was measured at 0.1° CA intervals and
the “stretched” index pulse from the pulse generator was measured on a sep-
arate channel. Results from the calibration are shown in Figure B.12. Here
it is shown that, on average, the 1 PPR pulse from the BEI crankshaft rotary
encoder occurred 271.5° CA prior to TDC on the compression stroke. This
relationship was then used in MTS CAS to relate absolute piston position to
the crankshaft rotary encoder 1 PPR pulse.

B.8 Cylinder Pressure Transducer

The Kistler model 6043A water cooled piezoelectric pressure transducer was
calibrated over a range of 0 to 50 bar by the manufacturer?! with a stated
full scale linearity of £0.1%. A full overview of the pressure transducer

4Kistler calibration certificate serial number: 1246099
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Figure B.12: Aligning the BEI rotary encoder with piston TDC.
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Table B.2: Kistler 6043A Cylinder Pressure Transducer Properties

Description Value
Measurement Range [bar] 0 to 250
Calibrated Measurement Range [bar] 0 to 50
Overload Limit [bar] 300
Sensitivity [pC/bar] -20
Calibrated Sensitivity (50°C) [pC/bar] -19.7
Natural Frequency [kHz] 70
Linearity [%FSO] < +0.5
Calibrated Linearity [%FSO] < +0.1
Hysteresis [%FSO) <0.5
Optimal Temperature With Cooling [°C] 50
Cooling Water Flow [LPM] 0.5t01
Change in Sensitivity With Cooling (50+35°C) [%] 0.5
Insulation Resistance (20°C) [Q] > 1013

characteristics is given in Table B.2.

Because the pressure transducer calibration was performed over a range
of 0 to 50 bar, the maximum calibration uncertainty would occur at the
minimum calibrated pressure as the linearity is given in terms of a percentage
of the full scale pressure. As the details of this minimum pressure are not
given, a value for maximum calibration uncertainty cannot be calculated.
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PrYSICAL PROPERTIES

C.1 Gaseous Fuels

C.1.1 Natural Gas

The natural gas used to fuel the cooperative fuel research (CFR) engine
was taken from the domestic supply which is obtained via an underground
pipeline from the Edmonton Ethane Extraction Plant. An analysis of the
natural gas was obtained from Atco Pipelines. The analysis was performed
on a gas chromatograph and measured the mole fractions of thirteen separate
molecular components. Any individual component which accounted for less
than one molar percent was not included in the gas property calculations.
The remaining components were normalized to maintain a fractional sum of
unity. An average of 12 consecutive days readings was used in reporting the
natural gas composition, which is shown in Table C.1.

Cl2 H,

Industrial grade Hy with a stated purity of 99.95% was obtained from Praxair
in pressurized cylinders.

C.2 Air/Fuel Mixture

To calculate the stoichiometric air/fuel ratio, the typical hydrocarbon com-
bustion equation was modified to include the following: a blend of both nat-
ural gas and Hj fuels; the natural gas composition given in Table C.1; and
the water vapour fraction present in the air. As both air and fuel amounts
were measured as rates, the combustion equation can be written as:

142
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Table C.1: Domestic Natural Gas Properties

Description Value
Normalized CH4 Dry Molar Fraction  95.39%
Normalized CoHg Dry Molar Fraction 1.90%
Normalized Ny Dry Molar Fraction 1.93%
Normalized CO, Dry Molar Fraction 0.78%

Molar Mass [g/mol] 16.76
Density at STP![kg/m?] 0.748
H/C Ratio 3.92

Lower Heating Value [kJ/kg] 44818

1273.15 K and 101.325 kPa

&H, +
$3(0.007778 CO, + 0.01934 N,
+0.9539 CHy + 0.01901 CoH;) +
4 (Oy +3.T73 Ny + § H,0) —
¢EH,04+71CO,+60N, (C.1)

All three of &, 3 and 4 were measured using mass flow meters; § can
be calculated using partial pressures with water vapour (P, ;,0) and at-
mospheric (Pgy,) pressures. While Py, can be measured using a mercury
barometer, determining P, y,0 requires the use of a wet sling psychrometer
and associated psychrometric equations.

To calculate the relative air/fuel ratio, A, it is necessary to first calculate
the stoichiometric value of 4 for a given & and 3. The four unknowns to be
determined are then 4, é, 7 and 6. To solve for the four unknowns, Equation
C.1 is rearranged into matrix form to perform elemental balances on each of
C, H, N and O, as:

0% + 0é + 17 + 06 0.9997 8

269 — 2¢ + 09 + 04| _|-24-3.9304 (©2)
2+8)% — 1é — 27 + 06 —0.01556 3 N
75465 + 0é + 09 — 26 —0.03868 3
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Equation C.2 is then solved for each of 4, ¢, 7 and 6 after which the
relative air/fuel ratio can be calculated as:

A . . . .
\ = (‘p‘)actual _ ( Mair,actual ) ) ( My, + MeNG ) __ Majr.actual (C 3)
% My, + Mmeng Mair,stoich 'm‘air,stoich,

where

mui'r,stoich = Mair Yy (04)

and Mgir actuar 18 Measured directly with the intake air mass flow meter.
The relative air/fuel ratio ()) is then:

'rhair,actual
A= —m (C5)
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CALCULATING EGR MASS FRACTION

To calculate the amount of external exhaust gas recirculation (EGR) dilution,
the mole fraction of CO, was measured in the intake plenum of the engine,
directly downstream of the EGR inlet. The EGR mass fraction can be defined
as (Heywood, 1988):

MEGR = ImFGR (Dl)
m;

where mgqr and m; are the EGR and total intake (including EGR) mass
flow rates.

To relate mggr to the “dry”! measured mole fraction of COy (¥co, K0)
within the intake plenum, it is necessary to start with the typical stoichiomet-
ric hydrocarbon combustion equation modified to include: a blend of both
natural gas and H, fuels; the natural gas composition given in Table C.1;
and the water vapour fraction present in the air. This modified combustion
equation is given as:

d’HQ +
£ (0.007778 CO, + 0.01934 N,
+0.9539 CH, + 0.01901 Co Hg)  +
4(Og +3.773 Ny + 6 H,0) —
¢ HyO+1COy+6N, (D.2)

1A portion of water is removed from the sample by passing through a water knockout
heat exchanger

145
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where: & = Mole rate of Hq
B = Mole rate of natural gas
4 = Mole rate of air
0 = Number of moles of water in air

An elemental balance for each of carbon (C), nitrogen (N) and hydro-
gen (H) allows for the restatement of Equation D.2 wholly in terms of the
measured reactant mole rates:

aHy, +
£3(0.007778 CO4 + 0.01934 N,
+0.9539 CH, + 0.01901 C,Hg)  +
4(0g +3.773 Ny + 6 H,0) —
(& +1.9648 3 + 6 4) H,0
+ (0.9997 8) CO,
+ (0.019343 +3.7739) N,  (D.3)

The addition of EGR can be represented as a fraction, y, of the exhaust
products shown in Equation D.3 being recirculated as reactants:

aH, +

/3 (0.007778 CO, + 0.01934 N,
+0.9539 CHy + 0.01901 CoHg)
4 (Oq + 3.773 Ny + 6 H,0)
(G + 1.9648 3+ 64) HyO
14(0.9997 3) CO,

1(0.01934 3 + 3.773 %) N,

L+ + + +

(1+ p) (& + 1.9648 3 + 6 %) HoO
+ (14 ) (0.9997 3) CO,
+ (14 p)(0.019343+3.7734) N,
(D.4)
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The relation between the measured dry CO, mole fraction (yco, xo) and
the fraction, u, of EGR can be established by first considering the composi-
tion of the intake plenum sample. The measured CO5 mole fraction can be
represented as:

nco,
YCOa,dry = = - ; - D.5
T oo, + N, + P,0.k0 + Tair (D-9)
where: ngo, = Mole rate of CO, in intake plenum
NN, = Mole rate of Ny in intake plenum

fig,0,x0 = Mole rate of water in intake plenum sample downstream
of water knockout
Nair = Mole rate of air in intake plenum

All terms in Equation D.5 except 74,0 Kk0 can be calculated directly from
the measured reactant mass flow rates. To calculate 7p,0 ko it necessary to
measure temperature and pressure within the sample line downstream of the
water knockout, at which point the specific humidity of the sample can be
calculated as:

m, PR,

Mg F. R,

where: m, = Mass of water in sample
mq = Mass of remaining “dry” components in sample
P, = Partial pressure of water in sample
P, = Partial pressure of remaining “dry” components in sample
R, = Water gas constant
R, = Gas constant of remaining “dry” components in sample

(D.6)

Equation D.6 can be restated in terms of known quantities by noting that:
the partial pressure of water in the sample (P,) is equal to the saturated
vapour pressure at the measured sample temperature (Psuer); the partial
pressure of the remaining dry sample components is the difference between
the measured sample pressure (Psmpe) and the partial pressure of water
in the sample (Psyer); and the gas constant of the remaining dry sample
components can be calculated as the ratio of the universal gas constant (R,)
to the collective molar mass of the dry sample components (Msgmple,dry)- The
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mole rate of water within the gas sample downstream of the water knockout
(n,0,0) can then be expressed as:

Psat@T (hcoz + 7:I'N2 + hair.dry) (D 7)
(Psample - Psat@T)

NH0,KO =

where: Pser = Saturated vapour pressure at sample line temperature
Tairdry = Mole rate of dry air
Pyampie = Measured sample line pressure

Substituting Equation D.7 into D.5 results in an expression for the mea-
sured mole fraction of COz (yco,) in terms of known quantities:

n,
Yoo, dry = . (D 8)

. . Psatar (7.7'002 +7="N2 +hai'r‘dry) .
nCOz + nNz + (Psamplc“Psat@T) + nair

The mole rates of CO,, Ny, dry air and air within the intake plenum can
be expressed, as in Equation D.4:

fico, = 11 (0.9997 B)
fin, = 1 (0.01934 5 + 3.773 %)
Rairdry = 4773 7%
fair = 4 (4.773 + 6)

(D.9)

Substituting the expressions given in Equation D.9 into Equation D.8
(and some algebraic manipulation) results in an expression for the EGR
fraction (u) solely in terms of measured and known quantities:

| 4708 Pagrar
Y [(Pmm,,,c_ a7 +4.773 +5]

H= So00rd : : PugaT (D-10)
Ycoqy - (10190ﬁ + 3'773 7) [1 + (Psn‘nlplc_ aat@T):'

Now that the EGR fraction (1) has been represented in terms of measured
and known quantities, it is possible to calculate the EGR mole fraction as:

h’HgO + h’COg + hNg (D 11)
N0 + Nco, + NNy + Ny, + iong + Nair

YEGR =
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where: np,0 = (& + 1-95483 +4d%)
oo, = 1 (0.9997 )
Ay, =1 (0.01934 3+ 3.7734)
iy = G
nene= P

Finally, Equation D.11 and the calculated molar masses of the EGR
(Mggr) and intake mixture (M;,iare) can be combined to solve for the EGR
mass fraction:

Yecr MEGr
. = - D.12
MEGR ]\[intake ( ! )
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