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Abstract

Investigation of Alternative Fuels and Advanced Engine Technology:
Improving Engine Efficiency and Reducing Emissions
by
Vi Hai Rapp
Doctor of Philosophy in Engineering — Mechanical Engineering
University of California, Berkeley
Professor Robert W. Dibble, Chair

The internal combustion engine has vastly improved over the past 100 years. With global
warming and pollution being a rising concern, engineers are working towards improving
efficiency and emissions of engines. The spark-ignited engine (or gasoline engine) offers im-
provement in emissions with a sacrifice in thermal efficiency. The compression ignition engine
(Diesel engine) increases the thermal efficiency, due to operation at higher compression ra-
tios, but emits high amounts of particulate matter and oxides of nitrogen (NO,). Although
improvements in fuel refinement have decreased the amount of engine pollutants, the output
of pollutants for both spark-ignited and Diesel engines is still too great.

This dissertation explores two advanced engine concepts with alternative fuels for improv-
ing thermal efficiency and reducing emissions in automobiles. The first concept investigated
is a spark-ignited internal combustion engine operating using hydrogen, oxygen, and ar-
gon. Basic engine theory predicts such an engine will see a considerable improvement in
engine efficiency (theoretically ~75%, and in practice ~50% including heat transfer and
friction losses) over standard engines. These gains in thermal efficiency are due to argon’s
monatomic structure, which yields a high specific heat ratio (y = 1.67 compared to v <
1.4 for air). The water produced by the combustion of hydrogen can be extracted in the
exhaust by a condenser, allowing the recycling of nearly pure argon in a closed loop system.
Therefore, argon re-fueling is not required.

Achieving efficiencies above 50% with a hydrogen-oxygen-argon engine, however, is diffi-
cult due to engine knock limiting spark advance. In an effort to obtain the highest efficiency
of this engine concept, experiments were conducted using single and dual spark-ignition for
high argon concentrations. Results showed dual spark-ignition slightly increased indicated
thermal efficiency, but was still limited by engine-knock. A three-zone model showed that



argon as a working fluid increases in-cylinder temperatures, unburned gas temperatures, and
laminar flame speed. The model suggests that specific heat ratio affects end gas tempera-
tures more than increasing flame speed.

The second engine concept investigates variables and fuel trends for predicting ignition
in homogenous charge compression ignition (HCCI) engines. Octane number, a metric for
fuel performance in gasoline engines, and cetane number, a metric for fuel performance in
Diesel engines, do not accurately predict fuel performance in HCCI engines. To develop
a metric for predicting fuel performance in HCCI engines, correlations between ignition of
fuels in an HCCI engine and varying engine parameters are investigated. A relationship
between fuel chemistry and ignition in HCCI engines is also explored. Results show that
previous methods for predicting ignition do not correlate well with experimental data and
auto-ignition is highly sensitive to fuel chemistry.

A single-zone well-mixed-reactor model is used to investigate three different mechanisms
for predicting auto-ignition in the HCCI engine. All three mechanisms accurately predicted
the auto-ignition order of fuels containing isooctane and n-heptane, but did not predict
auto-ignition of blends containing toluene and ethanol. Blends of toluene and n-heptane
were further investigated using the model to identify potential problems with the toluene
mechanisms. The model results showed increasing the amount of toluene linearly by volume
did not result in a linear advance in auto-ignition.
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Chapter 1

Introduction

Increasing concern with global warming, pollution, and oil prices have pushed development of
alternative fuels and advanced engine technology that improve efficiency and reduce emissions.
For example, development and advancement of electric, hybrid, and alternative fuel vehicles are
entering the market, competing with petroleum burning vehicles. This dissertation specifically
investigates two advanced engine, alternative fuel concepts: a hydrogen-oxygen-argon (Hz-O2-Ar)
internal combustion (IC) engine and a homogenous charge compression ignition (HCCI) engine.

1.1 Background and Related Work

1.1.1 Hydrogen Internal Combustion Engines

In 1807, Swiss inventor Franois Isaac de Rivaz invented the first internal combustion engine and
operated it using a mixture of hydrogen and oxygen [Guarnieri, 2011]. Over a century later, the
first advancements for using hydrogen as a transportation fuel were made when Rudolf Erren filed
the first patent for internal combustion engines using hydrogen as a fuel [Erren, 1939)].

At the time of this dissertation, hydrogen has re-emerged as an alternative fuel for spark ignited
(SI) internal combustion (IC) engines because of its higher flame propagation speed, wider igni-
tion limits and lower ignition energy, when compared to hydrocarbon-based fuels [Verhelst et al.,
2007]. These properties allow hydrogen engines to run un-throttled, improving part load efficiency
[White et al., 2006]. Hydrogen, when burned in an IC engine, is generally considered to be a low-
polluting fuel, due to its lack of carbon, and emissions such as soot, carbon-monoxide (CO) and
carbon-dioxide (CO3) are nearly eliminated. Oxides of nitrogen (NO,) stand as the only emissions.
Aside from being low polluting, hydrogen depletion is nearly impossible since it is abundant in
various forms [Das, 1991; Gupta, 2006]. Hydrogen fuel also offers a solution for environmental and
market demands since minimal design changes are required for existing IC engines [Gupta, 2006;
Natkin et al., 2002; Tang et al., 2002]. Hydrogen fuel cells, an alternative to hydrogen fueled IC
engines, allow for high efficiency and no carbon-based emissions; however, the cost of implementing
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and creating fuel cells prevents fuel cells from being a highly marketable product.

Common problems associated with hydrogen IC engines are production of NO, and low effi-
ciency, since air contains 21% oxygen and 79% nitrogen [Smith, 1994; Verhelst and Sierens, 2007].
A typical IC engine operating on hydrogen achieves a maximum thermal efficiency around 30%.
Using the indicated thermal efficiency for an ideal Otto cycle, written as a function of the engine’s
compression ratio (CR) and the specific heat ratio (y) of in-cylinder gas [Heywood, 1988],

1

CROD (1.1)

ni=1-
the maximum efficiency that can be achieved, assuming a compression ratio of 10 (typical compres-
sion ratio for an SI engine) and air as the in-cylinder gas, is about 60%. One method of controlling
NO, and improving efficiency consists of replacing nitrogen from the air with a monatomic gas such
as argon. Noble gases, such as argon (1% of the Earth’s atmosphere) and helium, are nonreactive
and have only one mode of energy storage, translational motion, resulting in a high specific heat
ratio (v = 1.67 compared to v < 1.4 for air). Recalculating the indicated efficiency using a noble
gas instead of nitrogen and a compression ratio of 10 yields a maximum indicated thermal efficiency
of 75% (eqn 1.1).

Improvement in thermal efficiency inspired a patent by Laumann et al. [Laumann et al., 1978]
that proposes a design for a hydrogen-oxygen-argon (Ha- O2-Ar) IC engine. In this engine concept,
water produced by combustion is condensed out of the system while argon is recycled in a closed
loop system, preventing argon depletion. De Boer and Hulet [deBoer and Hulet, 1980] tested the
feasibility of a hydrogen-oxygen-noble gas (argon) engine using a single cylinder, spark ignited Co-
operative Fuel Research (CFR) engine. Varying the compression ratio between 5 and 12, they found
that higher concentrations of argon produce higher indicated efficiencies but engine-knock limited
spark advance, and in turn limited the maximum obtainable efficiency. Toyota [Mitani et al., 2008;
Kuroki et al., 2010] also designed and tested a compact engine operating on Ha- Oo-Ar for commer-
cial use. They achieved an indicated thermal efficiency of 54% and created a system that recycled
argon and condensed water produced by combustion. However, knock and pre-ignition limited the
maximum operating compression ratio.

One method of avoiding engine-knock is using a compression ignition engine. Ikegami et al.
[Ikegami et al., 1982] used a direct injection compression ignition engine to avoid engine-knock
and take advantage of the thermodynamic properties of noble gases. Although, they achieved
indicated thermal efficiencies close to 50% using compression ratios between 10 and 16, the amount
of hydrogen injected at higher compression ratios was limited by the injection pressure of their
system (76.5 bar). A major obstacle for achieving higher indicated thermal efficiencies in direct
injection compression ignition engines is that hydrogen has high diffusivity and low viscosity, making
it difficult to inject at higher pressures [Welch et al., 2008]. Challenges faced with developing an
injection system that can inject hydrogen at high pressures, prevents further development using Hs-
O2-Ar in compression ignition engines. Therefore, spark ignited engines are still considered ideal
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for commercialized vehicles, since knock and pre-ignition can be prevented with delayed ignition
[Kuroki et al., 2010]. Chen et al. [Chen et al., 2003b] further investigated auto-ignition delay
times of hydrogen-oxygen-argon mixtures in compression ignition engines using a rapid compression
machine. This section of the dissertation focuses on validating high efficiencies predicted operating
a hydrogen-oxygen-argon engine and investigates methods for knock prevention.

1.1.2 HCCI Engines

HCCI engines are considered one of the most promising internal combustion engine concepts for
the future because they offer the potential of high efficiencies and low nitrogen oxide and low soot
emissions compared to conventional internal combustion engines [Zhao et al., 2003]. HCCI engines
are often considered a cross between a spark ignited (SI) engine and a Diesel engine. Similar to
spark ignited (SI) engines, a homogenous air-fuel mixture charge is used for combustion, but like
Diesel engines, a high compression ratio is used to auto-ignite the air-fuel mixture, which leads to
higher thermal efficiencies [Killingsworth, 2007; Bogin, 2008; Souder, 2004].

In the early twentieth century, Carl Weiss and August Mietz developed the first HCCI-like com-
bustion engine, called the hot-bulb engine [Erlandsson, 2002]. The hot-bulb engine offered a simple
and durable design that had brake thermal efficiencies comparable to contemporary Diesel engines.
The first published work on a gasoline-fueled HCCI engine was written by Onishi et al. [Onishi et al.,
1979] in 1979. The two-stroke gasoline engine, using a process dubbed Active Thermo-Atmosphere
Combustion (ATAC) by the authors, increased fuel economy and decreased exhaust emissions at
part-throttle operation. They also found that the ATAC engine was limited by insufficient com-
bustion temperatures at low loads and knocking combustion at high loads. Similar work done by
Noguchi et al. [Noguchi et al., 1979], titled Toyota-Soken (TS) combustion, found heat rejection to
the chamber walls and cycle-to-cycle variation important factors during the gas exchange process.
In 1983, Najt and Foster [Najt and Foster, 1983] achieved compression ignition homogenous charge
(CIHC) combustion in a four-stroke gasoline engine. Using the same engine as Najt and Foster,
Thring [Thring, 1989] studied the effects of exhaust gas recirculation, intake temperature, and
compression ratio; he was also the first to use the acronym HCCI [Thring, 1989]. Seven years after
Thring, the first research burning Diesel fuel in an HCCI engine appeared [Ryan and Callahan, 1996;
Gray and Ryan, 1997] and led to research testing other fuels, such as alcohols [Oakley et al.,
2001], hydrogen [Shudo and Ono, 2002], natural gas [Christensen et al., 1997; Hiltner et al., 2000;
Olsson et al., 2002; Flowers et al., 2001a; Stanglmaier et al., 2001], propane[Au et al., 2001;
Flowers et al., 2001b], and many fuel blends with additives [Eng et al., 2003; Yao et al., 2009].

A few challenges associated with HCCI engine implementation are the limited operating range,
controlling ignition timing, after-treatment of unburned hydrocarbon (THC) and carbon monoxide
(CO) emissions, and predicting fuel performance [Yao et al., 2009]. Because HCCI engines are capa-
ble of combusting a variety of fuels, the type of fuel significantly impacts engine design and control
strategies [Christensen et al., 1999; Yao et al., 2009]. Epping et al. [Epping et al., 2002] found that
a fuel must have high volatility in order to easily form a homogenous charge and fuels with single-
stage ignition are less sensitive to changes in load and speed. Most research efforts have focused on
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gasoline or Diesel fuel for transportation HCCI engines and HCCI/SI hybrid technology [Dec, 2009;
Zhang et al., 2009; Zhu and Schock, 2010].

Predicting ignition and performance of fuels has proven to be challenging as autoignition in
HCCI engines does not correlate well with research octane number (RON), motor octane number
(MON), or the standard octane number, (RON + MON)/2 [Andrae et al., 2008; Yao et al., 2009;
Anderson et al., 2010]. Kalghatgi et al. [Kalghatgi, 2005] suggested the use of an octane index
(different from octane number), which is determined using the RON, MON, and a constant (K fac-
tor), to predict autoignition in HCCI engines. However, the K factor varies with engine operating
conditions and is engine specific, rendering the octane index impractical for use as a standardized
method. Liu et al. [Liu et al., 2008; Liu et al., 2009] found that autoignition correlated well with
the octane index (OI) for hydrocarbon fuel blends but did not correlate well with blends including
ethanol. Their research also showed that the effects of fuel on the combustion process were strongly
dependent upon the operating conditions [Liu et al., 2008].

Research has also been conducted for studying additives that inhibit or promote the heat release
process of auto-ignition in HCCI engines [Leppard, 1990; Westbrook et al., 1991; Shibata et al.,
2005]. Shibata et al. [Shibata and Urushihara, 2007; Shibata and Urushihara, 2009] took their
research a step further and developed an HCCI Index, which predicts ignition of fuel, using the
fuel composition and MON or RON. More details on how additives affected fuel performance can
be found in [Yao et al., 2009]. Overall, previous research suggests that the best test fuel is gasoline
based of medium octane and that ignition timing and reaction rates can be controlled by optimizing
fuel composition [Yao et al., 2009]. The focus of this dissertation, with respect to HCCI engines, is
improving the accuracy for predicting auto-ignition and proposing a more representative number
system for measuring and predicting fuel performance in HCCI engines.

1.2 Dissertation Overview

This section provides a brief description of the contents of this dissertation. As stated in the in-
troduction, this dissertation focuses on two advanced engine concepts: a hydrogen-oxygen-argon
(H2-O2-Ar) internal combustion (IC) engine and a homogenous charge compression ignition (HCCI)
engine. Each chapter is organized by concept and, if applicable, common materials are discussed
at the beginning of each chapter.

In Chapter 2, a background of the theory and calculations used for determining results in this
dissertation are provided. Fuel chemistry for both engine concepts is outlined and variables for
characterizing combustion in SI and HCCI engines are described.

In Chapter 3, the experimental engine and instrumentation used to test each advanced engine
concept is described, including modifications made to the stock engine. Both concepts used the
same engine, but had different experimental setups, which is described in the corresponding sub-
sections. The use of variable compression ratio to prevent knock and control combustion timing is
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demonstrated. Objectives and experimental design for the Ho-O9-Ar internal combustion engine
and the HCCI engine are described.

In Chapter 4, high efficiencies associated with operating a hydrogen-oxygen-argon SI engine are
demonstrated for different argon concentrations. Efficiency limitations caused by engine knock are
investigated. A three-zone model is used to explore solutions for reducing knock limitations and
compare effects of specific heat ratio and flame speed on thermal efficiency.

In Chapter 5 existing methods for predicting auto-ignition (octane number, cetane number,
and octane index) are tested in an HCCI engine. HCCI Indexes developed by Shibata and Urushi-
hara [Shibata and Urushihara, 2007; Shibata and Urushihara, 2009] are also tested for predicting
auto-ignition in an HCCI engine. Effectiveness of these methods are demonstrated. New trends
and variables for use in a future index are also provided. A single-zone well-mixed-reactor (WMR)
model is used for predicting experimental results and explaining fuel chemistry behavior.

In Chapter 6 an uncertainty analysis is provided for measured values and calculated variables.

In Chapter 7, a summary of the results and main conclusions is presented. Recommendations
and future lines of research are also suggested.

1.3 Dissertation Contributions

This dissertation investigates two advanced engine concepts, using experimental and numerical
techniques, to provide solutions for improving efficiency and reducing emissions of IC engines. A
few key contributions to the scientific community are summarized below.

1. Application of the novel hydrogen-oxygen-argon engine: unlike previous research, high argon
concentrations were tested for achieving high efficiencies using single and dual spark igni-
tion. Although knock limited the maximum efficiency obtained, a better understanding of
the knock limitation is provided.

2. Numerical modeling of the hydrogen-oxygen-argon engine: A multi-zone model was used to
identify causes and solutions to knock limitations in the hydrogen-oxygen-argon engine. New
correlations for curve-fitting flame speeds for hydrogen-oxygen-argon is provided.

3. Variables for a new, standardized HCCI number: Previous methods are shown to be inaccu-
rate for predicting auto-ignition of all fuel blends in HCCI engines. This dissertation offers
variables and trends, not previous published, that could be used in a future, standardized
HCCI number or for further developing the existing HCCI Index. This dissertation explores
twenty-four different fuels varying from reference fuels to gasoline blends. It also identifies
pitfalls of the existing HCCI Index and offers suggestions for improvement. Fuel chemistry
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is also explored to gain a better understanding of how different variables affect auto-ignition.

4. Single-zone WMR, model for HCCI: A single-zone WMR model was used to predict exper-
imental trends shown by the HCCI engine. Three different mechanisms were compared for
predicting auto-ignition. Also, problems associated with auto-ignition of toluene blends are
identified. The single-zone WMR model was also modified to account for blow-by. A fourth
mechanism was used to explain experimental trends in the heat release data.



Chapter 2

Theory

2.1 Internal Combustion Engine Fundamentals

2.1.1 Homogeneous Charge Spark-Ignited (HCSI) Engines

HCSI engines, also known as gasoline engines or SI engines, commonly operate on a four-stroke
cycle. During the first stroke, the intake stroke, a mixture of air and fuel is drawn into the cylin-
der as the piston moves downward. For the second stroke, the air-fuel mixture is compressed as
the piston moves upward. Near the maximum height of the cylinder, top dead center (TDC), a
spark triggers ignition, causing a premixed flame to propagate towards the piston, consuming the
unburned air-fuel mixture. The force exerted on the piston from combustion results in the third
stroke, the power stroke, which pushes the piston downward. During the last stroke, exhaust from
combustion is pushed out of the cylinder as the piston moves upward once again. Because the fuel
and air are premixed, rich pockets of fuel are reduced and thus particulate matter (PM) emissions
are low. Details and images showing operation of a four-stroke spark-ignited engine can be found
in Heywood and Stone[Heywood, 1988; Stone, 1999].

Challenges associated with HCSI engines include production of nitrogen-oxides (NO,) and
engine-knock. Production of NO, is due to high peak combustion temperatures from running at
stoichiometric conditions. After the spark plug has ignited the air-fuel mixture, a flame propagates
through the cylinder, producing hot burned gases exceeding 1700K, resulting in the breakdown of
N, in the air and the formation of NO, [Warnatz et al., 2006]. Engine-knock in HCSI engines
limits the thermal efficiency and the compression ratio. Details outlining how engine knock occurs
in HCSI engines and why it limits thermal efficiency and compression ratio can be found in Chapter
2.2.2.

2.1.2 Direct Injection Compression Ignited (DICI) Engines

In DICI engines, commonly known as Diesel engines, only air is drawn into the cylinder during
the intake stroke. The air is then compressed, reaching temperatures and pressures that exceed

7
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the ignition point of the fuel. High compression ratios are used to achieve an air temperature and
pressure exceeding the ignition point of the fuel, which leads to increased thermal efficiencies. Late
into the compression stroke, fuel is injected into the cylinder. After a delay period of a few crank
angle degrees (CAD), spontaneous ignition occurs in portions of the already mixed fuel and air,
resulting in the power stroke. After the power stroke, the piston moves upward again, pushing
exhaust gases out of the cylinder [Heywood, 1988].

Unlike HCSI engines, the fuel-air mixture in DICI engines is heterogeneous and has rich pockets
of fuel leading to high PM emissions. Also, ignition of DICI engines is controlled by fuel injection
timing, not a spark plug. However, like HCSI engines, DICI engines produce high temperature,
non-premixed flames from autoignition and result in high amounts of NO, [Heywood, 1988; Stone,
1999)].

2.1.3 Homogeneous Charge Compression Ignition (HCCI) Engines

As mentioned previously in the introduction, HCCI engines are often considered a cross between
a spark ignited (SI) engine and a Diesel engine. Similar to HCSI engines, a homogenous air-
fuel mixture is drawn into the cylinder during the intake stroke. But like DICI engines, a high
compression ratio, rather than a spark, is used to autoignite the air-fuel mixture, leading to
DICI-like thermal efficiencies. HCCI engines also offer low NO, emissions due to low peak in-
cylinder temperatures from combusting diluted air-fuel (lean) mixtures. Because the air and fuel
are premixed, like HCSI engines, PM emissions is also low [Killingsworth, 2007; Bogin, 2008;
Souder, 2004].

In HCCI engines, ignition is controlled by chemical kinetics. Ignition timing is extremely
dependent on the temperature and pressure history of the air-fuel mixture, making the start of
combustion difficult to control. Because the chemical kinetics process is fuel composition dependent,
predicting ignition is also challenging [Dec, 2009; Yao et al., 2009)].

2.2 Engine Performance Parameters

2.2.1 Equivalence Ratio and Normalized Air-Fuel Ratio

The equivalence ratio is defined as

mfuel/mox

B (mfuel/mo:c)st ’

(2.1)

where m fye1/Mop is the measured ratio of mass of fuel to mass of oxidizer and (1M fyei/Moz), is the
stoichiometric ratio of mass of fuel to mass of oxidizer. In this dissertation, the normalized air-fuel
ratio,\, defined as 1/¢ is used and is determined using several methods.



Chapter 2. Theory

One method for determining A\ assumes that the mass flow rate of the air and fuel can be
measured. Using these values, A can be found by

_ AFR
 AFR’

(2.2)

where AF R is the measured air to fuel ratio and AF Ry is the stoichiometric air to fuel ratio of
the fuel [Heywood, 1988; Stone, 1999].

Another method for determining A, using the measured emissions, is

B nc [Os]
=1+ (=) 00y 23

where n¢ is the number of carbon atoms in the fuel, ny is the number of hydrogen atoms in the
fuel, np is the number of oxygen atoms in the fuel, [Os] is the percent oxygen measured in the
emissions, and [C'O2] is the percent carbon-dioxide measured in the emissions.

White [White, 2003] proposes another method for computing A using.

[COsl+ [SP] +[02) + [F2] + ((Hffv X 3.5+[036?/[cog]> - O§V> x ([CO:] +[CO])

A=
(1 —+ % — O%) X ([COQ] + [CO] + (Cfactor X [HC]))

, (24

where [zz] is the gas concentration in percent volume, Hey is the atomic ratio of hydrogen to
carbon in the fuel, O¢cy is the atomic ratio of oxygen to carbon in the fuel, and Cp4epor is the
number of carbon atoms in each of the hydrocarbon molecules being measured (i.e. Hexane - 6,
Propane = 3, Methane = 1, etc.)[White, 2003].

Spindt [Spindt, 1965] proposes another method for computing A with exhaust emissions:

1+R/2+Q 120F},
\=F, |11.492F, | ——— =~ —— . 2.
"{ ) < 1+R >+<2.5+R>} (25)

Fy, R, and @ can be determined by

_ Pco + Pco,
Pco + Pco, + Pou’

Fy

~ Peoo

~ Peoo’
_ Fo,
- Peo,’

R and

F. and F}, represent the mass fraction of carbon and hydrogen, respectively, in a hydrocarbon
fuel. P, represents the percent of the compound measured from an exhaust analyzer. Pop is the
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percent carbon in hydrocarbons on a per carbon basis. Spindt’s [Spindt, 1965] equation can be
modified to include oxygenated fuels yielding,

A::<Fg{11492fi (1%}iﬂ2*69> +»< 120 > - <4"31Pb)] : (2.6)

1+ R 25+ R 5,

where Fj, is the fraction of oxygen in the fuel.

Heywood [Heywood, 1988] also uses a modified version of Spindt’s [Spindt, 1965] equation,
assuming the fuel is comprised of carbon and hydrogen only,

(2.7)

A= 4773 <M> (CO2) +(CO)/2 + (H20)/2 + (NO)/2 + (NOy) + (O2)

M; (HC)+ (CO) + (CO9) ’

where (2zx) are molar concentrations in percent, Mg, = 28.96, and My = 12.01 + 1.008y where y
is the H/C ratio of the fuel, (HC) is molar percent unburned hydrocarbons as C1, and

(COs) + (CO)
(CO)/IK(CO2)] + 1

(HQO) = 0.5y

K is a constant and commonly has a value of 3.5 or 3.8 [Heywood, 1988].

2.2.2 Autoignition and Engine Knock

Autoignition, often called a self-explosion, is defined as the rapid combustion reaction of an air-fuel
mixture that is not initiated by an external ignition source, such as a spark or flame. Two types
of explosions are often used to describe autoignition: thermal explosions and chain-branching ex-
plosions. Thermal explosions occur when the energy released by the reaction, usually in the form
of heat, is larger than the heat lost to the surroundings, increasing the temperature of the air-fuel
mixture and rapidly accelerating the reaction rates. Chain-branching explosions occur when prop-
agating reactions are chain-branching reactions (two reactive radicals are produced for each radical
consumed), resulting in a rapid increase in radicals leading to an increase in reaction rates. In
many situations, autoignition can occur from a combined thermal and chain-branching explosion
[Heywood, 1988].

In SI engines, autoignition commonly occurs as a thermal explosion and leads to engine-knock.
As the flame moves through the engine cylinder, the unburned gas ahead of the flame front (end-
gas) is compressed by the expanding burnt gas, causing it to increase in temperature and pressure
until the flame consumes it. If the temperature and pressure of the end-gas increases too much
before being consumed by the flame, autoignition of the end-gas can occur. Autoignition of the
end-gas can result in a rapid release of the chemical energy of the end-gas, which can in turn
create high amplitude pressure waves inside the cylinder. This phenomenon is often referred to
as knock or engine-knock. Knock can cause severe engine damage due to increased mechanical
and thermal stress. The tendency of an engine to knock depends on the properties of the fuel,

10



Chapter 2. Theory

the engine design, the equivalence ratio (¢), and the engine speed [Verhelst and Wallner, 2009;
Heywood, 1988].

One method of predicting knock is observing the temperature rise during compression. Assum-
ing isentropic compression, the temperature rise can be estimated using,

Ty =T (CR) 1, (2.8)

where T} is the absolute initial temperature and T is the absolute final temperature [EERE, 2001].
In equation 2.8, the compression ratio is limited by the autoignition temperature, represented by
T5. Using a compression ratio that results in a T exceeding the autoignition temperature of the
fuel leads to engine knock.

2.2.3 Work, Power, and Mean Effective Pressures

The indicated work per cycle is obtained by computing the area enclosed by the engine P-V diagram
curve [Heywood, 1988; Lancaster et al., 1975).

W; = 7{ pdv, (2.9)

where p is the pressure and V is the volume. Using the trapezoidal method of integration, the
indicated work can be approximated by,

+ i

N-1
wi= Y Ay Tl (2.10)

2

(2

where N is the number of divisions [Heywood, 1988]. Knowing geometrical properties of the engine,
the volume can be determined at each crank angle degree using

B 2 202 0\5
V:VC—FT(Z—Fa—acosG—(l —a”sin”6)2), (2.11)

where V. is the clearance volume, B is the bore, [ is the connecting rod length, and a is crank
radius [Heywood, 1988].
Knowing the indicated work, the indicated power per cycle can be found by,
W;RPM
P=—"" (2.12)
nR
where npg is the number of crank revolutions for each power stroke per cylinder and RPM is the

engine speed. For a four-stroke engine n,, = 2 and for a two-stroke engine ng = 1.

Although work and power are useful for determining the performance of the engine, they are

11
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dependent on the size of the engine. A useful means of comparing an engine’s ability to do work,

regardless of engine size is using the indicated mean effective pressure (IMEP), which is defined as
W.

IMEP = —"—, (2.13)

swept

where Vyept is the swept (displacement) volume [Heywood7 1988]. The coefficient of variation
(COV) in IMEP is also a useful tool as it defines the cyclic variability in indicated work per cycle:

OIMEP
TIMEP

COV]MEP = X 100, (2.14)
where o) pp is the standard deviation in IMEP and x7pgp is the mean IMEP. As COViyep

increases, engine operation becomes unstable, leading to partial burn cycles and misfires [Heywood,
1988].

2.2.4 Heat Release and CA50

From the first law of thermodynamics, the net heat release per crank angle degree (d@/df) can be
defined as,
dQ v dV 1 dp
aQ _ av ap 2.15
a0 " -1 Ty -1 e (2.15)
where 7 is the heat ratio C,/C, [Stone, 1999]. Because pressure is measured discretely, numerically
differentiating the pressure will amplify the signal noise. To avoid differentiating the pressure, 2.15

can be rewritten using d(é’;/) = p‘% + V% [Killingsworth, 2007],

dQ _ 1 dpv)  dv

0 ~—1 40 Pag (2.16)

Using equation 2.16, @ can be computed as a finite sum instead of a continuous integral [Killingsworth,
2007]

Qi = ,yil[Psz —poVo] + ij(AV)j- (2.17)
=0

In this dissertation, ignition timing of HCCI engines is determined using CA50, or the crank
angle degree when half of the net heat has been released. Using equation 2.15, CA50 is defined as
the crank angle position 6, , where,

Q50% = %(Qmaaz - szn) (218)

Figure 2.1 demonstrates graphically how CA50 is determined.
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Figure 2.1: Graphical definition of CA50. ATDC is after top dead center

2.2.5 [Efficiencies

Thermal efficiency is defined as ratio of work out divided by heat in,

Nen = Wout
th — .
Qin

For an ideal spark ignited engine, equation 2.19 can be rewritten as equation 1.1. In this disserta-
tion, indicated thermal efficiency is obtained by,

(2.19)

Wi out

Mihi = —FA—, 2.20
" msQray (220
where m; is the mass of the fuel and gy is the lower heating value of the fuel.
Combustion efficiency is determined using,
Qmaz
b= ————, 2.21
eomb =y FQruv (2.21)

where (Qpmqz is the maximum heat release of the fuel and is obtained using equation 2.17.
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2.3 Fuel Chemistry

2.3.1 Hydrogen Combustion

Hydrogen is an ideal fuel for IC engines from the aspect that it offers a high autoignition temperature
(858 K) and lower ignition energy (0.02 mJ) [EERE, 2001]. Because hydrogen has a higher autoigni-
tion temperature and flame velocity, compared to gasoline, hydrogen-air mixtures do not tend to
knock under stoichiometric conditions, except when the compression ratio is very high [EERE, 2001;
White et al., 2006; Verhelst and Wallner, 2009]. Unless a stoichiometric hydrogen-oxygen mixture
is ignited by an external source, no reactions occur below 400°C. Temperatures exceeding 600°C
lead to autoignition of the hydrogen-oxygen mixture at all pressures [Heywood, 1988]. Autoigni-
tion of hydrogen-oxygen mixtures is initiated by Hy + M — H + H + M and followed by three
radical-producing, chain-sequence reactions:

H+0Oy = O+OH
O+H, = H+OH
Hy+OH = H,O+H
The first two reactions are chain-branching, while the third reaction completes the chain sequence
[Heywood, 1988]. These reactions lead to high concentrations of radicals and eventually to au-

toignition of a hydrogen-oxygen mixture. The stoichiometric equation for hydrogen combustion in
air is represented by the following reaction:

Hs + - (02 + 3.76N3) — H20 + 1.88N5.

However, peak temperatures during combustion often lead to dissociation of Ns, leading to pro-
duction of NO, [EERE, 2001].

2.3.2 Hydrocarbon Fuel Combustion

Autoignition of basic hydrocarbon (RH) fuels can be described by an oxidation process from Se-
menov [Heywood, 1988]:

RH+0y — R+ HO, (R1)
R+0; — RO (R2)
R+0y; — olefin+HO, (R3)

RO+ RH — ROOH +R (R4)
ROy — RCHO+ RO (Rb)

HOy;+ RH — HyOy+R (R6)
ROOH — RO+ OH (R7)
RCHO+0O, — RCO+HO, (R8)
RO, — destruction (R9)
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The chain initiation reaction is represented by the reaction (R1). Chain propagating reactions are
represented by reactions (R2) - (R6). Degenerate branching reactions are reactions (R7) and (R8).
Reaction (R9) is the chain termination reaction. Molecules with a dot are active radicals and ones
with primes represent free bonds on the organic radical R.

2.3.3 Low Temperature Combustion

HCCI engines commonly operate in a lower temperature regime than SI engines and fuel chemistry
can greatly affect when autoignition occurs [Liu et al., 2009]. Aside from fuel behavior, achieving
autoignition for high octane number fuels in HCCI engines can be challenging because a high com-
pression ratio, high intake temperature, or boosted intake pressure is required.

Augotignition of the fuel in HCCI engines often occurs in two stages, a low temperature com-
bustion regime and a high temperature combustion regime. At high temperatures, alkyl radicals
often decompose into a smaller alkyl radical and a small olefin [Zhao, 2007]. For example, at high
temperatures, n-heptane (C7H16) may decompose by the following reactions:

C-His+OH — C7Hys+ Hy0O
C7H15 — C3H7 + C4H8

However, at temperature below 1000K, alkyl radicals mostly react with molecular oxygen in the
following manner [Zhao, 2007; Warnatz et al., 2006):

RH+OH — R+ H,O (R10)
R+0y <+ RO9 (Rll)

The second reaction is the key to initiating low temperature combustion. The forward direction of
the reaction has almost no activation barrier and is influenced by concentrations of R and molecular
oxygen. It is also leads to the production of ROz, which initiates the main chain branching reac-
tion pathway of low temperature combustion. Because the amount of chemical species is constantly
changing in this reaction, the forward reaction rate depends more on pressure than the reverse. The
reverse reaction has a high activation energy barrier, making it more temperature dependent. When
temperatures increase to the point where the reverse reaction dominates, extinguishing production
of ROy and low temperature chain branching, the rate of combustion decreases significantly. Full
details of the reactions involved in low temperature combustion can be found in chapter 17 of Zhao
[Zhao, 2007].

Transition between low temperature combustion and high temperature combustion can often
be visualized by plotting the heat release rate during combustion. As shown in Figure 2.2, low
temperature combustion appears as low temperature heat release (LTHR) followed by a high tem-
perature heat release (HTHR) from the high temperature combustion. Understanding how LTHR
and HTHR affect ignition is one method being explored for predicting autoignition in HCCI engines
[Liu et al., 2009].
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Figure 2.2: Low temperature heat release (LTHR) from low temperature combustion and high
temperature heat release (HTHR) from high temperature combustion.
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Chapter 3

Experimental Apparatus

All experiments were conducted using a single cylinder, port fuel injected, variable compression
ratio, Waukesha Cooperative Fuel Research (CFR) F-4 engine, shown in figure 3.1. This engine
was originally designed to test octane numbers of aviation fuels [ASTM Standard D909-07, 2007,
but has been modified in the current work to operate both as an SI engine and an HCCI en-
gine. Engine specifications can be found in table 3.1. Common instrumentation for both advanced
engine concepts, Ho-Oo-Ar and HCCI, is described in the next section. Following the common
instrumentation section, the experimental setup specific to each engine concept is described and an
experimental design is provided.

Table 3.1: Engine Specifications

Displacement 0.616 L
Bore 3.26 in
Stroke 4.5 in
Crank radius Stroke/2 =2.25 in
Connecting Rod Length 10.0 in
Compression Ratio 4-175
Piston Material Aluminum
Number of Piston Rings | 3 compression, 2 oil (5 total)
Camshaft Overlap 30 deg
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Figure 3.1: Cooperative Fuel Research Engine at UC Berkeley

3.1 Common Instrumentation

In-cylinder pressure was measured using a 6052B Kistler piezoelectric pressure transducer in con-
junction with a 5044A Kistler charge amplifier. Intake pressure was measured using a 4045A5
Kistler piezoresistive pressure transducer in conjunction with a 4643 Kistler amplifier module. Sam-
pling of in-cylinder and intake pressures was hardware timed using an optical encoder, and recorded
every 0.1 crank angle (CA) degree. A dynamometer, directly coupled to the engine crankshaft, was
used for motoring and absorbing power during combustion. Specifications can be found in table
3.2. An ABB variable speed frequency drive controlled the dynamometer and in turn controlled the
engine speed. A Motec M4 ECU (Engine Control Unit) controlled spark timing (when applicable),
injection timing, and injection pulse width. Details regarding the cooling system can be found in
Appendix B. A five-gas Horiba Analyzer was used to measure concentrations of carbon monoxide
(CO), unburned hydrocarbons (THC), nitrogen oxides (NO,,), and molecular oxygen (O2). Details
of the emissions gas analyzer can be found in Appendix D.
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Table 3.2: Dynamometer Specifications

Type HDM 365
Max No-Load RPM 1800 RPM
Max Power Delivered 25 HP at 1750 RPM
Max Power Absorbed 27 HP at 1855 RPM
Full Load Current Delivered 40 Amp
In Rush Current 170 Amp (at full voltage)
Manufacturer Harnischfeger Corp., Milwaukee Wis. USA

3.2 H,-0O5-Ar Operation

3.2.1 Experimental Setup

The CFR engine was operated as a spark ignited engine using a cold-type, iridium spark plug (Bosch
RO 685). Three bottles of high-pressure gas cylinders, one containing pure argon, the second with
a mixture of oxygen and argon, and the third with pure hydrogen, were used to supply desired
gas-mixtures to the engine. Pure oxygen could be blended with argon independently, but for safety
reasons we use premixed oxygen and argon, which was then blended with argon for higher dilutions.
Flow rates of compressed argon and argon-oxygen were determined using calibrated sonic orifices.
Software controlled electronic pressure regulators set the flow rates by adjusting the gas pressure
upstream of the sonic orifices.

Hydrogen was injected using a Quantum gaseous fuel injector at a pressure of 40 psi. The mass
of hydrogen injected was measured using a mass flow sensor (Alicat M Series Mass Flow Meter)
and was verified using a Horiba five-gas emissions analyzer [Natkin et al., 2002]. When operating
at stoichiometric conditions, A = 1, a wide band lambda sensor was primarily used.

All experiments were conducted without throttling the engine at constant intake pressure of
0.98 bar. The engine was pre-heated by burning hydrogen-air, bringing the coolant temperature
to 75C, which conserved argon. This temperature was maintained for the recorded tests using a
closed-loop controller. The crankcase was purged with nitrogen, preventing accidental explosion of
any hydrogen that might have blown by the rings.

Initially, when running the engine on hydrogen-air mixtures, significant problems with back-
flash (ignition of the fuel before the intake valve closes) occurred. It was found that the back-flash
occurred because of residual charge in the spark plug wire created from the previous cycle’s ignition
[Kondo et al., 1997]. Back-flash problems ceased after the spark plug wires in our system were
modified as described by Kondo et al. [Kondo et al., 1997].
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Figure 3.2: Experimental Configuration

3.2.2 Experimental Design

Previous experiments showed that high argon concentrations resulted in the highest efficiency in
a Hy-Og-Ar engine [deBoer and Hulet, 1980]. Therefore, spark timing sweeps, using both single
and dual spark ignition, were conducted for high argon concentration blends shown in Table 3.3.
Reported spark timings produced the maximum brake torque (minimum ignition advance for best
torque [Stone, 1999]) and, when operating dual spark ignition, spark plugs ignited simultaneously.
The compression ratio was varied from 4.5 to 7, in half compression ratio increments, for each
blend. Engine specifications and operating conditions can be found in table 3.5. Fuel pressure
in the hydrogen line was held at 40 psig and the crankcase was purged with nitrogen, preventing
accidental explosion of any hydrogen in air that may blow by the rings into the crankcase.

Experiments were also conducted using hydrogen-air for comparison with Ho-Os-Ar experi-
ments. An equivalence ratio of 0.24 was chosen for hydrogen-air operation because the mass fraction
of hydrogen in the air mixture matches the mass fraction of Ha-Oo-Ar mixtures with 86% argon.
The compression ratio was varied from 6 to 17 and spark timing was swept at each compression
ratio to achieve maximum brake torque. For each set-point 400 thermodynamic cycles (each cycle
with 720 CAD) of in-cylinder pressure data were collected.
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Table 3.3: Fuel-Oxidizer-Ar Mixture Concentrations by Volume

Ho O9 Ar
Blend 1 | 10.67% | 5.33% | 84%
Blend 2 | 9.33% | 4.67% | 86%
Blend 3 | 8.0% 4.0% | 88%

Table 3.4: Engine Specifications for Hy-O5-Ar

Engine Speed 900 RPM
Coolant Temperature | 75° C & 1° C
Intake Pressure 0.98 bar
Intake Temperature 23°C+ 1° C

3.3 HCCI Operation

3.3.1 Experimental Setup

Details regarding the fueling and intake system can be found in Appendix B. Intake air-flow was
determined using a sonic orifice. Details regarding the orifice can be found in Appendix C. A five-gas
Horiba analyzer (Appendix D) was used to measure emissions shown in Appendix E. Equivalence
ratio was calculated using four different methods, described in Chapter 2.2.1 (specifically, equations
2.3, 2.4, 2.6, and 2.7), and the emissions data. The best method for calculating equivalence ratio was
determined by matching the wide-band lambda sensor measurements and the calculated equivalence
ratios at stoichiometric conditions. Comparing Equations 2.3-2.7 to the wide band lambda sensor,
the best fit for equivalence ratio was equation 2.3. Therefore, for all equivalence ratio estimates,
equation 2.3 was used to estimate equivalence ratio. Fuel injector pressure was kept constant at
40psi and fuel flow was determined using a Motec ECU.

3.3.2 Experimental Design

Before collecting data for each experiment, the engine was pre-heated until coolant temperature
reached 80°C and combustion became steady. Engine specifications and operating conditions can
be found in Table 3.5. These conditions were chosen to isolate fuel characteristics that could be
used to create an HCCI index. The intake temperature of 151°C, and engine speed of 600 RPM
were chosen to operate the widest range of fuels in the HCCI engine. For each experiment, equiv-
alence ratio was held constant and ¢=0.33 (A=3.0) using equation 2.3. Compression ratio was
varied to find the limits of stable HCCI for each fuel. The highest compression ratio for each fuel
was determined when the in-cylinder pressure exceeded 50 bar (the maximum allowable pressure
inside the cylinder) or the ringing intensity became too great [Eng, 2002]. The lowest compression
ratio was determined when HCCI operation became unstable. For each compression ratio sweep,
300 thermodynamic cycles (each cycle with 720 CAD) of in-cylinder pressure data were collected
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along with emissions. Overall, twenty-four different fuels were tested and one fuel was tested with
variable intake temperature.

Table 3.5: Engine Specifications for HCCI Operation

Engine Speed 600 RPM
Coolant Temperature | 80° C £ 1° C
Intake Pressure 1.035 bar
Intake Temperature | 150°C+£ 1° C

Equivalence Ratio (¢) 0.33

Table 3.6 contains the reference fuel blend compositions (by volume percent), RON, and MON.
For most of the reference fuels, the RON and MON values were measured or calculated. The RON
and MON values for TRF70 were estimated using a linear-by-volume blending equation, developed
for fuel blends containing toluene, isooctane, and n-heptane, created by Morgan et al. [Morgan
et al., 2010]. The linear-by-volume blending equation was verified by comparing calculated and
measured RON and MON for S70. E-PREF70 RON and MON values were estimated using the
blending RON and MON values from Anderson et al. [Anderson et al., 2010].

Table 3.6: Reference Fuel Blend Compositions by Volume Percent with RON and MON

Fuel Name | % Isooctane | % n-heptane | % Toluene | % Ethanol | RON MON
PRF 60 60 40 0 0 60 60
PRF 70 70 30 0 0 70 70
PRF 75 75 25 0 0 75 75
PRF 85 85 15 0 0 85 85
PRF 88 88 12 0 0 88 88
TRF 70* 0 46 54 0 70.5 63.5

S 70 64 31 5 0 70.5 69.6

E-PRF 70T 64 31 0 5) 70.5 68.6

n-heptane 0 100 0 0 0 0

*RON and MON were calculated using method described by Morgan et al [Morgan et al., 2010].
TRON and MON were calculated using bBRON and bMON values from [Anderson et al., 2010).
RON and MON of remaining fuels were assumed.

Two different base gasolines were provided by Chevron, labeled Gas and Gas2 respectively.
RON and MON for the base gasoline fuels can be found in Table 3.7. The base gasoline fuels were
blended with different additives, such as N-heptane, Ethanol, different naphthenes, and different
aromatics. The gasoline fuel blends tested are listed in Table 3.8 along with the type of additive,
the RON, and the MON. The exact composition of the gasoline blends was unknown, except by
Chevron. Additional experiments for PRF70 were conducted at intake temperatures of 69°C and
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115°C and compression ratio was varied to achieve the same CA50 and equivalence ratio.

Table 3.7: Base Gasoline Fuels with RON and MON

Fuel Name | RON | MON
Gas 87 80
Gas2 70 65

Table 3.8: Gasoline Fuel Blends with Specified Additives, RON, and MON

Fuel Name Additive RON MON
GasB1 N-heptane 70" 65T
GasB2 Ethanol 93* 84*
GasB3 Ethanol 90* 82*
GasB4 Aromatic 1 91* 82*
GasB5 | Naphthene 2 | 90* N/A
GasB6 Naphthene 3 | 887 82
GasBT7 Naphthene 4 | 87 81
GasB8 Naphthene 1 | 867 79"
GasB9 Aromatic 2 | 917 82T
GasB10 Aromatic 3 | 937 83T
Gas2B1 N-heptane 60* 55*
Gas2B2 Ethanol 78* 68*
Gas2B3 | Naphthene 1 | N/A N/A

“N/A” implies the RON and/or MON values were not available.
*RON and/or MON were estimated.
*TRON and/or MON were provided by Chevron.
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Hydrogen-Oxygen-Argon Engine

The objective of this project is to experimentally demonstrate the predicted increase in efficiency
by operating a hydrogen-oxygen-argon (Hz-Os-Ar) engine. In this chapter, experimental results
operating this engine are presented using dual and single spark ignition for argon concentrations of
84% (Blend 1), 86% (Blend 2), and 88% (Blend 3). For each concentration of argon, stoichiometric
fuel-oxygen mixtures were used, as described in table 3.3. Results using a three-zone model to
compare the effects of specific heat ratio and flame speed on thermal efficiency are also presented.

4.1 Experimental Results and Discussion

4.1.1 Effects of Single Spark Ignition

Shown in figure 4.1 is the dependence of the indicated thermal efficiency, 7;, on spark timing at
compression ratios of 4.5 and 5.5. For all Blends at a compression ratio of 4.5, the indicated ther-
mal efficiency increases, peaks, and then decreases as spark timing is advanced [Heywood, 1988;
Stone, 1999]. However, at a compression ratio of 5.5, a maximum indicated thermal efficiency,
similar to figure 4.1(a), was not observed due to knock limiting the spark advance. In the following
results, the maximum brake torque spark timing is associated with the peak indicated thermal
efficiency.

At a compression ratio of 4.5, Blend 3 required the most advance spark timing (-63°ATDC),
as shown in figure 4.2, to achieve maximum brake torque. Because Blend 3 has the least amount
of hydrogen, the spark timing is the most advanced and has the lowest peak pressure. Also, higher
concentrations of argon require more advanced spark timing due to reduced flame speeds. After
determining the spark timing associated with the maximum break torque, changes in thermal effi-
ciency with compression ratio were investigated.

Shown in figure 4.3, the indicated thermal efficiency peaks at a compression ratio of 5.5 for
all Blends. Previous studies, in which thermal efficiency was calculated using a dynamometer,
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predicted a peak at a compression ratio of 7 for similar concentrations of argon [deBoer and Hulet,
1980]. However, spark timing and percentage of knocking cycles could attribute to differences be-
tween these results.

From figure 4.4, it can be seen that the highest indicated mean effective pressure (IMEP) occurs
between compression ratios of 5 and 5.5. The maximum IMEP, 4.3 bar, occurs with Blend 1 at a
compression ratio of 5.5, which agrees with previous results [deBoer and Hulet, 1980]. Also, IMEP
increases as concentration of argon decreases. An increase in IMEP with a decrease in argon con-
centration is due to the increase in hydrogen and oxygen, which leads to knock. As expected, IMEP
does not vary with compression ratio because it is a function of equivalence ratio, which is constant.

Shown in figure 4.5, IMEP does not vary significantly with spark timing. At a compression ratio
of 5.5, IMEP is nearly constant; this is true for all compression ratios tested. Blend 1 produces the
lowest indicated thermal efficiency and the highest IMEP. Blend 2, produces the highest indicated
efficiency of 45%. Experiments performed at compression ratios greater than 6 experienced intense
knocking which limited spark advance. Therefore, very late spark timing was required to avoid
knock. Trends in IMEP for other compression ratios showed similar results.

4.1.2 Effects of Dual Spark Ignition

A second spark plug was added to the engine to reduce end gas residence time and reduce knock.
When operating under dual spark ignition, engine knocking still limited spark advance for all com-
pression ratios. Stable operation of the engine at compression ratio of 7 was unsuccessful due to the
intensity of knock therefore, results are only shown for compression ratio of 4.5 to 6.5. Although
knock limited spark advance, the indicated thermal efficiency improved slightly when compared to
single spark ignition, but still did not exceed 50%.

Figure 4.6, shows indicated thermal efficiency, using dual spark ignition, does not peak like single
spark ignition. Instead, indicated thermal efficiency monotonically increases with compression ratio.
This suggests that a maximum indicated thermal efficiency could occur near a compression ratio
of 7, as shown by deBoer and Hulet [deBoer and Hulet, 1980]. For dual spark ignition, knock
limits the spark advance, which in turn limits the maximum efficiency. However, the dual spark
does slightly increase the maximum efficiency (~45% for single spark and ~46% for dual spark).
At higher concentrations of argon, dual spark produces higher indicated thermal efficiency at all
compression ratios. The most significant improvement in indicated thermal efficiency occurred
using Blend 3, shown in figure 4.7.

The pressure trace inside the cylinder for each Blend, using dual spark ignition, at a compres-
sion ratio of 6.5 is shown in figure 4.8. Like figure 4.2, the pressure trace was generated using
the most advanced spark timing obtainable under the operating conditions (6°ATDC for Blend 1,
1°ATDC for Blend 2, and -6°ATDC for Blend 3).

Figure 4.9 shows that advancing the spark timing increases indicated thermal efficiency. For
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higher concentrations of argon, using dual spark ignition, flame speeds are reduced and require an
advance in spark timing, much like single spark ignition. However, spark timing for dual spark
ignition is more delayed than single spark ignition at the same operating conditions because two
flame fronts are approaching each other, increasing the potential of knock.

Shown in figure 4.10, the maximum IMEP for dual spark ignition is 4.0 bar, slightly lower than
the maximum IMEP for single spark ignition, 4.3 bar. Blend 1 yields the lowest indicated thermal
efficiency and the highest IMEP, which agrees with results from single spark ignition. Unlike single
spark ignition, Blend 3 produces the highest indicated thermal efficiency, agreeing with deBoer and
Hulet [deBoer and Hulet, 1980]. Blend 3 also produces the lowest IMEP, as expected. Trends in
IMEP at other compression ratios produce similar results.

4.2 Understanding Knock Limitations

For a given engine, operation using Ho-O2-Ar, compared to hydrogen-air, increases the tendency to
knock due to the thermodynamic properties of argon. Argon is a monatomic gas and has a lower
heat capacity and a higher heat capacity ratio compared to air. This results in higher efficiencies,
but causes the end-gas to heat up more rapidly during the combustion processes, increasing the
likelihood for engine knock.

The ideal Otto Cycle efficiency, shown in equation 1.1 can also be used to display the tendency
for knock to occur at high temperatures inside the cylinder. Assuming isentropic compression with
constant specific heat ratio from bottom dead center (BDC), the beginning of the compression
process, to top dead center (TDC), just before the combustion event [Heywood, 1988], compression
ratio can be written in terms of temperature, much like equation 2.8,

Trpc _ <VBDC ) 7-1
TspC Vrpc

(4.1)

where Trpc is the temperature of the in-cylinder gas at TDC corresponding to the motored (without
chemical reactions) temperature, Tppc is the temperature of the gas at BDC, and Vppe and Vppe
are the cylinder volumes at TDC and BDC, respectively. Substituting equation 4.1 into equation 1.1
yields a relationship between thermal efficiency for an ideal Otto cycle and in-cylinder temperature,

_ Ispc
Trpc

ni =1 (4.2)

Looking at equation 4.2, similar efficiencies were expected for combusting Blend 2 of Hy-Os-
Ar and ¢=0.24 of hydrogen-air engine. However, efficiencies of hydrogen-air at phi=0.24 were
much lower, 17;=35%, and hydrogen-air was not as prone to engine-knock. Increasing the efficiency
requires either decreasing Tppc or increasing Trpc. Since the end gas temperature is proportional
to the motored temperature of the gas at TDC, Trpc is representative of the knock propensity of
the engine and limits how much the compression ratio or specific heat ratio can be increased. As a
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result, the limitation in Trpeo limits the engines efficiency. Although compression ratio or specific
heat ratio can increase indicated efficiency, they also increase the possibility of knock. This concept
and solutions to preventing knock are investigated using a three-zone model, described in the next
section.

4.3 Modeling Hydrogen Combustion

A three-zone model, consisting of a burned zone, unburned zone, and crevices, is used to model
combustion in the CFR engine. Because the CFR engine is port fuel injected, the air and fuel are
assumed to be perfectly mixed. During the compression stroke, the combustible mixture flows into
the crevices. The gas pressure is assumed uniform in all zones such that the mass exchange rate
between the zones can be solved simultaneously with energy and species equations [Jensen and
Schramm, 2000; Chin and Chen, 2011].

The combustion process is divided into two stages. The first stage is the ignition and initiation
of the three zones in combustion space. The second stage is the propagation of the flame front.
After a small nucleus of the fuel-air mixture has combusted, the combustion chamber is subdivided
into two zones. Following spark ignition, there is a delay period that is modeled empirically [Al-
Baghadadi, 2006]). Once combustion has commenced, the mean burned gas front is approximated
by a sphere centered on the spark plug location.

The burning rate is modeled as the product of the spherical burning area and the turbulent
burning rate [Heywood, 1988]. Heat transfer between the gases in all three zones and the cylinder
walls at a rate proportional to the chamber surface area wetted by the gases is modeled using
the Woschni correlation [Woschni, 1967]. During the expansion stroke, unburned gases stored in
the crevices flow back into the combustion chamber accounting for unburned fuel produced in the
experiment. Intake and exhaust flows are modeled using measured valve lifts. The mass flows
through the intake and exhaust valves are modeled with a discharge coefficient, Cy, of 0.6. The
effect of residual burned gas from previous cycles is included by running the model through eight
complete cycles.

4.3.1 Laminar and Turbulent Flame Speed Correlations

The laminar flame speed is fitted to the correlation proposed by Knop et al. [Knop et al., 2008].
T\" [ p h
Sy =59 () () (1—0.87EGR) (m/s), (4.3)
T Po

where T is the temperature of the unburned (or fresh) gases, Tp is the reference temperature, p
is the local pressure, pg is the reference pressure, EGR is the amount of exhaust gas recirculation,
and S9, a, and 3 are fuel-dependent correlation factors.
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Fitting the computed flame speeds for Blend 2 (argon concentrations of 86% balanced by a
stoichiometric mixture of hydrogen and oxygen), gives correlation factors of,

SY = 8.19 (m/s) for =1, (4.4)
T 2
= 442-1.23( — 45
: (%) (45)
_ p\°
g = a—b<> , where (4.6)
Po
T\? T\? T
= —0.127( = 296 | — 113 (= | —2.72 4.
a 0 7<T0> +0 96<TO> + 3<T0> 72, (4.7)
b= 0121~ 2 055 (=) +0.503, and (4.8)
= 0. T . T . , an .
c = 06. (4.9)

The turbulent burning rate is computed as [Heywood, 1988]

dmy
— = p,AfST, 4.10
dt PuAfoT ( )

where my, is the mass of burned mixture, St is the turbulent flame speed, p,, is the unburned density
and and Ay is the flame surface area.

An empirical model is used for the turbulent flame speed,

_ Pu/ P
St =Suf o P (4.11)

where S7, is the laminar flame speed given by equation 4.3, f is the turbulent enhancement factor

(f =1+40.0018 * RPM), Y,,; is the mass fraction of burned mixture, p, is the density of burned
mixture.

4.3.2 Model Results and Discussion

Figure 4.11 shows that, when matching motored temperatures at TDC, the three-zone model cor-
relates well with Blend 2 Hy-O9-Ar data and hydrogen-air. A hydrogen-air mixture of ¢$=0.38,
CR=16, and ST=-38°ATDC was chosen to match Blend 2 Hy-O5-Ar adiabatic flame temperatures.

Methods for reducing knock in the H2-O2-Ar engine while maintaining high efficiencies are
explored by comparing effects of flame speed and heat capacity on engine-knock (specifically tem-
perature of the unburned gases). To study effects of flame speed on engine-knock, the flame speed
Hy-O9-Ar at two compression ratios, hydrogen-air, and hydrogen air with five times its normal
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flame speed are compared. Figure 4.12 shows that using argon as the working fluid results in a
rapid increase in laminar flame speed, even more than increasing the flame speed of hydrogen-air
five times. This rapid increase in flame speed results in engine-knock.

Comparing the average temperature at BDC, it can be seen from figure 4.13 that the average
temperature at BDC are much higher for Hy-Oo-Ar mixtures than hydrogen-air mixtures. Even
increasing the flame speed five times of the hydrogen-air mixture did not result in as high of
temperatures as Ho-Oo-Ar mixtures.

Figure 4.14 compares unburned gas temperatures. Ha-O2-Ar at compression ratio of 7 and a
spark timing of -8.5° ATDC shows unburned gas temperatures exceeding 1100 K and a pressure
rise rate greater than 10 bar (where knock occurs in experimental data). Overall, the unburned
gas temperatures of Ha-Oo-Ar mixtures increases much more rapidly than hydrogen-air mixtures.
Results also show that increasing laminar flame speed of H2-air five times did not increase unburned
gas temperatures as much as increasing the specific heat ratio. This suggests that specific heat ratio
of the working fluid contributes more to engine-knock than flame speed.

Although Hs-Os-Ar mixtures have faster flame speeds and higher unburned gas temperatures
than hydrogen-air mixtures, the in-cylinder pressure for the hydrogen-air mixtures is much higher
due to operation at higher compression ratios (see figure 4.15. However, Ho-Os-Ar at a compression
ratio of 7 has almost as high of a peak pressure as hydrogen-air at a compression ratio of 16. The
increase in peak pressure of Ho-Oo-Ar at a compression ratio of 7 is a result of engine-knock.

4.4 Summary

Overall, these experiments showed that a high thermal efficiency can be obtained by operating an
Hs-O5-Ar, however efficiency above 50% was not achieved due to persistent engine knock at higher
compression ratios. Stable operation of the engine for the highest concentration of argon (88%) and
compression ratio of 7 was unsuccessful due to the intensity of knock. Knock also limited the pro-
gression of spark timing advance and as a result, limited the maximum obtainable thermal efficiency.

Adding a second spark plug slightly increased the indicated efficiency but greatly retarded the
spark timing when compared to using a single spark plug. Knock limited the spark advancement
for both single and dual spark ignition. The maximum indicated thermal efficiencies achieved using
a single and dual spark ignition were about 45% and 46% respectively, which is reasonable for
operation at slow engine speeds. Although the dual spark ignition improved efficiency by 1%, the
unburned air-fuel mixture between the two approaching flame fronts still auto-ignited.

The three-zone model showed that argon as a working fluid increases in-cylinder temperatures,
unburned gas temperatures, and laminar flame speed. When compared to hydrogen-air operating
at a higher compression ratio and an increased flame speed, Ha-O2-Ar still showed higher unburned
gas temperatures and BDC temperatures. These results suggest that specific heat ratio affects end
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gas temperatures more than increasing flame speed. Therefore, using other noble gases, such as
helium, will yield similar knocking limitations. This model accurately represents experimental data
and can assist in identifying when engine knock may occur.

Another effect that should be considered in the model is heat transfer rates in the boundary
layer close to the wall. The reduced temperatures of hydrogen-air mixtures could be caused by
operating at higher compression ratios and in turn pushing a larger portion of the mixture in the
boundary layer near the wall, resulting in higher heat transfer rates [Smith, 1994].

Regardless of problems with knock, operation of the Ha-O2-Ar engine produced higher thermal
efficiency than hydrogen-air engines operating under similar conditions [Das, 1991; Verhelst and
Sierens, 2007; deBoer and Hulet, 1980]. Possible solutions for reducing the tendency to knock are
delaying second spark plug [Migita et al., 2007], using a plasma spark plug [Ikeda et al., 2007a;
Ikeda et al., 2007b; Kaneko et al., 2008], cooling the top of the cylinder head since it has the largest
surface area, or using a Ha-O9-Ar diesel engine. If the knock limitation can be overcome by using
one of the previously mentioned techniques, then thermal efficiencies of 7;=50% or higher may be
attainable.
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Figure 4.1: Blend 1 (84% Ar, blue circles), Blend 2 (86% Ar,red stars), and Blend 3 (88%
Ar,black triangles). At a compression ratio of 4.5 (a), all blends show a peak indicated thermal

efficiency when spark timing is advanced. Increasing the compression ratio to 5.5 (b) did not
result in a peak indicated thermal efficiency because knock limited the spark advance.
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Figure 4.2: In-cylinder pressure trace at compression ratio of 4.5 using single spark ignition for
Blend 1(84% Ar, solid blue line), Blend 2 (86% Ar, dotted red line), and Blend 3 (88% Ar, dashed
black line) at spark timings of -19°ATDC, -31°ATDC, and -63°ATDC, respectively.
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Figure 4.3: Blend 1 (84% Ar, blue circles), Blend 2 (86% Ar, red stars), and Blend 3 (88% Ar,
black triangles). The peak thermal efficiency occurs at a compression ratio of 5.5.
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Figure 4.4: Blend 1 (84% Ar, blue circles), Blend 2 (86% Ar, red stars), and Blend 3 (88%
Ar, black triangles). IMEP is independent of compression ratio and decreases with increasing
concentrations of argon.

A
3 AAAA

IMEP (bar)
N

0 ‘
-25 -20 -15 -10 -5 0

Spark Timing (°ATDC)
Figure 4.5: Blend 1 (84% Ar, blue circles), Blend 2 (86% Ar, red stars), and Blend 3 (88% Ar,

black triangles) at compression ratio = 5.5. IMEP is independent of spark timing.
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Figure 4.6: Blend 1 (84% Ar, blue circles), Blend 2 (86% Ar, red stars), and Blend 3 (88%

Ar, black triangles) for dual spark ignition. The peak thermal efficiency obtained occurred at a
compression ratio of 5.5.

50
A
A A
45 R :
A A A
VY
)
x 40
[ A
=
35
30
4.5 5 5.5 6 6.5

Compression Ratio
Figure 4.7: Blend 3, 88% Ar, for single (black hollow triangles) and dual (black filled triangles)

spark ignition at a spark timing of -6°ATDC. Dual spark ignition had more complete combustion
yielding higher indicated thermal efficiencies, but knock limited spark advance.
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Figure 4.8: Cylinder pressure trace at compression ratio = 6.5 using dual spark ignition for Blend

1 (84% Ar, solid blue line), Blend 2 (86% Ar, dotted red line), and Blend 3 (88% Ar, dashed
black line) at spark timings of -6°ATDC, 1°ATDC, and 6°ATDC, respectively.
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Figure 4.9: Indicated thermal efficiency vs. spark timing using dual spark ignition for Blend 1

(84% Ar, blue circles), Blend 2 (86% Ar, red stars), and Blend 3 (88% Ar, black triangles) at
compression ratio = 6.5. Indicated thermal efficiency increases as spark timing is advanced.
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Figure 4.10: IMEP vs. compression ratio using dual spark ignition for Blend 1 (84% Ar, blue cir-
cles), Blend 2 (86% Ar, red stars), and Blend 3 (88% Ar, black triangles). For dual spark ignition,
IMEP is independent of compression ratio and decreases with increasing argon concentrations.
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Figure 4.11: In-cylinder pressure predicted by the model matched experimental data for Blend 2
of Hy-O5-Ar and hydrogen-air at ¢p=0.24.
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Figure 4.12: Laminar flame speed, S; of Hy-Os-Ar mixtures are much faster than hydrogen-air
mixtures with five times the flame speed
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Figure 4.13: Average temperatures at BDC are higher for Ho-O5-Ar than hydrogen-air
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Figure 4.14: Unburned gas temperature of Hy-O5-Ar mixtures are much higher than hydrogen-air
mixtures with five times the flame speed.
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Figure 4.15: In-cylinder pressure of a hydrogen-air mixture with five times its normal flame speed
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Chapter 5
Characterizing HCCI Fuels

The purpose of this project is to determine variables for predicting ignition and characterizing
fuel performance in HCCI engines. Using these parameters, techniques for creating a standardized
HCCI Number, similar to octane number and cetane number, is investigated. In this chapter,
previous methods for predicting auto-ignition are described, correlations between existing methods
and ignition in HCCI engines, using experimental results, are investigated, and effects of varying
parameters on HCCI ignition, using experimental results, are presented. Results using a three-zone
model to further understand the relationship between fuel chemistry and ignition in HCCI engines
are also provided.

5.1 Existing Methods for Predicting Auto-ignition

5.1.1 Octane Number

In spark-ignited (HCSI) engines , the octane number is used to determine the anti-knock qualities
of a fuel. In the United States, the octane number is the average number from two standardized
tests, the research octane number (RON) and the motor octane number (MON) [ASTM Standard
D2699-11, 2011; ASTM D2700-11, 2011]. RON characterizes the fuel’s knocking resistance at wide
open throttle conditions and low speeds, while MON characterizes the fuel’s knocking resistance
at wide open throttle and high speeds, simulating anti-knock qualities under load. Both RON and
MON test are conducted using a Cooperative Fuel Research (CFR F1/F2) engine, with variable
compression ratio, fitted with a knock meter for measuring knock intensity. Primary reference
fuels (PRF), mixtures of n-heptane (RON=MON=0) and isooctane (RON=MON=100), are used
to create calibration curves of changes in knock intensity with compression ratio. These calibration
curves are used to calculate the RON and MON of fuels [ASTM Standard D2699-11, 2011; ASTM
D2700-11, 2011] and the octane number, or Anti-Knock Index (AKI) is calculated by,

RON + MON

N:
0 2

(5.1)

39



Chapter 5. Characterizing HCCI Fuels

The octane number shown in equation 5.1 is the value labeled on gasoline pumps in the united
states.

5.1.2 Cetane Number

In Diesel (DICI) engines, fuels should be more prone to auto-ignition and are typically less volatile
than fuels designed for spark-ignited engines. Combustion quality of fuels for Diesel engines is
determined by the cetane number. Two methods are commonly used to determine a fuel’s cetane
number. The first method involves a Diesel CFR engine (CFR F5) and reference fuels consisting of
normal cetane (n-hexadecane with cetane number=100), and heptamethylnonane (assigned cetane
number of 15). The cetane number is given by,

CN =2 +0.15(100 — ), (5.2)

where z is the precent volume of normal cetane [ASTM Standard D613-10a, 2010]. The second
method for measuring cetane number is using an ignition quality tester (IQT) [ASTM D6890-11,
2011]. This method determines the derived cetane number (DCN),

DCN = 83.99(ID — 1.512)7%6%8 1 3,547, (5.3)

where ID is the ignition delay (in ms) measured from the start of ignition to the point of signif-
icant heat release and is the average of 32 firings. This method provides better repeatability for
determining cetane number, but has best accuracy for an ignition delay range of 3.3 - 6.4 ms.

According to Kalghatgi [Kalghatgi, 2005], the relationship between cetane number and RON,
assuming n-heptane has a cetane number of 54.6, is,

CN =54.6 — 0.42RON. (5.4)

5.1.3 Octane Index

Using a linear regression, Kalghatgi [Zhao et al., 2003] developed an octane index accounting
for temperature and pressure variation in the engine to better characterize knocking behavior of
practical fuels. The octane index is defined as,

OI = (1 - K)RON + (K)MON, (5.5)
where K is a constant dependent on the engines operating conditions and can be determined by,

K = 0.0426(Tuomp.isbar) — 352 if Teomp1sbar > 825K and (5.6)
= 0.0056(Teomp.i5bar) — 4.68 if Teomp.15par < 825K, (5.7)

where Tiomp 15p0r 1S the in-cylinder temperature, in kelvin, when the in-cylinder pressure, during
compression, reaches 15 bar. For HCCI operation, Tomp, 156ar is typically below 825K [Shibata and
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Urushihara, 2007]. For the UC Berkeley CFR engine, Teomp,15bar is estimated to be 780K, which
yields a K factor of -0.312.

Kalghatgi [Kalghatgi, 2005; Zhao et al., 2003] used a similar technique to derive a relationship
between OI and CA50,

CA50 = aRON +bMON +c¢ (5.8)
or in terms of O and K
= ¢+ (a+b)0OI (5.9)

However, use of the Octane Index is limited because the constant K is engine specific, meaning
for each engine and each operating condition, a new K must be calculated. Therefore, an alternative
method may be more suitable for use as a standard when predicting auto-ignition in HCCI engines.

5.1.4 HCCI Index

Shibata and Urushihara [Shibata and Urushihara, 2007], took Kalghatgi’s work a step further and
developed several indexing systems for predicting ignition in HCCI engines using fuel composition
and MON. They define an absolute HCCI index as follows,

HCCI Index (abs) = mMON + a(nP) + b(iP) + ¢(O) + d(A) + e(OX) + Y, (5.10)

where (nP) is the precent n-paraffins by volume, (iP) is the precent iso-paraffins by volume, (O)
is the precent olefins and cycloalkanes by volume, (A) is the precent aromatics by volume, (OX) is
the precent oxygenates by volume, and m, a, b, ¢, d, e, and Y are temperature dependent constants
shown in table 5.1 [Shibata and Urushihara, 2007].

They also propose a relative HCCI index based on MON, which is similar to equation 5.10 but
recalculates table 5.1 such that m=1 and Y =0. His relative index is,

HCCI Index (relative) = MON + a(nP) + B3(iP) + v(0) + §(A) 4+ (0 X), (5.11)

where «, [, 7, J, and € are temperature dependent constants found in table 5.2.

Because many oil refineries use RON measurements instead of MON, they also created a RON
based HCCI index [Shibata and Urushihara, 2007; Shibata and Urushihara, 2009],

HCCI Index (abs) = rRON + da'(nP) + b'(iP) + ¢ (O) + d'(A) + ¢ (OX) + Y/, (5.12)

where 7, a’, b’,c’,d’, ¢’ and Y’ are temperature dependent constants shown in table 5.3.
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Table 5.1: Coefficient values for Shibata and Urushihara's absolute HCCI index using MON at
Tompasbar = 780K [Shibata and Urushihara, 2007].

m 0.763
a -0.356
b -0.315
c -0.185
d -0.193
e (for Ethanol) | 0.062
Y -36.43

Table 5.2: Coefficient values for Shibata and Urushihara’s relative HCCI index using MON at
Tompasbar = 780K [Shibata and Urushihara, 2007].

o) -0.487
3 20.380
~ 20.246
o -0.222
e (for Ethanol) | 0.049

5.2 Experimental Results and Discussion of Existing
Methods for Predicting Auto-ignition

For the following experiments, a variable compression ratio, single cylinder cooperative fuel research
(CFR) engine, described in chapter 3, operating as an HCCI engine was used for studying the
development of an HCCI index. This engine is an ideal standardized test engine because of its
robust design and variable compression ratio [Dec, 2009; Garcia et al., 2009]. Previous research
[Liu et al., 2009] also suggests that engines operating with a higher intake temperatures and lower
RPM will auto-ignite a wider range (low and high octane number) of fuels. In addition, differences
between auto-ignition characteristics are more visible at atmospheric intake pressures than boosted
intake pressures [Liu et al., 2008; Yao et al., 2009]. Therefore, most experiments were conducted
at 600 RPM with an intake temperature of 150°C and an intake pressure of 1.035 bar.

5.2.1 CA50, Octane Number, and Cetane Number

Plots of CA50 against compression ratio were generated to compare ignition timing of each fuel.
These plots were also created with the intention of resembling RON and MON calibration curves.
Figure 5.1 shows an almost linear relationship between CA50 and compression ratio and suggest
fuels with ignitions sensitive to changes in compression ratio will have steeper slopes. Autoignition
of fuels, however, does not correspond to their RON, MON, or octane number (ON). This is
demonstrated in figure 5.1, where the six fuels all have a RON of 70 (ON~70) but auto-ignite at
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Table 5.3: Coefficient values for Shibata and Urushihara's and absolute HCCI index using RON
at Tromp150ar = 780K [Shibata and Urushihara, 2007].

r 0.523
a’ -0.244
b’ -0.187
c’ -0.176
d’ -0.109
e’ (for Ethanol) | -0.054
Y’ -32.109

different compression ratios.

Investigating the relationship between octane number and CA50 further, Figure 5.2 shows the
fuels with a RON of 70 (or RON 70 fuels) plotted with other primary reference fuels (PRF) having
lower and higher RON and ON. The results show most of the RON 70 fuels (PRF70, S70, TRF70,
and GasB1) are bracketed by PRF60 and PRF75. However, E-PRF70 and Gas2 are bracketed
by PRF75 and PRF85. Therefore, octane number alone may not be sufficient for characterizing
HCCI fuels and primary reference fuels are not a suitable choice for reference fuels in a HCCI index.

Similar to previous research [Yao et al., 2009], experimental results show that cetane number
alone is not sufficient for predicting auto-ignition in HCCI engines. Figure 5.3 shows PRF70 and
GasB1 with the same ignition starting compression ratio, but PRF70 has a higher cetane number
than GasB1, suggesting PRF70 should auto-ignite first. Also, cetane number predicts that TRF70
and GasB1 should have similar auto-ignition points, but the experiments show TRF70 needing a
higher compression ratio for auto-ignition.

5.2.2 CA50 and Octane Index

Using a single-zone model, discussed later, and matching it to experimental, motoring pressure
traces, the in-cylinder temperature during compression at an in-cylinder pressure of 15 bar (Teomp, 15bar)
was estimated to be 780K. Putting Ttomp,1500-="780K into equation 5.7 yields a K factor of -0.312
for the UC Berkeley CFR engine at 600 RPM and an intake temperature of 150°C.

Figure 5.4 shows an almost linear trend between the compression ratio at the onset of stable
HCCI operation and the octane index. However, like octane number, the octane index is not suf-
ficient for predicting auto-ignition of fuels with the similar octane index values in HCCI engines.
For example, the octane index suggests that S70, E-PRF70, and Gas2 should auto-ignite at the
same compression ratio, but the experimental results show that E-PRF70 and Gas2 require higher
compression ratios.

The results in figure 5.4 show that the octane index does not predict auto-ignition of fuels
containing ethanol, agreeing with previous research [Yao et al., 2009]. These results also suggest
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that the octane index may not predict auto-ignition of fuels containing toluene.

5.2.3 CA50 and HCCI Index

The relative HCCI index created by Shibata and Urushihara [Shibata and Urushihara, 2007] was
calculated using equation 5.11 for fuels with known composition and MON. This information was
provided by Chevron, since the exact composition was unknown to the author. Estimates of MON
and RON were made for GasB1, GasB5, and GasB8 when calculating HCCI Index values. Figure
5.5 shows almost a linear correlation between the compression ratio at the onset of stable HCCI
operation and PRF fuels. However, like the octane index, the HCCI index does not accurately
predict ignition of fuels containing ethanol, toluene, or other aromatics.

Figure 5.6 shows no correlation between the relative HCCI index and the compression ratio at
the onset of stable HCCI operation for gasoline fuels with different pure compounds added (ad-
ditives). The HCCI index assumes that all aromatics will behave similarly when added to a fuel.
Based on a lower relative HCCI index value, GasB4 should ignite before GasB9, however, the ex-
perimental results in figure 5.6 show GasB4 requiring one full compression ratio higher than Gas
B9 to auto-ignite.

The HCCI index does not include the amount of naphthenes (because of permutations and
combinations rule in statistic analysis) [Shibata and Urushihara, 2007], which also results in some
error. GasB6 and GasB7 contain two different naphthenes and the experiments showed that the
same compression ratio was required to auto-ignite the fuels, but the HCCI index predicted Gas
B7 should auto-ignite slightly before GasB6.

Figure 5.7 shows the relative HCCI index for all the fuels with known composition and known
MON. The correlation between relative HCCI index and the compression ratio at the onset of
stable operation is almost linear (R? = 0.79), but the HCCI index still has trouble with accurately
predicting auto-ignition of fuels containing ethanol or different aromatics.
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Figure 5.1: Fuels with a RON of 70 require different compression ratios for auto-ignition in HCCI
engines.
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Figure 5.2: Octane number does not accurately predict ignition of fuels in HCCI engines.
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Figure 5.3: Cetane number does not accurately predict ignition of fuels in HCCI engines
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Figure 5.4: Octane index shows an almost linear trend with compression ratio for PRF blends.
However, the octane index not accurately predict auto-ignition of fuels containing ethanol,
toluene, or a gasoline blendstock.
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Figure 5.5: HCCI index correlates well with PRF fuels but does not accurately predict ignition of
fuels containing ethanol, toluene, or gasoline blendstocks.
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Figure 5.6: HCCl index does not accurately predict ignition for gasoline blendstocks with different
aromatic compounds.
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Figure 5.7: HCCI index is almost linear with the compression ratio for the PRF's at the onset of
stable operation (R? = 0.79), but still has trouble predicting ignition of fuels with ethanol and
different aromatics.

5.3 Experimental Results and Discussion of Other Trends
Affecting Auto-Ignition

Correlations between CA50 and compression ratio are almost linear, suggesting fuels with auto-
ignitions sensitive to changes in compression ratio will have steeper slopes, As shown in figure 5.8. A
closer view fuels grouped together are shown in figures 5.9 and 5.10. Similar to a calibration curve for
octane testing, fuels with similar auto-ignition characteristics are grouped together. Shown in figure
5.11, PRF70 and S70 are grouped together and have similar auto-ignition characteristics. Although
PRF70 and S70 have similar RON, MON, and octane numbers (x70), auto-ignition characteristics
do not always correspond to the fuel’s RON, MON, or octane number, as shown by TRF 70 and
E-PRF70 in figure 5.11. Also, primary reference fuels are not suitable for predicting auto-ignition
of fuels from commercial refinery blendstocks in HCCI engines (see figures 5.9 and 5.10). Therefore,
new, more appropriate reference fuels need to be identified and a second parameter, aside from the
relationship between CA50 and compression ratio, may be required for predicting and characterizing
auto-ignition in HCCI engines.

5.3.1 Identifying Reference Fuels

Figure 5.12 shows the effect of different additives on two base fuels. Fuels with the same color
and symbol have the same additive. The black squares are the original fuel. GasB2 and Gas2B2
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are Gas and Gas2, respectively, blended with the same amount of ethanol by volume. From these
results, addition of ethanol has a larger effect on auto-ignition for Gas2 than Gas. A possible ex-
planation is Gas2 shows low temperature heat release and Gas shows little to no low temperature
heat release, suggesting ethanol is a low temperature heat release inhibitor, as shown by previous
research [Shibata et al., 2005; Yao et al., 2009)].

GasB8 and Gas2B3 have the same naphthene added by volume to Gas and Gas2, respectively.
It can be seen from figure 5.12 that this naphthene advanced ignition of Gas but delayed ignition
of Gas2. Adding n-heptane to Gas and Gas2 (GasB1 and Gas2Bl1, respectively), however, delayed
ignition of Gas more than Gas2. Because different additives affect each fuel differently, identifying
one set of reference fuels could be difficult. Although using the trend between CA50 and compression
ratio provides some information on predicting auto-ignition in HCCI engines, creating an standard
HCCI number, like octane number, may require two parameters.

5.3.2 Relationships between Heat Release and Auto-ignition

A second parameter for predicting auto-ignition in HCCI engines could be the relationship between
low temperature heat release and high temperature heat release, as suggested by Kalghatgi et al.
and Shibata el al. [Kalghatgi, 2005; Shibata and Urushihara, 2007].

Correlations between auto-ignition and heat release were first investigated by normalizing the
low temperature heat release (LTHR) by the high temperature heat release (HTHR) of each fuel.
Figure 5.13 shows the ratio of LTHR to HTHR remaining almost constant with CA50. N-heptane
has the largest ratio of LTHR to HTHR and almost all the octane 70 fuels are grouped together,
except the commercial gasoline blend, Gas2. Another interesting result is almost all the octane
70 fuels are bracketed by PRF60 and PRF 75, again except Gas2. Also, PRF85 and PRF88 have
very similar LTHR to HTHR ratios. Most of the fuels requiring higher compression ratios for
auto-ignition and stable operation exhibited no visible low temperature heat release, resulting in a
LTHR to HTHR ratio of zero.

Similar to CA50, the ratio of LTHR to HTHR remains almost constant with changes in com-
pression ratio, as shown in Figure 5.14. Also, the ratio of LTHR to HTHR decreases almost linearly
between fuels as compression ratio increases from 6 to 15. To investigate this further, figure 5.15
shows the linear relationship (R?=0.84 for fuels with compression ratios between 6 and 15) be-
tween the ratio of LTHR to HTHR and compression ratio at the onset of stable HCCI operation.
For almost all fuels requiring a compression ratio above 15 to achieve auto-ignition, no visible low
temperature heat release is present. The exception is PRF88, which has almost the same ratio of
LTHR to HTHR as PRF85.

Trends between auto-ignition and heat release are also investigated using the delay (or Gap)
between LTHR and HTHR. The delay between LTHR and HTHR was calculated using by subtract-
ing the crank angle degree where LTHR reached a maximum from the crank angle degree where
HTHR reached a maximum, as shown in figure 5.16. Figure 5.17 shows the Gap increasing linearly
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with CA50 for octane 70 fuels. The figure also shows the gasoline fuels grouped separately from
the reference fuel blends (blends composed of n-heptane, isooctane, toluene, and/or ethanol).

Adding all the reference fuel blends, shown in figure 5.18, still shows the gasoline fuels separated
from the reference fuels and shows n-heptane with the smallest Gap. Figure 5.19 shows the Gap
for all the fuels with low temperature heat release and again groups the reference fuels and the
gasoline fuels separately, keeping n-heptane alone with the smallest gap. These trends give insight
on how LTHR affects gasoline and reference fuels differently, even though both fuels may have the
same octane number.

5.3.3 Effects of Intake Temperature on Heat Release and Auto-
ignition

Figure 5.20 shows the the heat release rate of PRF70 at intake temperatures of 69°C, 115°C, and
150°C with the same CA50 and equivalence ratio. The heat release rate was determined using
the difference between the combustion heat release and the motoring heat release, removing heat
transfer effects from the engine. As intake temperature increases, the amount of LTHR decreases
while the amount of HTHR increases, agreeing with previous research [Dec, 2009; Yao et al., 2009].
As explained in Chapter 2, the forward reaction of reaction (R11) is governed by pressure, while
the reverse reaction is governed by temperature. Increasing the intake temperature, and at the
same time lowering the compression ratio to maintain a constant CA50, favors the reverse reaction
of reaction (R11). This results in the decrease in LTHR shown in figure 5.20. Decreasing the intake
temperature, and increasing the compression ratio to maintain a constant CA50, favors the forward
reaction of reaction (R11), resulting in an increase in LTHR.

Aside from decreasing LTHR, increasing the intake temperature also increases the Gap between
HTHR and LTHR, advancing LTHR. One possible explanation is when the intake temperature
decreases, and the compression ratio is increased to maintain the same CA50, the start of low tem-
perature combustion is delayed due to the drop in temperature, as shown in figure 5.20. Also, the
pressure during the transition from low temperature combustion to high temperature combustion
is increased, increasing the chemical activity and resulting in a shorter duration between LTHR
and HTHR. Later in this chapter, a model is used to explore this theory further.

Figure 5.21 shows the total amount of heat released at each intake temperature using PRF70
is almost the same, ~410 J. The heat release increases slightly at lower intake temperatures be-
cause the density of air in the cylinder is increasing. As a result, the amount of fuel must also
increase slightly to maintain the same equivalence ratio at the lower intake temperature. Similar
trends between LTHR and HTHR were found when testing a gasoline based fuel at different intake
temperatures (not shown).
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5.3.4 Characterizing Fuel Stability

COV IMEP is often used to determine combustion stability of fuels in gasoline engines. In spark
ignited engines, a COV IMEP greater than 10% indicates vehicle drivability problems [Heywood,
1988]. As revealed in figure 5.22, HCCI engines tend to have lower COV IMEP due to less cycle-
to-cycle variation. For all fuels, COV IMEP is less than 3%. As CA50 increases, on average the
COV IMEP increases, as expected with delayed ignition, which leads to engine instabilities. Gas
and GasB2 generally had the highest COV IMEP. Figure 5.23 shows that fuels with a RON of 70
(most having an ON of 70) have some of the lowest COV IMEP, agreeing with previous research
[Yao et al., 2009].

Although COV IMEP is very low for all the fuels tested in the CFR, a distinct difference
between fuels or fuel groups is not obvious from figure 5.22 and some of the fuels proved to be
more unstable than others. For example, Gas and TRF70 show similar COV IMEP in figure 5.22;
however, during operation, TRF70 was easier to auto-ignite and auto-ignited more consistently
than Gas. The CFR shows that COV IMEP is not a suitable parameter for defining fuel stability,
but operation of these fuels in a different HCCI engine may yield different results [Kalghatgi and
Head, 2006].
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Figure 5.21: Changes in heat release rate of PRF70 at intake temperatures of 151°C, 115°C, and
69°C. The total heat release at each intake temperature remains constant.
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5.4 Single-Zone, Well-Mixed-Reactor Model for HCCI

A single-zone well-mixed-reactor (WMR) model is widely used for simulating HCCI because HCCI
is primarily controlled by chemical kinetics and uses a homogenous mixture and remains relatively
insensitive to turbulence and mixing effects [Chen et al., 2003a; Aceves et al., 2000]. The single-
zone WMR models the combustion chamber and computes temperature, pressure, heat release,
and other variables in this single zone. Because the model is zero dimensional and consists one
zone, a grid is not needed, decreasing computational time, and detailed chemistry can be used. In
the model, the intake and exhaust flows are integrated into the original single-zone WMR. This
model offers fast results, provides reasonable estimates for start of combustion and saves compu-
tational time, but poorly predicts burn duration, peak temperature, and emissions [Chen, 2006;
Aceves et al., 2000].

The governing equations for the single-zone WMR model are as follows:

1. Mass balance equation:
dm N
S s = i (5.13)
=1

where N is the number of intake flows (usually N = 0), the subscript i is for inlet conditions,
and the subscript e is for exit conditions.
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2. Species balance equation:

dYk 1 My
—_— = — mi(Yii — ; 5.14
E P (5.14)

where Y is the mass fraction of species, w is the source term of the reaction, M is the
molecular mass of the species, p is the mixture density, and the subscript k£ denotes the
involved species.

3. Energy balance equation:

S

k
dT 1 : onss Wihg My 1 dp
2 = D T AT k — =P 51
dt cpm;m <Z k=Y, > Z = em a0

where C), is the specific heat of the mixture at constant pressure, S is the number of streams,
h is the enthalpy, kk indicates the number of species, and the overall heat loss, Qjoss is defined
as,

Ql'oss = hc<T - Twall)A87 (516)

where h. is the overall heat transfer coeflicient and A, is the exposed surface area in the
cylinder, which changes with piston location and 7' is the mixture temperature. The overall
heat transfer coefficient (h.) in equation 5.16 is determined using the modified Woschni’s
correlation [Chen, 2006,

he = 3.26 A7 020805508, (5.17)

where w is the average mixture velocity defined as [Heywood, 1988],

ViT,

w = C1Sy + Ca(p —pm)iprvr ;

(5.18)

where C; and C3 are constants found in table 5.4, S, is the mean piston speed, Vg is the
displacement volume, p,, is the motored cylinder pressure, and the subscript r denotes the
reference state [Heywood, 1988].

Table 5.4: Constants for average mixture velocity in equation 5.18

’ Event Description \ 1 \ Cy ‘
Gas exchange 6.18 0
Compression Stroke 2.28 0
Combustion & expansion stroke | 2.28 | 3.24 x103

More details regarding the governing equations for the single-zone WMR model can be found in
Yi-Hann Chen’s Dissertation [Chen, 2006].
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5.5 Model Results and Discussion

Experimental results were compared with results from a single-zone WMR, model with a genetic
algorithm for HCCI [Chen et al., 2003a). Although a HCT model was developed previously for
this CFR engine [Flowers et al., 2000], the single-zone WMR model provides better accuracy when
predicting the onset of auto-ignition. In this section, experimental results are compared to the
single-zone WMR results for predicting changes in CA50 with compression ratio and changes in
heat release with intake temperature.

5.5.1 CA50 and Compression Ratio

Three chemical mechanisms, containing reactions for toluene, n-heptane, and isooctane blends, are
explored for modeling the CFR experimental data. The first chemical mechanism (MECH1) is a
5-component gas mechanism developed by Lawrence Livermore National Laboratory (LLNL) used
in the research by Silke et al. [Silke et al., 2008]. MECH1 was reduced to contain three fuel com-
ponents: toluene, isooctane, and n-heptane. MECH1 provides a convergent solution for blends of
two components, such as isooctane and n-heptane (PRF blends) or toluene and n-heptane (TRF
blends). Using MECHI1 for three blends caused the model to diverge.

Figure 5.24 shows a comparison between experimental data and the single-zone WMR model
with MECH1 for PRF and TRF fuels. MECHI predicts auto-ignition occurring at an higher com-
pression ratio than the experimental data and the difference in the compression ratio for each fuel
is inconsistent. Also, MECHI suggests that addition of toluene advances ignition instead of delays
ignition. Figure 5.24 shows TRF70 auto-igniting before PRF60 using MECH1, which does not
agree with experimental results. Although MECH1 does not accurately predict the behavior of
TRE70, it does predict the linear trend between CA50 and compression ratio with a similar slope
and accurately predicts the order of auto-ignition of the PRF blends.

The second chemical mechanism (MECH2) was developed by Huang et al. [Huang et al., 2010],
which is capable of modeling blends containing two or three components containing toluene, isooc-
tane, n-heptane, and/or ethanol. From figure 5.25 it can be seen that MECH2 predicts auto-ignition
occurring at lower compression ratios than the experimental data. However, MECH2 does capture
the effects of toluene. When a small amount of toluene is added to an n-heptane and iso-octane
blend, like S70, (5% toluene), MECH2 predicts little deviation in auto-ignition from PRF70, agree-
ing with the experimental results. Also, MECH2 predicts TRF70 (54% toluene) auto-igniting after
PRF70 and at a similar compression ratio as the data, but predicts a less steep slope and fails to
predict auto-ignition later than CA50=2.

Aside from toluene, MECH?2 has difficulty capturing the effects of ethanol. When substituting
5% ethanol for toluene in the S70 blend (now E-PRF70), MECH2 predicts ethanol having little to
no effect on auto-ignition. However, the experimental data shows ethanol suppresses auto-ignition
and requires higher compression ratios for auto-ignition, as expected. Differences in compression
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ratio between the model and experimental data could be attributed to MECH2’s low reactivity at
low temperatures.

The third chemical mechanism (MECH3), developed by Andrae et al. [Andrae et al., 2008], in-
cludes blends containing isooctane, n-heptane, and/or toluene. Figure 5.26 shows good agreement
between MECHS3 results and the CFR experimental data. Like the experimental data, MECH3
predicts a linear trend between CA50 with similar slopes and the trend in auto-ignition for the
PRF blends and S70 matches the experimental data. Also, MECH3 predicts slightly earlier auto-
ignition than the experimental data. The difference in ignition between the model and the data
could be due to the model excluding effects of blow-by (escape of combustion gases past the pistons
and piston rings into the crankcase during compression). At higher compression ratios, the differ-
ence between the data and MECHS3 results are larger. Excluding blow-by could account for this
difference because at higher compression ratios the amount of blow-by would increase. MECH3
also predicts TRF70 auto-igniting after PRF60, but before PRF70 and S70. TRF70 was expected
to auto-ignite after S70, as shown by the experimental data, because TRF70 contains more toluene
than S70 and toluene suppresses auto-ignition.

The single-zone WMR model using MECH3, developed by Andrae et al. [Andrae et al., 2008],
was modified to include blow-by (BB-WMR model). In BB-WMR model, blow-by was assumed
to be a small leak, represented by a circular hole. The size of the hole in the BB-WMR model
was determined by matching the peak model pressure with the peak motoring pressure from the
experimental data. The area of the leak was found to be 0.008cm?. Figure 5.27 shows good
agreement between the experimental data and the BB-WMR model results for most PRF blends
and S70. The difference between the BB-WMR, model results and the data at higher compression
ratios is smaller than the WMR model without blow-by; however, the difference between the data
and the model for PRF8S is still large.

5.5.2 Modeling Auto-Ignition of Toluene Blends

Although MECH3 predicts PRF fuels well, MECH3 has trouble predicting auto-ignition of toluene
blends. Figure 5.27 shows adding a little toluene, S70 (64% isooctane by volume, 31% n-heptane
by volume, 5% toluene by volume), does not affect auto-ignition for both the model and the ex-
perimental data. However, a blend with more toluene, TRF70 (46% n-heptane by volume and 54%
toluene by volume), is predicted to ignite before S70, which disagrees with the experimental data.

A sensitivity analysis of toluene and n-heptane blends was performed using the BB- WMR
model with MECH3 [Andrae et al., 2008]. The BB-WMR model was used to predict auto-ignition
of toluene and n-heptane blends (TRF) at various compression ratios. The number prior to " TRF”
indicates the amount of toluene, by volume, in the blend balanced by n-heptane. For example, 5
TRF indicates 5% toluene by volume blended with 95% n-heptane by volume. Table 5.5 lists the
blends used in the sensitivity analysis and each blend’s components by volume.

The BB-WMR model predicted delayed ignition as concentration of toluene increased, shown
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Table 5.5: Toluene blends (TRF) composition by volume percent.

Fuel Name | % N-Heptane | % Toluene
1TRF 99 1
2TRF 98 2
3TRF 97 3
4TRF 96 4
5TRF 95 )
6TRF 94 6
7TRF 93 7
8TRF 92 8
9TRF 91 9
10TRF 90 10
20TRF 80 20
30TRF 70 30
50TRF 50 50
70TRF 30 70
S80TRF 20 80
90TRF 5} 90

in figure 5.28, as expected. However, the linear increase in toluene concentration did not results
in a linear increase in auto-ignition delay time. Figure 5.28(a) shows the difference in compression
ratio between 30TRF and 50TRF is less than the difference between 50TRF and 70TRF. Also, the
difference in compression ratio between n-heptane and 1TRF is larger than 1TRF and 2TRF, as
shown in figure 5.28(b).

Figure 5.29 shows how the BB-WMR model using MECH3 predicts changes in the ratio of CA50
to compression ratio (or the slope) with increasing amounts of toluene, by volume. The MECH3
did not predict a linear decrease in slope (CA50/compression ratio) as toluene concentration in-
creased. For toluene fuel blends with less than 10% by volume of toluene, the model predicted
increasing and decreasing slopes with the addition of toluene. The results suggests that MECH3
may not be sufficient at predicting ignition of toluene/n-heptane blends with small (less than 10%)
concentrations of toluene. A linear decrease in slope is apparent in TRF blends containing 20% to
80% toluene. However, auto-ignition of TRF70, shown in the previous section, was not accurately
predicted by MECH3.
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5.5.3 Modeling Effects of Intake Temperature on Heat Release
and Auto-ignition

The single-zone WMR model, without blow-by (WMR model), was used with the mechanism de-
veloped by Mehl et al. [Mehl et al., 2011] to study the effects of intake temperature on LTHR and
HTHR for PREF70. For a fixed intake temperature and compression ratio, the heat transfer rate in
the WMR model was varied to match the experimental data CA50. In section 5.3.3, the experi-
mental results show increasing intake temperature decreases the amount of LTHR and increases the
Gap between HTHR and LTHR, advancing LTHR. Figure 5.30 shows the model predicting similar
trends as the experimental data. The highest intake temperature produced the lowest amount of
LTHR and had the largest delay between LTHR and HTHR. The lowest intake temperature pro-
duced the largest amount of LTHR and had the shortest delay between LTHR and LTHR. However,
the WMR model predicts a higher peak in LTHR than the experimental data for the lowest intake
temperature. The sharp peak in LTHR is due to using a single zone. A multi-zone model would
give a smoother pressure rise. In the experimental data, the pressure data was filtered to reduce
noise and could account for some of the differences.

Figure 5.31 shows that the onset of low temperature heat release for all three cases occurs
around 780 K and ends around 850 K. Also, the highest amount of heat release occurs at an intake
temperature of 69 °C, resulting in more chemical activity, advancing the onset of high temperature
ignition. Figure 5.32, shows the change in in-cylinder temperature with crank angle degree for
each case. The results show the highest intake temperature (151°C) advances the onset of LTHR.
The lowest intake temperature (69°C) has the shortest delay between LTHR and HTHR. These
results agree with theory because increasing the intake temperature promotes the reverse reaction
of reaction (R11) and cuts off the low temperature combustion earlier. Both figures 5.31 and 5.32
capture the same trends seen in the experimental data.

The heat release rate was also compared to the in-cylinder pressure, shown in Figure 5.33. The
model shows that the largest LTHR is largest corresponds to a slightly higher in-cylinder pressure
and the lowest intake pressure. More LTHR was expected for the lowest intake temperature because
higher pressure, from increasing the compression ratio, promotes the forward reaction of reaction

(R11).

Auto-ignition and the Gap (delay time , in CAD, between LTHR and HTHR) at a constant
intake pressure was also investigated at different intake temperatures for a compression ratio of
10.6 . Table 5.6 summarizes the differences in peak LTHR location and delay between LTHR and
HTHR when intake temperature is varied at a constant intake pressure and compression ratio. The
model shows that decreasing the intake temperature delays LTHR and has almost no effect on the
delay between LTHR and HTHR. Increasing intake temperature shows LTHR advancing but the
delay between LTHR and HTHR remaining almost the same. These results suggest that the delay
between LTHR and HTHR may be independent of intake temperature.

This model was also used to study the effects of intake pressure on peak LTHR location and the
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delay between LTHR and HTHR at a constant intake temperature and compression ratio. Table
5.7 shows that decreasing intake pressure increases the delay between LTHR and HTHR and delays
LTHR. Increasing the intake pressure decreases the delay between LTHR and HTHR and advances
LTHR. These results suggest that the delay between LTHR and HTHR is a function of intake
pressure and the location at the onset of LTHR is a function of intake temperature and intake
pressure.

Table 5.6: Effects of Intake Temperature on LTHR, and LTHR to HTHR delay at a compression
ratio of 10.57 and an intake pressure of 1 bar. Experiments were conducted at 151°C intake

temperature.

Intake Temperature | Peak LTHR Location | HTHR to LTHR Delay
(°C) (CAD ATDC) (CAD)
131 -24.2 23.83

151 (Exp. Condition) -28.1 23.4
161 -29.8 23.81

Table 5.7: Effects of Intake Temperature on LTHR, and LTHR to HTHR delay at a compression
ratio of 10.57 and an intake temperature of 151°C. Experiments were conducted at 1 bar intake

pressure.
Intake Pressure Peak LTHR Location | HTHR to LTHR Delay
(bar) (CAD ATDC) (CAD)
1.2 -29.2 20.98
1 (Exp. Condition) -28.1 23.4
0.9 -27.2 25.74
0.8 -24.0 36.96
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Figure 5.24: MECH]1 [Silke et al., 2008] (solid lines) predicts auto-ignition at higher compression
ratios than the the data (dashed lines). Also, the mechanism does not accurately predict auto-

ignition of toluene blended fuels as TRF70 is predicted to auto-ignite before PRF60, which is not
shown by the experimental data.
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Figure 5.25: MECH2 [Huang et al., 2010] predicts auto-ignition at lower compression ratios and
predicts the correct effects of toluene. However, MECH2 does not predict auto-ignition of TRF70
later than CA50=2 and shows ethanol having almost no effect on suppressing auto-ignition.
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Figure 5.26: MECH3 [Andrae et al., 2008] (solid lines) predicts an earlier ignition time than the
data (dashed lines), possibly due to neglecting effects of blow-by in the model. MECH3 also has
trouble predicting auto-ignition of TRF70.

12
10
% —6—PRF60 BB-WMR Model
\ -©-PRF60
8r | PRF70 BB-WMR Model
‘\% PRF70
\ —%— PRF75 BB-WMR Model
6 {7 - %-PRF75
PRF85 BB-WMR Model
2 a PRF85
3 —7- PRF88 BB-WMR Model
-7 -PRF88
o —A-TRF70 BB-WMR Model
-A-TRF70
—<—S70 BB-WMR Model
o -<-870
nheptane BB-WMR Model
nheptane
=2
- . . . . . . . . . . )
5 6 7 8 9 10 1 12 13 14 15 16

Compression Ratio

Figure 5.27: The WMR model with blow-by (BB-WMR) better matched the experimental data.
However, at the higher and lower compression ratios, the difference between the BB-WMR model
and the experimental data still exists.
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Figure 5.28: The Single-Zone WMR model with blow-by (BB-WMR) predicted delayed auto-

ignition as concentration of toluene increases in TRF (toluene/n-heptane) blends. Increasing the
amount of toluene linearly by volume did not result in a linear increase in compression ratio.
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Figure 5.29: MECH3 predicted slopes (CA50/CR) for toluene/n-heptane blends shows inconsis-
tencies for blends with less than 10% toluene by volume.
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Figure 5.30: Single-zone WMR model shows increasing LTHR with decreasing intake temperature,
matching the experimental data. The model data was shifted so CA50 was constant with varying
intake temperature.
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Figure 5.31: The onset of LTHR for each case occurs at ~780 K. The lowest intake temperature
leads to high temperature ignition fastest, suggesting more chemical activity.
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Figure 5.32: The highest intake temperature case reaches 780 K, the temperature at the onset

of LTHR, fastest.
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Figure 5.33: The highest intake temperature case reaches 780 K, the temperature at the onset
of LTHR, fastest.

5.6 Summary

Correlations between auto-ignition and different variables were investigated by testing twenty-four
different fuels in a CFR engine. For a fixed intake temperature, CA50 is found to vary linearly
with compression ratio, partially resembling calibration curves used in octane tests. Fuels of similar
octane rating did not auto-ignite corresponding to their respective octane number. Similar results
were found using Cetane number. Therefore, octane number and cetane number are not sufficient
for characterizing HCCI fuels. Primary reference fuels (PRF), blends of isooctane and n-heptane,
did not bracket fuels of similar octane number and are not suitable reference fuels for a HCCI index.

The Octane Index, developed by Kalghatgi [Kalghatgi, 2005], shows almost a linear trend with
the compression ratio at the onset of auto-ignition. It accurately predicted auto-ignition for blends
containing two components of hydrocarbons, such as PRFs and TRFs, but did not accurately pre-
dict auto-ignition of fuels containing ethanol, small amounts of toluene, or gasoline blendstocks.

The HCCI Index developed by Shibata and Urushihara [Shibata and Urushihara, 2007; Shi-
bata and Urushihara, 2009] gave similar results to the Octane Index, but had difficulty predicting
auto-ignition of fuels containing ethanol and larger amounts of toluene. Specifically, TRF70 was
predicted to auto-ignite at the same time as PRF70, but the experimental data showed TRF70
auto-igniting after PRF70. The HCCI Index also had difficulty accurately predicting auto-ignition
of gasoline blends with different aromatic compounds, suggesting aromatic compounds do not be-
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have similarly and should not be grouped together.

Previous methods for predicting auto-ignition show that a single variable may not be able to
accurately predict auto-ignition in HCCI engines. Therefore, two or more variables may be re-
quired, similar to determining octane number. One trend identified for characterizing auto-ignition
in HCCI engines, is CA50. As stated previously, CA50 varied linearly with compression ratio and
providing an order for auto-ignition. Also, the ratio of CA50 to compression ratio, or the slope of
the line, shows the sensitivity of auto-ignition to compression ratio for any given fuel.

Another trend for characterizing auto-ignition in HCCI engines is LTHR and HTHR. The ra-
tio of LTHR to HTHR varied linearly with the compression ratio at the onset of auto-ignition
(R%2=0.84), but no correlation was found with CA50. Comparing changes in the delay (Gap) be-
tween LTHR and HTHR with CA50 grouped fuels by major components. The reference fuels and
gasoline based fuels were grouped separately while n-heptane stood alone.

Experimental results showed decreasing intake temperature, while keeping intake pressure and
equivalence ratio constant, increased the amount of LTHR and decreased the delay between LTHR
and HTHR. A single-zone WMR model was used to verify the trend and showed that varying in-
take temperature affects LTHR and CA50 while varying intake pressure affects LTHR, and the delay
between LTHR and HTHR. Therefore, decreasing the intake temperature, while simultaneously in-
creasing the compression ratio to maintain the same CA50, delays the start of low temperature
combustion (due to decreasing intake temperature) and decreases the delay between low tempera-
ture combustion and high temperature combustion (due to the increased pressure from the higher
compression ratio).

COV IMEP showed no identifiable trend with CA50. However, all fuels had a COV IMEP less
than 3% and the fuels with the lowest average COV IMEP had an octane number of 70. Also,
COV IMEP increased as CA50 increased, as expected.

The single-zone WMR, model was also used to verify linear trends between CA50 and compres-
sion ratio. Three different mechanisms were used to predict auto-ignition and trends shown by
the experimental data. All three mechanisms accurately predicted the auto-ignition order of PRF
fuels, but had difficulty predicting blends containing toluene and ethanol. The mechanism devel-
oped by Andrae et al. [Andrae et al., 2008] provided the most accurate prediction of auto-ignition
and trends shown by the experimental data, but did not accurately predict auto-ignition of blends
containing toluene.

A sensitivity test was conducted using the single-zone WMR model for blends of toluene and
n-heptane to identify potential problems with the mechanism. The model results showed the mech-
anism having difficulty predicting auto-ignition of blends with less than 10% toluene and showed
increasing the amount of toluene linearly by volume did not result in a linear increase in compres-
sion ratio.
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Overall, the results showed promising trends for creating a future, standardized HCCI number.
More fuel blends containing toluene, ethanol, and various aromatics should be explored to help
identify reference fuels for an HCCI number. The model accurately predicted trends of PRFs but
the mechanisms for toluene blends and ethanol should be investigated and further developed to
better predict experimental results.
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Uncertainty Analysis

An uncertainty analysis was performed on all measurements and calculations. The uncertainty for
all measured values contained two parts: the random error and the systematic error (or bias). The
random error (R,) in a measured variable y was calculated using[Coleman and Steele, 2009,

20
R, =2x o5 =22, (6.1)
VN

where oy is the standard error, y is the measured value, N is the number of cycles, o, is the
standard deviation, defined as

Oy = (Nl_l Z(yz —?/)2> ; (6.2)

i=1

and 7 is the mean of the measured values. This method assumes 95% confidence intervals. The
systematic error was provided by the manufacturer of the equipment. The uncertainty in measured
values (Uy) was determined by combining the random error and the systematic error using,

U, = /R + B2, (6.3)
where B, is the systematic error.

For uncertainties within calculations, the general formula for uncertainty in a function U,
depending on several variables was used [Taylor, 1997; Coleman and Steele, 2009)]:

or 2 or 2 or 2
e (Y () (). 64

where 7 is the function, x,, are independent variables, and U,, are measured or calculated uncer-

tainties of each independent variable.
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Using equations 6.3 and 6.4, uncertainty in the measured and calculated variables was deter-
mined for each experiment. The uncertainty for each variable is outlined in the following sections.

6.1 In-Cylinder Pressure

As mentioned in the Chapter 3, the in-cylinder pressure was measured using a 6052B Kistler piezo-
electric pressure transducer in conjunction with a 5044A Kistler charge amplifier. The systematic
error for the transducer, Bp, is listed as 0.2 bar. Random error in the pressure data were calcu-
lated for at least 300 thermodynamic cycles (720 CAD) using equation 6.1. The uncertainty of
the pressure measurements was determined using equation 6.3, giving [Coleman and Steele, 2009;

Taylor, 1997,
Up = y/R2+ B2. (6.5)

6.2 Volume

The volume was determined using equation 2.11. Top Dead Center (TDC) of the motoring traces
was calculated using the method outlined by Tunestal [Tunestal, 2009]. The uncertainty in crank
angle degree, using Tunestal’s method to find TDC, is 0.05 CAD. Using equation 6.4, the uncertainty
in volume was determined by,

av
o = (G50) (6.
where,
awv 1 ) a’sin(0) cos()
= —7B? [ asin(h) + . 6.7
i~ 1" ( ©) 12 — a?sin(6)? (6.7)

In equation 6.7, the bore (B), connecting rod length (I), and the crank radius (a) can be found in
Table 3.1.

6.3 Specific Heat Ratio

Uncertainty in the specific heat ratio was determined using equation 6.1.

6.4 Cumulative Net Heat Release

The uncertainty calculation for heat release (Q;) at each crank angle degree i was performed by
dividing equation 2.17 into two terms A,

1
A= —[p,Vi — poVil, 6.8
7_1[17 poVo) (6.8)
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and B,

7
B=) pj(AV);. (6.9)
j=0
Equation 2.17 assumes the in-cylinder pressure is taken in crank angle degree increments. For the
CFR, in-cylinder pressure data was taken every 0.1 CAD. Therefore the subscript 0 denotes the
in-cylinder pressure taken at the initial CAD and the subscript ¢ denotes the crank angle degree of
interest.
The uncertainty in A can be found using equation 6.4, which yields,

i = (51) + (o) + (Gee) = (Gem) = (500
R () ()
#(-5250m) + (520)
Similarly, the uncertainty in B is found to be,
o = (gom)  (arton) = (Gem) -+ (st) -

OB 2 0B 2
_ . 11
+ <8p¢ Upl) + <8AW UAV1> (6.11)

= (AViUR)? + (mUaw)* + (AVaUR,)? + (p2Uav,)* + . ..
+(AViUR)? + (piUav;)?

After computing the uncertainty in the first and second terms, the uncertainty in @); at crank angle

degree i is found by [Taylor, 1997]
Ug, =\/UZ+ U% (6.12)

6.5 CA50

Uncertainty in the CA50 was determined using [Taylor, 1997]

Ucaso = [0(Qsoz + UQ50%) — Q501 (6.13)

6.6 Indicated Work

Indicated work was approximated using the trapezoidal method of integration, as shown by equation
2.9. Using equation 6.4, the uncertainty in the work can be determined by differentiating the

76



Chapter 6. Uncertainty Analysis

indicated work by each dependent variable in equation 2.9, which yields,

)% 2 oW 2 oW 2
Ugv = (UAV1> +< Upl) +< UP2> + ...

RING aP, P,
oW 2 oW 2 oW 2
+ (aA.VN_lUAVN1> + (8PN_1UPN1> + <a]DNUPN> . (614)

Because the trapezoidal rule estimates the area as trapezoidal sections, the subscripts 1 and 2
represent the end-points of each trapezoidal section.

6.7 Indicated Power, IMEP, and Indicated Thermal
Efficiency

Knowing the uncertainty in the work, the uncertainty in the indicated power, indicated mean
effective pressure (IMEP) and the indicated thermal efficiency () can be determined using the
equation for uncertainty in products and quotients:

U\ (U \ | (Us)\? Uso \?
B e
7] |z1] |72 ||
where uncertainty is being measured in r and x,, are independent variables with measured uncer-
tainties [Taylor, 1997].

Using equation 6.15, the uncertainty in indicated power (F;), IMEP, and 1, can be determined
by,

U
Up, = P(MV/V> (6.16)
0
Unpp = IMEP <MV/V> and (6.17)
U
U”Zth, = Thth <M‘§/) (618)
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Chapter 7

Conclusions and Future Research

7.1 Conclusions

Concerns with global warming, air quality, and depletion of oil continue to be a central focus for
developing high efficiency, low polluting automobiles and driving current engine research. This
dissertation specifically investigated two advanced engine, alternative fuel concepts: a hydrogen-
oxygen-argon (Hz-Og-Ar) internal combustion (IC) engine and a homogenous charge compression
ignition (HCCI) engine.

7.1.1 Hydrogen-Oxygen-Argon

In chapter 4, high thermal efficiencies were obtained operating an He-O2-Ar using single and dual
spark ignition. However, the expected thermal efficiency of approximately 50% was not achieved
due to persistent engine knock at compression ratios higher than 6. Knock also limited the progres-
sion of spark timing advance and as a result, limited the peak thermal efficiency. The maximum
indicated thermal efficiencies achieved using a single and dual spark ignition were about 45% and
46% respectively, which is reasonable for operation at slow engine speeds. Adding a second spark
plug greatly retarded the spark timing when compared to using a single spark plug.

The three-zone model showed that argon as a working fluid increases in-cylinder temperatures,
unburned gas temperatures, and laminar flame speed. The results suggested that specific heat
ratio affects end gas temperatures more than increasing flame speed. Therefore, using other noble
gases, such as helium, will yield similar knocking limitations. This model accurately represented
experimental data and can be used for predicting the onset of knock.

7.1.2 Characterizing HCCI Fuels

In chapter 5, previous methods for predicting auto-ignition in IC engines, such as octane number
and cetane number, could not be used for accurately predicting auto-ignition in HCCI engines.
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The Octane Index, developed by Kalghatgi [Kalghatgi, 2005, accurately predicted auto-ignition
for blends containing two components of hydrocarbons, such as PRFs and TRFs, but did not ac-
curately predict auto-ignition of fuels containing ethanol, small amounts of toluene, or gasoline
blends. The HCCI Index developed by Shibata and Urushihara [Shibata and Urushihara, 2007;
Shibata and Urushihara, 2009] gave similar results to the Octane Index, but had difficulty predict-
ing auto-ignition of fuels containing ethanol and larger amounts of toluene. Experimental results
also showed that aromatic additives do not behave similarly and should not be grouped together,
as they are in the HCCI Index.

Correlations between auto-ignition and different variables were investigated by testing twenty-
four different fuels in a CFR engine. For a fixed intake temperature, CA50 was found to vary
linearly with compression ratio, partially resembling calibration curves used in octane tests. The
ratio of CA50 to compression ratio, or the slope of the line, shows the sensitivity of auto-ignition
to compression ratio for any given fuel. Trends between LTHR and HTHR were also identified.
The ratio of LTHR to HTHR varied linearly with compression ratio and the delay between LTHR
and HTHR grouped reference fuels and gasoline based fuels together when plotted against CA50.
COV IMEP showed no identifiable trend with CA50.

Decreasing intake temperature, while keeping intake pressure and equivalence ratio constant,
increased the amount of LTHR and decreased the delay between LTHR and HTHR. A single-zone
WMR model verified the trend and showed that varying intake temperature affects LTHR and
CA50 while varying intake pressure affects LTHR, and the delay between LTHR and HTHR.

Results using a single-zone WMR model was compared with experimental results. Three dif-
ferent mechanisms were used to predict auto-ignition. The mechanisms had difficulty predicting
blends containing toluene and ethanol. A sensitivity analysis, using toluene and n-heptane blends,
was conducted. The mechanism had difficulty predicting auto-ignition of blends with less than 10%
toluene and showed increasing the amount of toluene linearly by volume did not result in a linear
increase in compression ratio.

7.2 Future Research

This dissertation explored two advanced engine, alternative fuel concepts for improving efficiency
and reducing emissions in IC engines. Although several other engine concepts are available for im-
proving efficiency and reducing emissions, the Ha-O9-Ar engine and the HCCI engine offer minimal
design changes to existing engine technology. Suggestions for further advancing this research are
provided in the next sections.
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7.2.1 Hydrogen-Oxygen-Argon

Possible solutions for extending the knock limitation are delaying second spark plug [Migita et al.,
2007], using advanced ignition systems, such as a plasma spark plug, to increase the combustion
rate [Ikeda et al., 2007a; Ikeda et al., 2007b; Kaneko et al., 2008], or cooling the top of the cylinder
head to increase heat transfer between the unburned mixture and the cylinder walls. A Diesel
Hy-O2-Ar engine is also a promising route to achieve higher efficiencies if the gaseous fuel injectors
can be created to accommodate high injector pressures.

Improvements can be made to the model by adding heat transfer rates near the boundary layer
close to the wall. This could help further explain knock limitations in the Hs-Oo-Ar engine. When
operating hydrogen-air, knock did not limit spark advance. One possible explanation is hydrogen-
air was operated at a higher compression ratio, pushing a larger portion of the mixture near the
wall and increasing the amount of heat transfer between the wall and the mixture [Smith, 1994].

7.2.2 Characterizing HCCI Fuels

More fuel blends containing linear amounts of toluene, ethanol, and various aromatics, by volume,
should be explored to help identify reference fuels for a standard HCCI number. Also, different
test conditions, such higher RPM and lower intake temperatures, should be explored further for
the fuels used in this research. Trends established at different operating conditions could be used
with trends found in this dissertation to establish a standard HCCI number.

All three mechanisms used in this dissertation accurately predicted trends of isooctane and
n-heptane blends, but did not for toluene blends and ethanol blends. Therefore, he mechanism for
predicting auto-ignition of toluene blends and ethanol blends should be should be investigated and
further developed to better predict experimental results. Also, toluene blends with less than 10%
toluene should be specifically investigated.
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Ay Flame Surface Area

AFR Air-Fuel Ratio

ATAC Active Thermo-Atmosphere Combustion
ATDC After Top Dead Center

B Bore Diameter

BDC Bottom Dead Center

BTDC Before Top Dead Center

Ctactor Number of Carbon Atoms in each Hydrocarbon Molecule Being Measured
Cy Discharge Coefficient

CA50 Crank Angle Degree when 50% of the Heat is Released
CAD Crank Angle Degree

CFR Cooperative Fuel Research

CIHC Compression Ignition Homogenous Charge
CN Cetane Number

CcO Carbon Monoxide

COqy Carbon Dioxide

COV Coefficient of Variance

CR Compression Ratio

DCN Derived Cetane Number

DICI Direct Injection Compression Ignition

ECU Engine Control Unit

EGR Exhaust Gas Recirculation

F, Mass Fraction of Carbon

Fy Mass Fraction of Hydrogen

F, Mass Fraction of Oxygen

H>O Water

Hy-O2-Ar Hydrogen-Oxygen-Argon

HoV Atomic Ratio of Hydrogen to Carbon in a Fuel
HC Unburned Hydrocarbon

HCCI Homogenous Charge Compression Ignition
HCSI Homogenous Charge Spark Ignition

HTHR High Temperature Heat Release

1C Internal Combustion

IMEP Indicated Mean Effective Pressure

K Kalghatgi Constant for Octane Index

L Stroke

LAV Lower Heating Value

LTHR Low Temperature Heat Release

Mir Molecular Mass of Air

My Molecular Mass of Fuel

MON Motor Octane Number

NO, Nitrogen Oxides

Ocv Atomic Ratio of Oxygen to Carbon in a Fuel
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Ol Kalghatgi’s Octane Index
ON Octane Number

P, Indicated Power
PRF  Primary Reference Fuel
Q Heat Released

Qs0%  50% of total Heat Released
RON  Research Octane Number
RPM  Revolutions per Minute

St Laminar Flame Speed
St Turbulent Flame Speed
SI Spark Ignited

T Temperature

TDC  Top Dead Center

THC  Unburned Hydrocarbon
TRF  Toluene Reference Fuel
TS Toyota—Soken

U, Uncertainty in a Function, r
\Y Volume

Ve Clearance Volume (in® or cm?)
Va Displaced Volume (in® or cm?)

W; Indicated Work
WMR Well Mixed Reactor

Y Mass Fraction of a Species

a Crank Radius

f Turbulent Enhancement Factor
he Heat Transfer Coefficient

1 Connecting Rod Length

Myuer  Mass of Fuel

Mog Mass of Oxidizer

mp Mass of burned mixture

ne Number of Carbon Atoms

ng Number of Hydrogen Atoms
nR Number of Crank Revolutions for Each Power Stroke per Cylinder
P Pressure

st Stoichiometric

0% Specific Heat Ratio (C,/C)

Neomp ~ Combustion Efficiency
Nth,i Indicated Thermal Efficiency
Nth Thermal Efficiency

0 Crank Angle (degrees)
A Normalized Air-Fuel Ratio
10} Equivalence Ratio
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pu  Density of Unburned Mixture
p  Mixture Density

o Standard Deviation

w  Source Term of a Reaction
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g

Pressurized Air
from Regulator

Orifice
N

Heater

!

Plenum

= Access to ambient Air

Load Cell

Figure B.1: Schematic of the CFR engine setup at UC Berkeley created by Wolfgang Hable
[Hable, 2009].

The following information was taken from Wolfgang Hable’s Masters thesis [Hable, 2009] and
Philipp Tschann’s Masters thesis [Tschann, 2009)].

Intake Air System for HCCI operation

A schematic of the CFR’s intake air system is shown in figure B.1 [Hable, 2009]. This intake air
setup allows the engine to operate naturally aspirated or at set intake pressures using the house air
compressor. For HCCI operation, the house air compressor supplied air to the engine to maintain
a constant intake pressure. The house air is dehumidified and filtered. An electrical heater was
used to control intake temperature (maximum air temperature 150°C) and a pressure regulator
controlled intake pressure. A plenum was used to maintain a constant intake pressure and reduce
pressure fluctuations. All experiments were conducted un-throttled.
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Cooling System

A new cooling system was designed for the CFR engine to prevent overheating and piston seizures.
The cooling system cools the engine using coolant, which is constantly pumped through the cylinder
coolant jacket and the heat exchanger. The coolant temperature is cooled using cold building water
supplied to the heat exchanger. A PID controller regulates an electronic valve to control the flow of
cold building water to the heat exchanger. The coolant temperature is measured before and after
it travels through the engine. If the coolant temperature exceeds a set temperature, the building
water valve is opened, using the PID controller, to cool the coolant. Once the coolant temperature
drops below the set temperature, the building water valve is closed. The maximum temperature
rating of the coolant pump is 80°C. For safety, a manual ball valve can be opened to bypass the
electronic valve. A visual paddle flow meter is used to ensure coolant is flowing through the engine.

Fuel System

A new liquid-fuel system was added to the CFR engine to allow for easy transition between testing
multiple fuels and minimize contamination between fuels. The new liquid-fuel system consists of
three, 1-gallon pressured fuel tanks. After fuel is added to each tank, the fuel tanks are pressurized
to 40 psi using nitrogen supplied by a compressed nitrogen gas-cylinder. The pressure from the
nitrogen drives fuel from the tank, through fuel filters, and to the injector. A three-way valve
allows the user to select one of the three fuel tanks and easily change between fuel tanks during
operation. A two-way valve, closer to the injector, allows the user to change between the new
liquid-fuel system and the old liquid-fuel system. The new fuel system is separate from the gaseous
fuel system on the CFR. A different injector is used to supply gaseous fuels and the regulator on
the compressed gas cylinder controls the injector pressure.
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71 Deer Park Ave.
"Babylon, NY 11702"
631.587.1000 FAX 631.587.1011
www. lambdasquare.com
ORIFICE2 (Ver 1.52) FLOW ELEMENT CALCULA
Tag.....: UC BERKLEY 0.003 CU MTR/SEC.
Spec No.: Date..........: 07
Line No.: Equipment No..:
Customer: UC BERKLEY Customer PO...:
Project#: Shop Order....:
Revision: Reviged By....:
CalcType: Differential Fluid State...: G4
Calculation Equ Ref: Flow Measurement Engr Handbook, 2n
—————————————— (c) 1979-1994 FlowSoft Inc. St. Charles
Fluid AIR
Element...., Type Orifice, Corner Taps
, Material 304 SS
, Beta Ratio @ 20.0 Deg C 0.3034
, Bore @ 20.0 Deg C 0.2500
Pipe....... , Schedule STD and Size 0.7500
, Material Steel
, Inside Diameter @ 20.0 Deg C 0.8240
Base....... , Pressure at Std Cond 14.6960
, Temperature at Std Cond 15.0000
Local...... , Atmospheric Pressure 14.6960
Pregsure..., Flowing at Upstream Tap 0.0000
, Differential Maximum 2.355¢
, Differential Normal 1.1542
, Permanent Loss @ Max Flow 2.0608
, Permanent Loss @ Norm Flow 1.0098
Temperature, Flowing 25.0000
Flow....... , Maximum, Base Conditions 0.0030
, Normal, Base Conditions 0.0021
, Reynolds Nmbr @ Norm Flow 8,489.1546
, Reynolds Nmbr @ Max Flow 12,127.3637
Fluid Prop., Molecular Weight 28.9510
, Density @ Base Cond. (Est) 1.2264
, Dengity @ Flow Cond. (Est) 1.1852
, Viscogity @ Flowing 0.0185
, Ratio of Specific Heats 1.402]
, Compress Calc Method Redlich Kwong
, Critical Pressure 547 .3724
, Critical Temperature -221.2780
, Compressibility @ Base 0.9994
, Compressibility @ Flowing 0.9995
Factors...., Flow Coefficient 0.6037
, Sizing Coefficient 0.0000
, Gas Expansion Factor 0.9769
, Combined Thermal Expan Factor 1.0002
ORIFICE2 is a trademark of FlowSoft Inc, St. Charles, M
This calculation performed in accordance with equation
or equation 9.121, S.I. units.
Warnings..., Outside recommended pipe id of 2-36 inches
, Outgide recommended Reynolds No range of 1
98

TION

/22/10 12:05

s
d Ed.
MO ——-mmmmmmmmm oo
da/D
d, Inch —{3:72&
Inch
D, Inch
Pb, PSI Abs
Tb, Deg C
Pg, PSI Abs
Pf, PSI Gauge
Hm, PSI =
Hn, PSI
Lm, PSI
Ln, PSI
Tf, Deg C
Qm, M3/Sec = Fluvw
Qn, M3/Sec
RDn
RDm
Mol. Wt.
Rhob, Kg/CM
Rhof, Kg/CM
Centipoise
Cp/Cv
Pc, Psi abs
Tc, Deg F
Zb
zZt
C
Sm
Y1
Fa
O 63303, 1979-199%4

9.107 U.S. Units

(50-900 mm) .
0,000 10,000,000.
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Chapter D. Five-Gas Horiba Analyzer

A Horiba Gas Analyzer system was used to measure concentrations of unburned hydrocarbons
(THC), oxygen (O3), carbon monoxide (CO), carbon dioxide (CO2), and oxides of nitrogen (NO,).
THC and Os were measured using a Horiba MPAWater vapor is condensed out of the exhaust
gases, using an ice bath, before entering the Horiba Gas Analyzer. After condensing the water out
of the system, the remaining exhaust gases are heated to 70 °C. The following sections describe
how the Horiba Gas Analyzer measures THC, Oy, CO, COs, and NO,.

Unburned Hydrocarbon Emissions Measurements

Unburned Hydrocarbon (THC) concentrations were measured using a Horiba FMA-220 unit with
an FIA-220 flame ionization detector (FID). The FIA-220 introduces the exhaust gases to a cham-
ber containing a hydrogen-air flame. When the exhaust gases enter the hydrogen flame, the THC
in the sample gas break down into carbon fragments and acquire a positive charge. These charged
carbon atoms are detected by two DC charged, electrodes fitted on opposite sides of the hydrogen
flame. The number of ions produced is proportional to the number of carbon atoms from the
hydrocarbon combusted in the hydrogen flame. The current current in the electrodes is converted
to an electric voltage through a resistor to detect the hydrocarbons [Horiba, 1990].

Measurements of hydrocarbon concentration taken using a hydrogen FID is not affected by
the presence of inorganic gases such as CO, COg, water, NO, in the sample. However, changes
in Oy concentrations do have an effect. Details can be found in Mack’s dissertation [Mack, 2007].
Measurements can also change with flow rate, fuel components, and proportion of fuel components.

The FIA-220 analyzer uses CsHg (in air) as a reference for relative sensitivity to different
hydrocarbons. This allows accurate measurements to be made by keeping responses with in +5%
(including +2% for gas accuracy) for a range of hydrocarbons [Horiba, 1990].

Oxygen Emissions Measurements

Oxygen (Og2) concentrations were measured using a Horiba FMA-220 unit with an MPA-220
magneto-pneumatic oxygen detector, taking advantage of Oo being a paramagnetic material. Oo
is several hundred times more magnetically susceptible than other gases. The MPA-220 analyzer
operates by collecting a sample containing oxygen molecules in a test chamber. Inside the test
chamber, the sample containing Os is introduced to a non-homogenous magnetic field, generated
by an electromagnet. A reference gas, in this case nitrogen (N3), is introduced into the test chamber
through two inlets. One inlet mixes No with the sample gas in the magnetic field. Oz in the sample
and reference gas mixture is attracted to the area of the test chamber with the greatest magnetic
field strength. The difference in paramagnetism between O and Ny creates a differential pressure.
The second inlet of No gas is used to balance the differential pressure. The differential pressure is
directly proportional to oxygen concentration and measured using a condenser microphone. The
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following equation relates differential pressure to oxygen concentration:

1
AP = S(HP(X)(O) (D.1)
where AP is the difference in pressure between the paramagnetic gas and the non-magnetic gas,
H is the strength of the magnetic field, X is the magnetic susceptibility of the paramagnetic gas
(usually known), and C' is the concentration of paramagnetic gas [Horiba, 1990].

The MPA-220 provides a precise Oy measurements because it directly and accurately measures
the magnetic susceptibility. However, the MPA-220 Os measurements are limited to measurements
in percent Og and is not recommended for trace oxygen measurements. Although the the MPA-220
02 measurements are not influenced by thermal properties of other gases present in the sample, it
is sensitive to vibrations.

Carbon Monoxide and Carbon Dioxide Emissions Mea-
surements

The Horiba ATA-210 and AIA-220 infrared analyzers uses non-dispersive infrared analysis to con-
tinuously measure the concentrations of carbon monoxide (CO) and carbon dioxide (COz) in a
sample gas. Inside the ATA-210 and ATA-220 analyzers, two equal-energy infrared beams are di-
rected through two parallel optical cells, a sample cell and a reference cell. The reference cell
contains a continuously flowing reference gas, No, while the sample cell contains the sample gas.

The infrared beam going into the sample cell is interrupted by a chopper operating at a fre-
quency specific to CO or CO2, depending on the analyzer. The infrared beam is also optically
filtered to reduce background interference from other infrared-absorbing components. As the in-
terrupted infrared beam passes through the sample gas, some of the infrared radiation is absorbed
by CO or CO3 present in the sample gas. The quantity of infrared radiation that is absorbed is
proportional to the concentration of CO or COsy. The detector compares the intensity of infrared
beam through the sample cell and the reference cell to determine the concentration of CO or COs.
The membrane inside the detector cell vibrates due to the difference in intensity of the two beams
and generates an electric output, which is proportional to the concentration of the desired gas
[Horiba, 1991; Tury et al., 1991].

The intensity of the infrared beam passing through the sample gas can be determined using the

Beer-Lambert Law: s

ey TU =
where 7 is transmissivity, [ is the intensity of the transmitted light, Iy is the intensity of the incident

light (the source), « is the absorption coefficient of the substance, and [ is the distance the light
travels through the material (i.e. the path length).

T

e, (D.2)
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If the sample gas contains components which absorb infrared wavelengths that partially overlap
with those absorbed by the components to be measured, a solid state filter can be used to remove
the overlapping wavelengths in advance so measurements are not affected [Horiba, 1991].

Oxides of Nitrogen Emissions Measurements

The Horiba CLA-220 is an atmospheric pressure type NO, analyzer that uses silicon photodi-
odes near the reaction chamber for sensing the chemiluminescent reaction. The chemiluminescent
method of detection of nitric oxide (NO) is based on the reaction of NO with ozone (O3) to produce
nitrogen dioxide (NOg) and Oz. About 10% of the NOg2 molecules produced initially exist in an
electronically excited state (NO%). The excited NO% quickly revert to the non-excited state, emit-
ting photons during the process. The process of NO producing NOy is described by the following
reactions:

NO+ O3 — NO;+ O and
NO; — NO;3+ hy,

where h is Planck’s Constant and v is the frequency of the photon in hertz. When NO and Oj
mix in the reaction chamber, the chemiluminescent reaction produces light emission that is directly
proportional to the concentration of NO. Silicon photodiodes are used to detect and measure the
light emitted. The ozone present in the first reaction is produced by high-voltage electric discharge
in Oy [Horiba, 1995].

The NO, detection is identical to the NO detection except prior to entry into the reaction
chamber, the sample is routed through a converter where NOs is dissociated to form NO. The
following reaction shows the formation of NO from NOa:

NO;+C — NO + CO.

The amount of NO, is determined by summing the NO originally present in the sample and the
NO resulting from the dissociation of NOg [Horiba, 1995].
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THC 02 CO CO2 NOx
Fuel CR phi lambda (ppm C) (%) (ppm) (%) (ppm)
n-heptane 6.50 0.33 3.02 2110 14.25 1897 4.44 1
6.60 0.33 3.01 1890 14.28 1494 448 0
6.75 0.34 2,97 1910 14.18 1349 4.54 1
6.80 0.34 2.96 1780 14.18 1287 4.55 0
7.02 0.34 2.94 1930 14.13 1245 4.59 1
7.15 0.34 2.93 1690 14.08 1037 4.59 1
7.25 0.34 2.93 1650 14.13 1014 4.61 1
PRF 60 9.26 0.32 3.13 2830 14.65 1447 4.34 1
9.51 0.32 3.1 2920 14.63 1303 437 1
9.75 0.32 3.10 2740 14.65 1166 4.40 1
10 0.33 3.06 2640 14.58 1048 4.46 1
10.51 0.33 3.03 2530 14.48 915 4.49 1
PRF 70 10.28 0.32 3.1 4400 14.25 1455 4.32 1
10.45 0.33 3.04 4480 14.18 1265 4.45 1
10.57 0.33 3.01 4250 14.13 1218 4.50 1
10.7 0.34 2.96 3480 14.03 1080 4.57 2
PRF 75 11 0.34 2,97 3117 14.10 1244 4.51 1
11.25 0.34 2.95 2955 14.10 1037 4.56 1
11.51 0.34 2.92 2754 14.03 966 4.59 2
11.74 0.34 2.93 2694 14.05 914 4.58 1
12 0.34 2.96 2622 14.15 874 4.55 1
PRF 85 12.69 0.32 3.09 5020 14.30 1430 4.38 1
13.03 0.32 3.12 5680 14.35 1278 434 1
13.23 0.32 3.09 5320 14.30 1213 4.38 2
13.5 0.33 3.03 4630 14.20 1056 4.48 2
PRF 88 14.6 0.33 3.01 5270 14.18 1267 4.51 2
14.85 0.33 3.01 4950 14.18 1118 452 3
15.2 0.33 3.03 4870 14.23 1096 4.48 3
S70 10.26 0.34 2.97 4360 14.10 1240 4.58 1
10.45 0.33 2.99 4550 14.15 1244 4.56 1
10.68 0.34 2.90 3710 13.98 1059 4.70 2
11 0.35 2.86 4130 13.85 927 4.78 3
TRF 70 10.72 0.33 3.06 4790 14.65 1410 4.56 1
10.96 0.33 2.99 4260 14.53 1193 4.68 1
11.27 0.33 3.00 4090 14.55 1166 4.65 1
E-PRF 70 11 0.31 3.24 3453 14.68 1788 413 0
11.25 0.32 3.14 2988 14.58 1290 4.30 0
11.51 0.32 3.12 2994 14.50 1190 4.31 0
11.74 0.32 3.1 2853 14.55 1141 4.34 0
12 0.33 3.00 2769 14.33 960 4.52 1

Table E.1: Emissions data for reference fuels.
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THC 02 CO CO2 NOx
Fuel CR phi lambda (ppm C) (%) (ppm) (%) (ppm)

Gas 14.76 0.33 3.06 3520 14.63 1334 4.48 1
15.02 0.32 3.1 3670 14.88 1306 4.44 1

15.52 0.33 3.03 3290 14.65 1042 4.55 1

15.75 0.32 3.11 3150 15.15 1035 4.53 1

GasB1 10.26 0.33 3.06 3970 14.40 1504 4.48 1
10.51 0.33 3.05 4140 14.38 1341 4.49 1

10.76 0.33 2.99 3630 14.28 1114 4.58 1

11 0.34 2.93 3480 14.10 1021 4.67 2

GasB2 16.52 0.32 3.1 4380 15.15 1207 4.53 1
16.73 0.33 3.04 3890 15.00 1049 4.64 1

17 0.33 3.03 4020 14.85 1051 4.60 1

GasB3 16 0.33 3.04 3890 15.30 1068 4.72 1
16.25 0.33 3.04 3870 15.48 1027 4.78 2

16.52 0.33 2.99 3580 15.15 915 4.79 3

GasB4 16.05 0.32 3.15 6230 14.45 1166 4.60 2
16.2 0.32 3.08 5390 14.30 1020 4.72 3

16.41 0.33 3.05 5140 14.23 1002 4.76 4

GasB5 17.19 0.32 3.08 4640 14.50 1180 4.38 1
17.48 0.33 3.04 4170 14.40 1065 4.45 1

GasB6 15.95 0.31 3.27 4270 14.63 1285 4.41 1
16.46 0.31 3.23 4130 14.58 1088 4.49 1

16.68 0.31 3.20 3960 14.55 1053 4.53 2

GasB7 15.95 0.31 3.26 4120 14.63 1245 4.43 1
16.25 0.31 3.25 3990 14.63 1153 4.46 1

16.52 0.31 3.24 3900 14.58 1090 4.46 1

16.73 0.31 3.22 3810 14.55 1039 4.50 2

GasB8 14.76 0.32 3.09 4850 14.60 1314 4.39 1
15.02 0.33 3.05 4660 14.53 1166 4.47 1

15.24 0.33 3.03 4490 14.53 1143 4.50 2

15.52 0.33 3.02 4190 14.50 1052 4.53 3

15.75 0.33 3.03 4300 14.53 995 4.50 3
GasB9 15.02 0.34 NA NA NA NA NA NA
15.24 0.34 NA NA NA NA NA NA
15.75 0.34 NA NA NA NA NA NA
16.1 0.34 NA NA NA NA NA NA

GasB10 16.46 0.30 3.28 4720 14.83 1442 4.46 1
16.68 0.31 3.26 4460 14.68 1301 4.45 1

17.25 0.28 3.56 4210 15.18 1397 4.07 1

17.48 0.31 3.26 4130 14.73 1106 4.46 1

Table E.2: Emissions data for Gas and Gas Blends.
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THC 02 CcoO C02 NOx
Fuel CR phi lambda (ppm C) (%) (ppm) (%) (ppm)
Gas2 12.14 0.32 3.17 4330 14.30 1236 4,53 1
12.31 0.32 3.14 3860 14.28 1172 4.57 1
12.63 0.31 3.20 4680 14.38 1143 4.49 1
Gas2B1 9.75 0.32 3.1 2690 14.58 1596 4.35 1
10.00 0.33 3.06 2450 14.50 1287 443 1
10.26 0.33 3.01 2370 14.45 1092 4.53 1
10.51 0.34 2.96 2390 14.35 1013 4.62 1
10.76 0.33 3.01 2360 14.45 983 4.54 1
Gas2B2 15.02 0.33 3.07 NA 14.43 NA 4.39 NA
15.24 0.33 3.07 NA 14.43 NA 4.39 NA
15.52 0.33 3.05 NA 14.43 NA 4.44 NA
Gas2B3 12.75 0.32 3.09 3520 14.55 1336 4.39 1
13.3 0.33 3.06 3580 14.50 1090 4.43 2
13.5 0.33 3.07 3540 14.53 1027 4.42 2

Table E.3: Emissions data for Gas2 and Gas2 Blends.
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