Modeling of Compression Ignition Engines for Advanced Engine Operation and Alternative Fuels by the

Second Law of Thermodynamics

BY

Jonathan Michael Stearns Mattson

Submitted to the graduate degree program in the Department of Mechanical Engineering and the Graduat

Faculty of theUniversity of Kansas ifulfillment of the requirements for the Degree of Doctor of

Philosophy.

Chair: Dr. Christopher Depcik

Dept. of Mechanical Engineering

Dr. Lin Liu

Dept. of Mechanical Engineering

Dr. Xianglin Li

Dept. of Mechanical Engineering

Dr. Edward Peltier

Dept. of Civil, Environmental, and Architectural Engineering

Dr. Susan StagyVilliams

Dept. of Chemical and Petroleum Engineering

DefendedSeptember th, 2019



The DissertatiolCommittee forJonathan Mattsocertifies that this is the approvedrsion of the

following dissertation

Modeling of Compression Ignition Engines for Advanced Engine Operation and Alternative Fuels by the

Second Law of Thermodynamics

BY

Jonathan Michael Stearns Mattson

Chair: Dr. Christopher Depcik

Dept. of Mechanical Engineering

Approved September i, 2019



Abstract

With the advent of modern engine control strategies, and particularly electronic ceaimon
injection, the scope and scale of what is achievabtecontrollable in compresskagnition engines has
exploded quite rapidly in recent years. The potential marriage of electrorgoalisolled and multpoint
fuel injection, dual fuel combustion, variable exhaust gas recircuaidraust waste heggcovery low-
temperature combustion, and the immense variety of potential kopaidyaseous fuels available means
that the older understanding of compression ignition engine combustion is incomplete and inadequate to
explain, predict, control, and optined more novel engine combustion and operational regimes. This
mandates that new models, both diagnostic and theoretical, be developed to explore engine combustion
and pick apart the various phenomena that result, and includes revisiting models thaslgrésios
been sidelined for a lack of usefulness.

To that end, this work details the construction, validation, and usage of a diagnostic heat release
model focused on the application of tHé 2aw of Thermodynamics and the phenomena associated with
entrgy generation and availability destruction from the accumulated test data of numerous fuels and
engine operational modes. A critical aspect of this research includes the marriage of this model with a
suiteof emissions analysis technologiedowing for acomplete characterization of engiost regulated
and unregulated emissions species, as well as a thoroughly instrumented and highly modified single
cylinder compressicignition engine. This combined test apparatus for novel fuels and engine
operationalmodes, in combination with the models described hesginje as a means to collect and
dissect engine performance;dglinder pressure, engine knock and noise, emissions, heat release, and
availability release and consumption, and the interrelationbkipgeen these characteristics

The experimental results of this work showcase both the direct usage of‘thaw2 Analysis
(both alongside and separate from the more traditiohdlalv Heat Release Analysis), and also the
potential usage of this modeadrfthe exploration of engine operational modes. In particular, "theay
analysis appears to be of immense importance to the exploration of low temperature combustion regimes,
as well as the usage of exhaust waste heat recovery systems.
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11 Introduction

The internal combustion engine has been an important and reliable means of power production
for well over a century, particularly due to sucies advances in increasing power and efficiency, as
well as the gradual reduction of harmful emissionshiwithat same time peridd, 2]. However, these
advances have been largely superficial to the underlying processes of engine operation, such that spark
ignition (SI) and compression ignition (Cl) engines have each remhirgely unchanged since the birth
of these technologies by the close of th& déntury[1].

In this time, the CI (or diesel) engine has beerhatforefront of efficient power production,
particulaty in stationary or steadgt at e power generation, al | whi | e
initial design of compressing a working fluid and adding fuel late inthgé neds compli.essi on
This injected fuel is then prepared through a combination of both physical and chemical processes over a
short time period (known as ignition delafpgfore finally igniting due to the combined high pressure and
tempeature within the cylinderBecause the fuel is added relatively late in the engine cycle, particularly
in comparison to Sl engines, improper early ignition of the fuel is largely avolded result, engines
running through a CI process are able to increase their compression ratios to very high levels, and thus
raisethe peak cylinder pressufg]. This higher variation in pressure between theyilinder environment
and the ambient leads to a higher change in temperature of the working fluid within the cylinder itself,
and thus increases the thermal efficiency of the engimerebre, the high compression ratios needed to
promote autoignition of fuel contribute to the higher efficiency of Cl engines. With that in mind, the
primary challenge in engine operation is the timing of combustion, which is brought about through

precise timng and duration of theuél injection event itseffl].



The fuel injection event, and the means by which this event is controlled, has beenrdle cent
interest of ClI engine research for the past century, since the introduction of the mechanical injection
pump in 1921 that injected fuel into a prechamber at low pressetate to modern systemf)]. As
time has passed, advances in technology have increased the efficacy of fuel injection while steadily
moving to higher pressures. This has reduced the time required to promote completeofritxénfuel,
allowing the injection event to move from a prechamber to directly injecting into the cylinder itself. In the
past few decades, these advance often led (or were in response) to increasing emissions requirements by
various government agenciestdwide, or by increased demand for highegiaa efficiency in the face
of more volatilepetroleum price§3].

Of particular note is the modern common rail electronic injection system. In this system, all fuel
injectors on the engine draw from a single pressu
than injection pumps responsible fodividual injectors, often ith pressures exceeding 100 MR
addition, instead of each individual injector system requiring a pulse to propagate through the fuel line in
order to move the injector needle and initiate injection, each individual injectmw triggered directly
by electric signals sent from an Engine Control Unit (ECU).aA®sult, the ECU can perform highly
precise and othefly adjustments to engine operation, ensuring taffttiency operation at nearly any
engine speed or load (atidus, any required power outpuBecause othis reliance on a functionally
instantaneous electronic signal, rather than a much slower mechanical pulse, fuel injection can be
triggered multiple times per engine cycle, resulting in engine manufactureirsy atdltiple early
injection events (typically to smooth the ignition event, reducing engine noise) or late injection events
(providing additional hydrocarbons to aid in catalytic aftertreatment), in addition toakmeinjection
event itself[1, 4].

These more advanced injection technologies have also opened the door to repurposing a given Cl
engine to a different fuel with relative ease. As the ignition delay of a given fuel is dependent on its
physical and chemical characteristics (most notalbBgosity and energy density), changing a fuel will
result in changing the ignition delay the engine experiences, in turn changing how efficiently and cleanly
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the engine operates if not recalibrated. As a result, while alternativerdfogls to standarditra-low

sulfur diesel (ULSD) functioned adequately in most Cl engines utilizing older mechanical injection
systems, these fuels would be doomed to operate ihassptimal conditions, as the process needed to
change the mechanical injection timinfem involved partially disassembling the engine in order to
access the timing mechanisms. Modern electronic injection systems, however, allow for a researcher to
more easily explore the performance limits of a given fuel, resulting in a level playidgwien
comparing ULSD to alternative fuels (mogjrsficantly, biodiesels)5].

Finally, changing the nature of fuel injection control has also opepe@l engines to newer
engine cycles or fueling mechanisms that would have beediffault to control without dynamic and
fluid control on the process of injectio@ne prominent example is dufakel combustion, where a
gaseous fuel (sl as methane or natural gas)added to the intake of the CI engine, and a small pilot
charge of liquid fuel is injected in order ignite the entire mixturg6]. Utilizing duakfuel combustion
requires changes in the injection event in order to keep combusti@vithghoptimally, but this
recalibration is conceptually identical to the process for recalibrating an engine for diodi@s
Similarly, Cl engines can be repurposed to attempt prentkadye compression ignition (PCCI)
combustion, where fuel is injected extremely early in the intake and/or compression strokes, and in low
guantities, achieving optimal fuel atomization andpareation, allowing for neaconstant volume
combustion, which can result in extremely high engine thermal efficientgr(ially exceeding 50%3].

While this mode of engine combustion is more temperamental and only functions properly (if at all) in a
very small and temperatuteependant operational windown paper it is still just a matter of proper
engine calibration, and which is only possible thanks to the relatively immense levels of control allowed
by modern electronic injection systef®, 10].

The advent of precision control over injection timing and duration has also necessitated more
advanced modeling of internal combustion engine @sE® Thanks to the wide variety of fuels, engine
operational modes, and operating conditions controllable by the ECU, it is now necessary to take a deeper
look at the actual thermodynamic processes that the engines operate on, in order to see how changing
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between these modes of combustion may change the nature of engine operation. This is possible either
through complex & modeling of combustion processes, or through simpler thermodynamic modeling
fed by experimental results and test data, particularbutih the measurementtbie incylinder pressure

[11, 12]. Of these two options, the first is more necessary for investigating specific processes within a
given engine, while the second is much more usefutomparing and contrasting various operating

modes (or, potentially, various enginesyi timeefficient mannef13].

1.2 The First and Second Laws of Thermodynamics

In the study andnodeling of internal combustion engines, few individual physical laws are as
important as the®1Law of Thermodynamics, or the concepttttie total energy within aystem must be
conservedand accounted fgrl, 14]. The result of this is thaine may evaluate the various means by
which energy is added to the cylinder environment in the form of fuel chemical potential energy, liberated
and converted to thermal energy by combustion, and then either utilized as work, lost as heat transfer, or
retaned within the working fluid as hot gas and lost to the environment at the exhaust blowdown event at
the close of the cycle. The interrelationships between work output, heat transfer losses, and thermal
retention of the gas is a relatively wathderstoodet of phenomenon, often expressed more informally as
t he ARul e of Thi rthrd of chenical patehtial added touhg tylinger volllge towards
each of these three main modes of energgsfer out of the cylindewith lesser amounts ahermal
energy lost through mass transfer into or out of the cylinder (notably, injection and cylinddxyplow

By comparison, the"2Law of Thermodynamics is not as heavily relied upon in engine lingde
[12]. While numerous versions of th&’2aw have been penned and used, inevitably depending on the
precise context in which thé2Law is being utized, perhaps the most simple and useful for engine
operation modeling is the Entropy Statement of tfeLaw, which states that it is impossible for an
isolated system to operate in such a way ¢énéropy is destroyed4].

With respect to engineshe 2° Law implies the inevitability of the generation of entropy

throughout the engine cycle, and thus the inevitability that a significant portion of the energy liberated by



combustion will not be accessible for extraction as useful Wilithin engine modeling hie processsby

which an understanding @&ntropy generation can be utilized are closely related to the inefficiencies and
processes by which the potential to use fuel thermal energy for work are diminished, particularly because
the system is striving toome into thermal equilibrium with the surrounding heat reservoir (i.e. the
ambient environment itself). This potential work is known classically as availability, and ay @&xerg
more modern contexfd 4, 15]. In this way, availability represents the total amount of thermal energy
within the heated working fluid that is still potentially useful in whatever process is being studied. This
availability is decreased over time, partly as it is converted to actull av leaves the cylinder through

heat and mass transfer. However, a portion of the availabilityriwitted to be destroyedhis destroyed
availability (sometimes called anergy) increases with time, and is directly related to the generation of
entropy by the 29 Law [15]. Specifically, generated entropy is associated with a portion of the total
energy in the cylinder, such that this energy is no longer available, and is thusdrédeasdestroyed
availability.

Following the f' Law, the sum total of exergy and anergy must remain constant, as the total
amount of availability added by combustion must be equal to the total amount of available exergy and
unavailable anergy at anyvgn moment after combustion has occurred. Due to theav, though, it is
ensured that unavailability may only increase, and thealv thus ensures that this unavailability can
only come at the expense of availability.

The source of this availabilitgddition is the chemical potential availability of the unburned fuel
and oxidizey given that the fuel exists in alavely low-entropy statg15]. That fuel is injected and
consumed by combustion, and thus has its chemical energy transformed into thermal energy, heating the
cylinder, raising the pressure, and eventually (and ideally) exiting the cylinder as work by driving the
piston downward From a 2 Law perspective, chemicglotential availability is converted to thermal
availability by combustion, with some of that availability being converted to useful work as it exits the
cylinder through Atthesamé fimetnuah dfehdtdhermed availability degraahels
becomes unavailable, even within the cylinder environment, and this internal unavailability grows as the
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difference in energy content (or, functionally, the difference in temperature) between the cylinder interior
and the surrounding environment desems and the two sides ppach thermal equilibrium
Simultaneously, asis same temperature differendecreases, the amount of heat transfer through the
cylinder wals to the environment decreasand exergy destruction external to tantrol volume bthe

cylinder falls as well. Finally, whatever availability is not destroyed, extracted as work, or lost through
heat transfer is inevitably retained by the working fluid, and is released to the atmosphere by the exhaust

event at the end of the engine leyc

13 Diagnostic Rate of Heat Release Modeling

An important outlet for both thesland 29 Law heat release analyses is in the diagnostic
modeling of engine processes from experimental data, typically-eylinger pressure tracd™ Law
models are gjite common, and have been a mainstay of internal combustion engine research for decades
[1]. By summing the rate of change of the energy withincgimder, and how this energy éntering or
leaving the cylinder, these models calculate the total rate of heat release (RHR) as a &irttgon
thermodynamic properties of the working fluids within the control volume, and the amount of energy
presenfavailable from the measured flowraikfuel entering the cylinderYhis overall RHR is typically
characterized by two separate phases of combustior-igee 1) [13]. The first phase is a spike in the
heat release rate immediately following ignition, as relatively high amount®béfe injected, vaporize,
chemically prepare, and finally combust all at once. The magnitude of the spike is directly related to the
amount of fuel that can be prepared for combustion prior to ignition, and is known as the premixed
combustion phasgl]. Usually following this is a phase of heat release that is lower in magnitude, but
longer in duration. In this second phase,-lajected fuel thatvas unable to prepare prior to the onset of
combustion finally ignites in the high temperature environment after it fully atomizes, vaporizes, and
diffuses throughout the cylinder. This phase is controlled by diffusion and other mixing effects, and is

known as the diffusiordominated or mixingcontrolled phasél].
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Figure 1. Examples of idealized and experimental engireut RHR, displaying the premixed and
diffusion-dominated combustion phase§l, 16].

From an efficiencystandpoint, the premixed phase is significantly more advariagéde
premixing of fuel leads to a high amount of heat release in a relatively short time frame, approaching the
theoretical limit of constant volume heat addition. In addition, the timing of this heat addition is typically
controlled (by adjusting theuél injection timing) in order to allow for heat addition when the piston
cylinder has a combination of high-aylinder pressure (which decreases as the piston moves further from
Top Dead Center TDC) and reasonable mechanical advantage between theasrdniocker arm (that
increases as the piston moves further from TDC). Thus, adding as much energy to the premixed spike as
possible leads to the most efficient ClI combustion process, particularly if this spike occurs at the point of
optimum combined theradynamic and mechanical advantage known as the maximum brake torque
(MBT) timing [1, 16]. However, heat addition in this manner letd$igher incylinder pressures and
temperatures, straining the cylinder structure and requiring sturdier (and heavier) materials. In addition,
the high temperature environment caused by this premixed spike, combined with the fact that a Cl engine
will almost always operated with significant excess oxygen, will lead to the formattipollutants in the
form of oxides of nitrogen (collectively, N Finally, CI engine knock (or ringing combustion) is
generally tied to the amount of premixed combustion in ghgine, and is characterized by high

frequency oscillation within the pressure trace caused by detonations of small pockets of fuel and air. This



may damage the piston or cylinder and is often one of the more undesirable facets of CI combustion
perceived i a consumer.

By comparison, combustion in the diffusidominated phase is significantly less efficient. The
prolonged heat addition in this phase does not serve to significantly raise cylinder pressures. In addition,
this heat addition is late in the dgcafter the MBT point, and is often prolonged well into the expansion
stroke of the enginfl6]. As a result, while positive energy output from the engine is achieved, the net
efficiency of the energy released in this phase is significantly lower than pmehiéxed phase. However,
this carries some advantages. Given that this phase features lower pressures and temperatures, strain on
the engine is significantly lessened, and these same lower temperatures also do not contribute to as much
NOx formation as th@remixed phase. The diffusion phase also does not greatly contribute to the amount
of ringing combustion, and may also serve to stifle Cl knock from the premixed phase as the pressure
oscillations caused by detonation of some of the fuel are swallowectig pressure waves generated by
the more chaotic combustion of the diffusion phase.

Ultimately, diffusion dominated combustion is also largely unavoidable, particularly at high
engine loads where the fuel injectors cannot physically deliver fuel fasgkerior it all to prepare prior
and combust in the premixed phd4¢. As a result, when increasing engine loads from idle, the in
cylinderpressure trace and calculated RHR will tend to indicate that the engine will gradually increase the
amount of premixed combustion only. At a certain load, the amount of fuel combusted in the premixed
spike will plateau, and all fuel added beyond this puwiiitbe combusted in the diffusion phase. Finally,
as load increases further, the risingciinder temperatures will lower the fuel ignition delay period,
meaning the amount of fuel that the engine is able to prepare for the premixed phase will begin to
decrease, leading to a decrease in the magnitude of the premixed phase as the diffusion phase grows
further.

All of these individual aspects of engine combustion are visible througi'thawi Model, and
as a result it is possible to use the RHR to Viseaand compare the thermodynamic performance
differences across multiple operational modes, multiple fuels or fuel combinations, or even potentially
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between engines. Thé' Law model shows what the engine was able to achieve during testing, and how
muchof the fuel s raw energy content was | eft unu:
particularly given that the Rule of Thirds dictates that onk@% of fuel energy is generally utilized for

work. For a clearer picture, it is necessaryriclude a sense of context into how much of that fuel energy

can be realistically used, and how much of that unused energy is actually not available to be extracted as
work, as an inevitable consequence of the type of power cycle being utilized. Givénetavailability

or unavailability of energy is within the sphere of tHéL2aw of Thermodynamics and the process of

entropy generation, it is clear that™d Raw Analysis is required in order to provide this context.

With respect to engine diagnostjcthe 2nd Law model is often passed over in favor of the
simpler ' Law RHR analysis. In compression ignition (CI) engines, this is at least partly due to the
relative consistency of engine combustion, and the degree to which conventional diesel oanibusti
understood. However, different fuels will often result in changing engine performance, due to shifts in
fuel propertied17, 18]. The most common example of this is in exchanging standardlaraulfur
diesel (ULSD) for biodiesel. The increased viscosity of biodiesel fuels generally inhibit fuel vaporization
and atomization, while the higher cetane numbers and increased oxygentaesult in a shortened
ignition delay for biodiesel fuelgl3,19]. Thi s, in turn, requires reopti
strategy in order to maintain peak efficierjgy]. While this reoptimization was difficult to achiewath
older mechanical injection systems, the advent of electronic injection systems has made switching fuels
without sacrificing efficiency a much more feasible prospect, as the engine can easily and quickly
reprogrammed by flashing a new set of operatispecifications to the engine control unit (EGRY].

This also opens up exploration of fuels with more divergent properties than biodiesel; so long as
the operating characteristics for a given fuel are known, the engine can be quogkiyized. Included
in this are alternative renewable or recycled fuels. For instance, the pyrolysis of waste plastic products can
be used to create a liquid hydrocarbon fuel similar to petroleum diesel, due to the plastics being sourced
from petroleum prducts[21-24]. This emphasis on renewability of fuels is not reserved for synthetic
diesel fuels. For example, while biodiesel itself cannot generally be used in aircraft turbine engines, the
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feedstock oils that are used to create biodiesel can altesliyabe run through a hydrotreating process to
produce a renewable analogue to jet fueR5-29].

Finally, electronic injection has opened up enough contret & engine combustion to allow
for advanced usage of gaseous fUéls18, 30]. Normally, methaneich fuels (such as compressed
natural gaspr CNG) cannot be utilized directly in a Cl engine alone without preheating the engine intake
or raising the compression ratio, and which also poses a significant hazard from preignition angmisfire
31]. As an alternative, gaseous fuels can be used in a relatively unmodified Cl engine throdfgkldual
combustion, whereby fuel is added to the intake and ignited by a liquid fuel added through direct injection.
While this generally comes at the cost ofi@éncy, the decreased cost of gaseous fuel means that the
costs of fueling the engine are substantially red{i6gd

Dualfuel combustion also presents the ability to reutilize waste products. For example, one
byproduct of biodiesel manufacturing is glycerin, a hydrocarbon substance that (in its pure form) cannot
be injected conventioniglin an engine, due to its exceedingly high viscogd®, 33]. Worse, the rise in
biodiesel manufacturing has led to a glut of glycerin, and the need to store and dispose of this product is a
significant impediment to the viability dfiodiesel[33, 34]. However, glycerin may be paityaoxidized
in the presence of a catalyst to form a hydregeim synthesis gas (syngas), which can then be utilized as
fuel through duafuel combustion, turning a problematic waste product into a potential source of energy
to feed the biodiesel produoti proces$32].

However, all of these alternative fuels are subject to significant variation. Fuels derived from
vegetable oils generally see high amounts of variation depending on the precise feedstockl®ik&pd
Similarly, waste plastic derived diesel is prone to variation based on the precise mixture of yastics
in the pyrolysis reaction, as well as the temperature and pressure of the reacti¢Rlits&iyngas and
biogas will be subject to both feedstock and production varigB@gsEven established products such as
compressed natural gas will often vary between red@nsThese inconsistencies in fuel constituencies
and properties lead to difficulty in fuel studies, as engine reseanctust utilize a model that is receptive
to these changes.

10



To that end, this work explores the development and usageliafjaostic ' Law model with
respect to these various fueling modes. This demonstrates both the various effects of fuel properties on
engine combustion, and showcases how thé.@v model is able to identify the phenomena associated
with these properties. In particular, variations in fuel density, viscosity, cetane number, and energy
content, and their effect on engine performanceakmbservable through the lens of tHE aw model

and in a way that goes beyond what is achievable with°thaw analysis alone.

14 Single-Cylinder Engine Instrumentation and Prior Work

Currently, research in Cl engine combustion at the Unives§iansas has been centered on the
usage of a singteylinder Yanmar L100V CI engine capable of 8.3 hp (6.2 kW) under continuous
operation. This engine was formerly used in its originally packaged format, including an internal port for
exhaust gas recircation (EGR).Most importantly, this engine featured a cantuated mechanical fuel
injection system, capable of injection at a constant (and uncontrolled) pressure of 19.8 MPa, and utilized a
speed governor to maintain operation at 3600 revolutions petenjRPM). This engine was eventually
coupled with a Dyne Systems Alternating Current (AC) dynamometer, used to adjust the torque demand
on the engine. This original setup was extremely restrictive in terms of how few facets of engine
operation the resedrers could actually alter, but was nonetheless instrumental in preliminary research
into internal combustion engine operation at the University of Kansas.

Previous work was done to increase the amount of control over the Yanmar engine. To that end,
theeng neds speed governor and mechanical fuel i nje
modern electronic higpressure fuel system controlled by a Bosch MS15.1 E&3)l This allowed
researchers to utilize the engine dynamometer to maintain engine speed, as opposed to torque, meaning
i ndependent adj ust ment of both the ermsgtng)amls spee
engine torque (by varying the fuel flow rate at each injection event) was now possible, opening up the full
operational range of the engine for experimentation. In addition, further upgrades and changes to this

system included a blocking dfi¢ buildin EGR port in favor of an external system capable of providing
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cooled EGR, and the addition of a separate system to allow for adding gaseous fuels to the engine intake.
The test cell also features a full suite of emissions equipment in the famAVL Fourier Transform
Infrared (FTI R) spectroscopy system, all owi ng
emissions, as well as many unregulated emissions compounds, and an AVL Smoke Metering system for
the capture and analysis of paulete matter (PM) emitted by the engine.

Of note, the Yanmar L100v is able to achieve reasonable repeatability between tests with the
control fuel of ultra lowsulfur diesel $eeFigure?), particularly since 2014 when thegglinder pressure
trace resolution was improved from 0.5 degrees of crank angle to 0.2 détpeeser, the engine is still
subject to some uncontrollable phenomena that can adfieeatability of experiments. First and foremost
are the test cell ambient conditions, particularly pressure, temperature, and huksidlity.test cell does
not have active climate control systems, the engine is subject to large variance in seasbweal weat
conditions (in specific, summers with warmer and more humid air, and winters with colder and drier air).
In addition, testing is generally abandoned in the event of heavy rain at any point in the year, entirely due
to a significant divergence from thermal conditions of that season due to climbing humidity and
lowered barometric pressures. In addition, the system is subject to variation in performance due to
injector wear and tear, sometimes necessitating a swap of injectors (typically triggeredifjgdiion
system pressure divergirsggnificantly from the normal 488 MPa operational range). Despite this, the
KU singlecylinder test cell is able to achieve reasonable repeatability, with variation on the order of 1 bar
or less in the measured prerss trace during the compression, ignition, and at the approximate end of

combustion.
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Figure 2. Measured pressure traces with ULSxontrol at 18.0 Nm over various tests on the

Yanmar L100v SingleCylinder Engine.

15 Motivation and Scope of Work

The primary scope of this research effort is to creat® ha® RHR model to calculate the net
rate of change in availability liberated from fuel by combustion, and to utilize that model to study the
changes in aviability generation and destruction under a variety of engine operation modes. The creation
of the model serves to revive and utilize a relatively unused aspect of engine thermodynamic modeling in
a modern engine control environmd®6, 37]. While the 2 Law analysis for engine combustion
diagnostics has existed for quite some time, the advantages of such an analysis were relatively low for
traditional Cl engine combustion. The far oldér llaw analysis, combined with the relatively static
nature of Cl engine operation, the extreme limitations of engine control systems, and less strict emissions
control legislation, all resulted in traditional Cl engine combustion being treated somewhatsasd v e d
probl em. o

In a modern context, however, engine combustion is no longer a simple affair. Current emission
standards have mandated more thorough control over engine control systems, and the widespread

adoptionof these more advanced systems (mastminently, electronicalhcontrolled highpressure
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injection systems) ha®sulted in more control being given to the engineer and the ECU to provide on

the-fly adjustments to engine operation. Simultaneously, the rising interest in renewable/recylsled fue

and dualfuel operation, as well as the changes in combustion due to the different properties of these
fuels, has further opened up the amount of variation a given ECU may encounter. Finally, Cl engines
have the potential to operate under more novel amgsual engine cycles, namely low temperature
combustion(LTC) combustion regimesand the relatively intense degrees of control needed to harness

these novel cycles necessitates a thorough understanding of the underlying thermodynamics. As a result,
avoiding usage of the"2Law mod el is no | onger advisabl e, par
approach to calibrating engine operation from a single fuel in a single set of operational modes is no
longer a realistic representation of what the engitieewperience.

To that end, this document covers the development and usagé”dfsavanodel used to provide
diagnostic modeling of Heylinder engine processes. First, a number of updates and changes to the
previouslyconstructed L Law model to allowfor more novel fueling modes are discussed (particularly,
dual fuel combustion]11]. This document also details the usage of a pair of ancillary models used
together to evaluate the intensity of combustion ringing and noise from the pressure trace, which form a
useful supplement to thé'and 2° Law analyses. Next, thé“d.aw modelis developed explicitly, andst
immediate effects and usages onimas fueling modes is explore#inally, an overview of the unique
strengths of the ™ Law model are given, along with an algorithm utilgithe usage of the"®Law
model for the identification of potential let@mperature combustion (LTC) regimé€X. note, the figures
displayed within this document are the results of thermodynamic modeling, and are not raw experimental

data unless otherwispecified.
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Chapter Il : Updated First Law Heat Release Analysis
Some materi al published as AiMAdsiseddHEAG Rembas
SAE International, Technical Paper 26051744, April 14" 2015
Some material published BsAn A n a |l y-BuelonbdistioDaf Bié¢sel with Compressed Natural

GasinaSingky |l i nder Engine, 0 SAE | n0e0048 Agrilil@ 1B , Techn

2.1 Abstract

The growth of hydraulic fracking has resulted in a dramatic cost reduction of Compressed Natural
Gas (CNG), a low carbon fuel. CNG cannot be used as singular fuel in conventional Compression
Ignition (Cl) engines because of the difficulties associated edtitrolling itsautaignition characteristics.
However, CNGassisted diesel combustion represents a means to shift the energy consumption of Cl
engines away from liquid fossil fuels. Calculation of the rate of heat release is vital for understanding and
optimizing this mode of engine operation. A previously constructed -tore equilibrium heat release
model that is calibrated to engine exhaust hydrocarbon measurements was augmented in order to allow
for the addition of CNG in the engine intake. The ntotigs also adapted to permit reuse of unburned
CNG gas with other exhaust species via exhaust gas recirculation. This is because experiments
demonstrated a potentially dramatic increase in methane emissions under high CNG flow rates.
Specifically, the CNGnixture is modeled as a single lumped chemical species, and is held apart from the
intake air within the model. Representative results are given for a high compression ratioydindés
Cl engine with variable amounts of CNG addition, and the effdatsigine phenomena on heat release
modeling are discussed.

In addition, this work examines the differing engine emissions profiles with vagfieggy
substitution ratie (ESR), highlighting the potential for CNG usage to lower Particulate Matter (PM)
emissions, while alternatively increasing or decreasing pi@duction through changes to-gglinder
temperatures and heat release rates.-fighlcombustion is noted for significant decreases in combustion

efficiency, and a rise in emissions of methane mo@methane hydrocarbons, showcasing an increasing
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likelihood of flame quenching from cooler-aylinder temperatures. This lowered combustion efficiency
also affects brakspecific engine efficiency, requiring slightly more fuel energy to be expende8Rs
increases in comparison to operation with neat ULSD. However, this may be offset from an operational
perspective due to the lowered costs of CNG as a fuel. Finally, there may exist the potential to achieve
high thermal efficiencies just below peak evgoperation for relatively large substitution rates of CNG

without potentially increasing N@missions over operation with neat ULSD.

2.2 Introduction

Vehicle energy consumption comprises a vital part of the economy of the United States (U.S.),
particularly in ovettheroad movement of heavy freighiB8]. While petroleurfree alternatives have
surfaced for other automotive power plants (e.g., vehicle electrification), this particular segment of the
U.S. automotive fleet has proven more resistant ésetpotential solutions due to the need for an on
board power plant that contains a combination of high energy density, long range, and a high power
output. Hence, this fleet is largely reliant on the compression ignition (Cl) efibir89]. However,
through the recerttoom in hydraulic fracturing within the North American energy industry, a potential
alternative fuel source has arisen for Cl engines in the form of metitlneompressed natural gas
(CNG), which can achieve parity in operation with ulwey sulfur diegl (ULSD) in many aspects, in
addition to being relatively economiddliO].

At the same time, CNG presents a significant hurdle to operation in Cl effi@hesl, 42].
Methane is particularly resistant to autoignition, reiqgirCl engines fueled solely on CNG to undergo
extensive modifications in order to combust the fuel, including higher compression ratios or heating of the
engine intakg¢31]. In addition, utilizing CNG alone in a Cl engine can present a significant hazard due to
misfire or preignition of the methane fuel. In place of this, aemabraightforward means to utilize CNG
in a Cl engine is through dufdel combustion. In this scenario, CNG (or any gaseous fuel) is added to
the intake of a largely unmodified Cl engine, and is subsequently ignited by the injection of a small

amount of desel as a pilot fuel that additionally serves as a means to add fuel energy to the f§jinder
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Dual-fuel operation allows for a significant reduction in fuel costs, due to the plentiful nature of natural
gas, and also provides for operation over a wide array of operating points that deteemeiative ratio
of diesel to CNG in the engirj6].

Fueling in a duafuel CI enghe is commonly governed by the massed gas substitution rate.
This ranges from lower amounts of CNG addition, where the diesel fuel shoulders most of the
thermodynamic burden, to high substitutiormgy rates
and ULSD is primarily used to initiate combusti@) 43]. Operation at these various substitution rates
carries numerous potential benefits and drawbacks, with lower substitution rates being useful for
achieving duafuel combustion without a costly engine retuning; whereas, higher CNG usage may be
preferred to dwer fuel costs as much as possible by utilizing as little ULSD as required. However, the
latter option may require significant engine functional modifications to meet operational and emissions
standard$6].

Prior work in dualfuel combustion has shown that CNG usage will generally decrease in
cylinder temperatures and pressufeés9, 43-45]. In addition, utilization of CNG displaces air in the
intake, leading to loweredolumetric efficiencied6]. By achieving a relatively homogeneous faél
mixture,duatuel CNG combustion can be flarfi®nt driven[46, 47]. However, given its relatively lean
operation and cooler {aylinder temperatures, CNG combustion has been shown to resutne f
quenching, causing increased emission of partial combustion products while additionally lowering
combustion and fuel conversion efficiencigk8, 30, 48]. Moreover, the combination of reduced
temperatures and enhanced faiglmixing has been demonstrated to raise or lower the peak heat release
rate, depending on the engine load and the amount of CNG utjbzé&q 49-52]. Furthermore, CNG
combustion has been linked to alternatively lower or higher emissions of oxides of nitroggn (NO
depending on the relative degrees of cool combustion (decreasiggvBiGus premixed combustion
(increasing NG) [6, 43, 48, 53, 54]. In addition, particulate matter (PM) emissions nearly universally
trend downwards with CNG usage, due to the factdbatfuel operation deliberately lowers the amount
of liquid fuel entering the cylindda8, 53].
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With respect to high substitution ratios, usage of CNG has generally demonstrated the same
overall trends at lower substitution rates; namely, an increase in unburned products of combustion,
worsening fuel consumption, and deciegsPM emissiong55]. However, high substitution rates of
CNG can reduce NCemissions in some situatiof§6-58]. This reaction occurs in spite of increasing
exhaust gas temperatures that would normally be associated with higher amounisaiididng56].

In particular, advancing diesel fuel injection timings lead to a shorter ignition delay period, resulting in
less fuel being able to prepare prior to the onset of combustion. This then lowers the initial premixed rate
of heatrelease, in turn reducing local temperatures around the fuel spray subsequently inhibiting the
formation of NQ emissiong30].

In order to understand the combustion processes of dissisted CNG, thrate of heat release
(RHR) from fuel combustion must be ascertained, either through predictive or diagnostic mg#ling
In the case of diagnostic heat release (HR), equilibrium models are often used to calculate the total energy
released by the combustion of fuel based on the measuremertytihater characteristics (most notably

pressure), with all modes of heat release serving to balancg ltheviof ThermodynamicgL1, 60]:

QD QY w0 O

1%t Law Rate of HeaRelease (@ N— 1
Q— Q— Q90— 00— Q— @

where the engine output heat releaQer)(is given as a functiowof internal energy tained by the
working fluid Ucy), output work done by the engin®W,), heat transfethrough the cylinder wallsgn),
andother means of mass transfdmi/dg) into or out of the cylinder (e.g., crevice flow, fuel injection,

etc.) This understanding of fuel heat release is vital, particularly when linked to changes in engine
operation and exhaust emissions, and as a means for characterizing the behavior and efficacy of

combustion when using alternative fuels or combustiodegseeFigure3) [61, 62].
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Figure 3: Example of Rate of Heat Release and combustion phases found in a Compression Ignition
engine, from Heywood[60].

The HR moel on which this work is based contains filtering necessary for removing combustion
noise, and also allows the rate of combustion (and, therefore, the RHR) to be indirectly controlled by the
measured changes in the pressure trace. Hence, no changesasargeo account for these particular
phenomengd11]. However, these same effects can present a challenge to HR modeling, and so their
presence (or absence) within the experimental results is discussed later in this work. To that end, this
work provides an update to a previously construct@®dribdel in order to illustrate how to adapt heat
release models for intake CNG in dfiaél engine operatiofill]. This model utilizes a*1Law of
Thermodynamics analysis, and separates the engine cylinder into three zones; an unburned zone for
intake air and EGR, a fuel zone for unburned CNG and vaporized fuel, and a burned zone for the products
of combustion. The model employs the meastredylinder pressure trace to form the basis of its
analysis, and is calibrated to the amount of unburned fuel exiting the engineeasimd during
experimentation.

Selected data is presented in this effort, along with a distusdithe efficacy of tb model,
dealing in the usage of CNG species of varying constituency (ranging fr@®%8 fmethaneontent[6]).

Of importance, this work includes testing at numerous CNG substitution rates, comprisinglld%s),0
moderate (4@0%), and high (785%) ESR, in order to achieve a comprehensive investigation on the

various phenomena observedeach operational regime. Measureecytinder pressure, as well as the
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calculated engineut heat release rate, cylinder temperatures, brake performance parameters, and engine

emissions are considered within this anal{8j43].

2.3 Model Updates
The general architecture of the original HR model was preserved within the neviHBN@del
[11]. This, in turn, shifted the majority of the changes needed for the updated modetatcthation of
the governing chemical combustion reaction, as well as the subroutines responsible for mass transfer
between the zones during combustion. For brevity, this work only dictates the necessary changes for dual

fuel operation, and does not detaié portions of the original model where changes are unneeded.

2.31 Fuel Chemistry and Evaluation
I n the unmodified program, a | umped figl obal o
a single chemical reaction, which is then used to populateyinder contents at the crank angle when

the intake valve has closed (IVC). The original global chemical formula is as f¢lldjvs

Original ModelGlobal x# (1. 1T Q.
Chemical Combustion - Q#/l Q( /1 Q. - 2
Formula /1l Q# Q1 Q. At (1

where x and d are the average amount (in moles) of fuel and air (respectively) present in each engine
cycle, andeis the percentage of the recycled gases from both residual and EGR species (respectively).
Among the products/ represents the moles of species either remaining after or produced from
combustion, andz is the moles of hydrocarbon species remaining aftenbustion, expressed as a

function of the measured amount of fuel used:

Moles of Hydrocarbon Speci¢
. : z p h x €©)
Surviving Combustion

where/ is the combustion efficiency of the combustion process, and which is measured experimentally.

The coefficientg: andgz hold the percentages of molecular oxygen and nitrogen present in tleeantak

while the coefficient$)s, gs, gs, andge are molar amounts of each of the considered emissions species per
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mole of emissions gases produced, and are used on both thendefighthand sides (for recycled and
exhaust gases, respectively). Here, the liquid fuel is given on a carbon, hydrogem, @) nitrogen
(CHON) basis, whictw, x, y, andz representing the number of average number of each element within
the liquid fuel molecules.

Note that Equatio@ only considers oxygen and nitrogen as being present in the intake, and uses
the products of complete combustion in place of partial combustion species (such as carbon monoxide) or
other species typically seen in the exita(.e., nitrogen oxides dlOx). Finally, the program treats
emitted hydrocarbons as unburned fuel, rather than evaluating dissociated fuel atoms.

In the updated model, a number of changes are made to the overall function of the global model.
First, the species of the CNG are reygmted by a second CH@&tyle formula 4, b, ¢, andd), held
separate from the liquid fuel while being evaluated in much the same manner. Because of the possibility
of unburned methane surviving combustion and remaining within the cylinder (or beindyfoecised
through EGR), the coefficient used to specify the number of moles of gaseous fuel at the beginning of the
cycle is made up of two separate terms. One term is for the total amount of CNG added through the intake,

and a second is for additional gedded through EGR.

x # (1. x z- #(01 .
Updated Model Global 1 Q. Q! O
Chemical Combustion - QI 0Q/ e# 1 Q(C /1 Q. - 4
Formula Il QL O/ Q#/l Q(/ Q.
z # (1 . z #(1 .

where the fuel used is separated chemically into two species; the liquid pilot fuel (subscspt to
initiate combustion, and the gaseous CNG (subsgjipised to provide a portion of the required engine

load. The hydrocarbon species surviving combustion are likewise represented by the coeffifents
the pilot) andz (for the CNG), andare both calculated in the same manner as Equatidhe molar

amount of CNG entering the cycle is composed of two terms: a term to account for thefflest @NG

entering the enginex(), and a term to allow for the reuse of CNG through E@R)( This second term
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may be extended to reuse of vaporized fuel by EGR as well, but is assumed to be negligible and so is not
included.Finally, an additional gaseous term is added in order to account for atmospheri¢oar¢jon
order of approximately 1% of intake air speciatiom)order to increase the general accuracy of the
underlying model.

For simplicity, it is assumed that thmburned CNG is identical to CNG added to the intake, in
the same manner as liquid diesel fuel, and does not suffer from dissociation or partial combustion during
the previous combustion cycl e. I n addi tla(again t he
in the CHONformat) for simplicity, ando the model calculates the average number of each atom present
per fuel molecule within the greater mixture.

In addition to the global combustion formula, a local formula exists to provide for the
transfomation of air and fuel to exhaust species through combustion. In the original model, this process

was expressed as the followifidl]:

Original Model Local
Chemical Combustion # (/. al - a#l a( /I a. (5)

Formula

where the coefficientk throughls represent the moles of oxygen used, and moles ef B0, and N
produced (respectively), per mole of fuel burned. Using these coefficients, it is then possible to provide
for mass transformation between zones as a function of the rate of fuel consumed at any given time. To

expand this equation for the use of CNG, eosel CHON term is added:

Updated Model Local e # (/. e #( 1/ . al -

Chemical Combustion a# a( 1 @ (6)

Formula

wherenp andng are the molar percentages of the liquid pilot fuel and gaseous CNG (respectively) out of
the total fuel used in the cycle, both measured through experimentation by the ratio flow rates of CNG
and liquid fuel into the engine.

Of importancethe new model for duglel combustion is used for all combustion models, even

those that do not incorporate the usage of gaseous fuels. To reflect this, in the event that no gaseous fuel is
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added to the cylinder, the gaseous fuel flow rate is simplysadro within the model, and the global and
local models are both simplified to their original form, albeit incorporating argon in the case of the global
formula. While not tested, this same algorithm will work for gasemig fuel usage; simply settirtipe
pilot fuel to zero will result in only gaseous fuel being used. However, for gagsslusnly usage it is
suggested that the original model 6s i gnition del a
utilized; instead, the model shoulely on the ' derivative of the pressure trace to identify the start of
combustion|[1, 13].

The process of accounting for the effeof these differing species within the mixture is left to the
portion of the model concerned with calculation of thermodynamic variables. The original program
utilizes CHEMIKIN-III style coefficients for evaluation of the change in internal energy atigkpy of
the three zones, which are in turn used to iterate the model based'tawa approach. This is done in
addition to calculating other values, such as the adiabatic flame temperature. The equations that utilize the

CHEMKIN-III coefficients areas follows[63]:

CHEMKIN-III Equation for

Constant Pressure Molar
Specific Heating Value

® O Y O ®7Y

(7)

CHEMKIN-III Equation for
Molar Enthalpy

@
Y
0

&

QY OY O OY ®
C o T v Y

(8)

OY Y Q7Y

CHEMKIN-III Equation for ir . . ‘.
- WOag 'Y ®

. 9)
Molar Entropy Y q o T

whereA | E, and@are the molar constant pressure heating value, molar enthalpy, and molar entropy,

2 is the universal gas coastt, T is the temperature, aagthroughar are predetermined coefficients

unique to each gas. If all of the components of the CNG are assumed to be at the same temperature, the
molar enthalpy, entropy, and heating values can be evaluated relatively easily. Using enthalpy as an

example:

e}
©
1

Gas Mixtue Molar Enthalpy

(10)
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wherebi is the fraction of a given species of the entire mixture,Eaigithe molar enthalpy of that given
species. As a result, each of the coefficients on the-higihtl side of EquatiodO can be broken up

according to composition in order to attain a correct fit for the gas mixture:

Lumped Gas Coefficient &) aYa) (12)

whereai is any of the coefficiets used for a given gas, aadis the resulting coefficient used for the
CNG mixture. With these equations, the model can solve for the specific heating values of the CNG
mixture, and by extension can evaluate the changterperatures as a function of the change in

speciation and pressure.

2.32 Combustion Cycle Evaluation
In the original HR model, the combustion cycle was solved through the evaluation of the
components of the chosen equation of state. When assuming@dsdlehavior, the state equation is

given as follows:

Ideal Gas State Equation nw aYYEY Y (12

wherep is the measured cylinder pressuves the volume is the temperature, ariRland Runiv are the
specific and universal gas constants for use on a mdsy (molar ) basis, respectively. At each step
(corresponding to a fraction of crank angle degréne) components of the state equation are solved, both
within the individual zones (where mass transfer is allowed to occur during combustion only), and on a
cylinderwide scale (where mass transfer is not permitted, except through injection of liduid fue

The solution procedure for each step is the same. First, pressure is known through the measured
pressure trace taken during experimentation. Next, mass flux and change in speciation by combustion are
solved, yielding the mass, moles, and gas constainislly, temperature is solved iteratively through®a 1
Law balance, and the volumes of the individual zones are solved directly through the state equation. This
process continues throughout the entire close portion of the engine cycle (i.e., IVC tstExale

Opening), and at the close of the cycle, the modeled mass fraction burned is compared to the experimental
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mass fraction burned obtained through emissions analysis. The entire engine cycle is then iterated to
convergence of the modeled and experital mass fraction burned values.

Mass within each of the three zones was assumed to be constant, with two exceptions. The first
was during the injection process, where fuel mass was simply added to the fuel zone at a rate defined by

the following equatino:

Rate of Liquid Fuel Mass (97

— 606¢¢& cO M7 13
Addition by Injection Q— < n (13)

where An is the area of the nozzle holas, is the number of hels per injectorninj is the number of
injectors per cylindem is the density of the injected fudlp is the pressure differential across the
injector, andCq is a coefficient of discharge for the nozzle (nominally set to 0.39). Upon injection, fuel is
assumed to be vaporized instantly in order to simplify the zonal analysis.

The second exception to the constant mass assumption is during the combustion \puitess.
mass on a cylindewide scale is held constant, the masses of each of the three zones experience
entrainment as fuel and unburned air are brought together, combust, and are then moved to the burned
zone. The rate of this mass flux is set by thefaments of the local combustion formula (see Equa@ipn

and by the rate of fuel mass combusted as given by an Arrketpiedormula[64, 65]:

Rate of Combustion of Fuel = 00 W WX T S (14

where the rate of fuel mass badhfm) is expressed as a function of the mass fractions of thehiid
oxygen (U present within the cylinder, the volum¥sj, temperature ), and density /) of the
control volume, the Universal Gas Constant, and the bulk activation energy of fuel. In addition, the
formula is calibrated during operation using the dimensionless ¥al@# note, while the reaction rate
equaton can change for separate fuels, the overall reaction is both calibrated to engine emissions
(discussed later), and is generally consistent between fuels even before recalibration is considered.

In the previous model, the ignition delay (vas calculatedising a second Arrhenius expression

[64, 66]:
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Fuel Ignition Delay t 6pm pn_n xn* 09 (15)

wherep is the pressure (in Pascals). This equation also utilizes a number of coeffidiemtsapd the
activation energyea), which have been tabulated by other autlies71]. The model then may predict

the onset of combustion by checking to establishttigafollowing argument is true at a given timestep:

Fuel Ignition Delay Check %)'Q— ) (16)

Functionally, the program uses this expression at each data point to find when the ignition delay is
reduced to a time period less than the time between successive data points, at which point the program
begins combustion at the next timestep within thavipled experimental data. Alternatively, the model
can also find the onset of combustion by finding the peak value of the second derivative of the pressure
trace with respect to tinj@2]. In either case, once combustion is beghased on the"2derivative of the
pressure tracejhe rate and duration of combustion is left entirely to Equdiihmand becomes largely a
function of the amount of fuel and unburned oxygen left in the cylinder, as well as the change in pressure
as given by the experimeh pressure trace (expressed through the terms for temperature, density, and
volume).

The CNGassisted diesel combustion mode of the model progresses in the same overall manner,
with the following adjustments made to simulate the presence of the CN@GgDwanimal operation, the
fuel zone is held empty through the majority of the compression process (with the only addition being
liquid fuel injected towards the end). Under the dual fuel operation, this zone is filled with CNG, which
must then be compressatbng with the other intake air gases. For the HR model, the CNG is added to
the fuel zone, with the assumption that mass and constituency are held constant, and that proper mixing is
achieved before the intake process, such that the temperatures dii@eirtake air, and EGR are
identical. At IVC, the temperature is given through measurement of the intake charge, and after IVC, the

temperature is evaluated through the chosen equation of state.
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At injection, the liquid fuel is added to the fuel zoneadfdition to increasing the overall mass of
the fuel zone, this causes a change in the constituency, requiring the modelviduege the bulk

molecular weight\\f) and gas constanR{ of the mass contained within the fuel zone:

Bulk Fuel Molecular Weibt L (17)
4 ® o Q—
Bulk Fuel Gas Constant P9 p & & (18)
Y Y Y Q—
i

the fuel zone at a given time. Note that the subscripts for the CNG and vaporized pilot tuahdie
(respectively), and the portion of the equations concerned with the qualities of the pilot fuel include both
the curent mass of vaporized fuel and the change in mass due to injection.

As the Arrheniusased correlations used by the model for ignition delay are based on empirical
relationships for diesel operation only, they are not suitable fis CNGassisted comistion. As a
result, the CN@assisted model disregards the ignition delay correlations, in favor of using the pressure
traceindicated onset of combustion.

After ignition, the mixture of CNG and fuel is burned at the rate set by Equdi®asd 14.
Other than through additional fuel injection after ignition hagamly begun, the ratio of CNG to
vaporized fuel is held constant, causing the molecular weight and specific heating value of the fuel zone
to remain constant despite the overall loss in mass to the burned zone. As the combustion equation
advances furtherral the total amount of fuel and oxygen is depleted, the equation slows dramatically.
While further combustion reactions are not prohibited, the amount of mass flux and heat release by

combustion in this late stage are functionally negligible (assumingtesthge injection occurs).

2.33 Fuel Injection Artifact

Initially, the core heat release model (see Equatioimcorporated five separate terms of heat
releaserelated phenomena, representing the rates of fuel energy released by combustion, transferred as
work, lost by heat transfer, retained by the working fluids, or changed due to mass transfer across the

boundary. During the otherwisgosed portion othe engine cycle, there is one major source of mass

27



transfer across the bodary; fuel injection. Thigffect manifests as a positive amount of heat release in

the form of energy being added to thecilinder environmenprior to combustion (seleigure4).

Figure 4: Example of Rate of Heat Releasboth with (left) and without (right) the injection artifact.
Thisartifact presents useful diagnostic information, particularly with respect to visually showing

the onset and duration of the injection event. However, it comes with two net negatives. First, the artifact
obscures the net decrease htytinder energy comnt (when fuel mass is excluded) due to energy being
transferred into the fuel in order to atomize and vaporize the fuel. Second, for very long injection events
(more typical of low injection pressures, high engine loads, or high speeds) the injectiois tamythy

enough to blend into the combustion event, obscuring the point of ignition normally visible within the rate
of heat release.

As a result, it is usefub allow for the removal of the injection artifact from the rest of the heat
release rate displayed by the heat releassanprogr a
option (sedrigure5) to communicateéo the program whether or not the injection event should be ignored
in the calculated heat release rahen toggled on, the injection artifact is calculated normally. When
toggled df, the injection artifact is deliberately removed from the heat release rate; the temperature and
thermodynamic properties of the injected fuel is still calculated, but the thermal energy associated with
injection and vaporization is not included in theaf heat release rate, resulting in the artifact being

removed altogether.
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Figure 5: Heat Release Ul Fuel Settingdjighlighting the Injection Artifact toggle, currently set in
the 60né position to iaihtheoHsatReteaseRalkee ar t i f act
Note that the heat release model defaults the

This is more useful to calibrate and test the stability of the heat release model prior to utilizing it to collect
data,particularly to ensure that the model is correctly allowing for liquid fuel injection. Only after initial

testing has been done should the Injection Artifacting control be turned off and the heat release-data post
processed. The maximum net error assodiatevi t h t oggl i ng the Injection A
1% change in thermal efficiency, and only for minimal engine loads, and is decreased substantially for

higher engine loads.

24 First Law Analysis of Dual Fuel Operation
Duakfuel testing waperformed using a Yanmar L100v single cylinder Cl engine Tsdxel).
For brevity, only information relevant to the ddakl experimentation is prested here, with a much
more thorough documentation of the experimental setup available from previoulg8joMost notably,
the Yanmar s stock mechani cal fuel i nj-pressureon sys
electronically controlled diredghjection system, controlled via a Bosch MS15.1 Diesel Electronic Control
Unit (ECU) and Bosch ModasSp¢i73]. This system allows for variable injection timings at a resolution
of 0.02 degrees of crank angle, used here to standardize combustion timing against typical operation with
ULSD. Of note, this fuel system is pressurized by an externally powered fuel (@oaph CP3.2),

29



i solating the system from the engineds measured
controlled using an alternating current regenerative dynamometer by Dyne Systems, Inc. (with
specifications shown iffable 2). Engine torque is measured with a FUTEK transducer (Model #TRS

705) installed between the output and input shafts of the engine and dynamometer, respectively. Finally, it

is i mportant to note that the Yanmarés stock exhat
a separate external system (not utilized here).

Table 1. Yanmar L100V Engine Specifications.

Displacement [cc] 435

Valve Number/Type 1 Intake, 1 Exhaust
Bore [mm] 86

Stroke [mm] 75

Connecting Rod Length [mm] 118

Crank Radius [mm] 38

Compression Ratio 21.2

Injection Timing Variable

Injection Pressure Variable, Maximum 200 MPa
Continuous Rated Output [kw] 3.4

RatedSpeed [RPM] 3600

ULSD Heating Value [kJ/g] 42.8

ULSD Cetane Number 40

IVC [ ATDC] -122

EVO [ ATDC] 144

Table 2. Dynamometer Specifications.

Model Dymond Series 12

Rated Torque [Nn] 28.6

Rated Power [hp] 8.95

Speed RangiRPM] 0-7500

\oltage [V] 480

Phase ThreePhase

Frequency [HZ] 60

Controller DyneSystems Intelcoc V OCS

The mass flow rate of the ULSD used is monitored by a Midotion Coriolis flow meter
(Model #CFM010M), and the mass flow rate of intake air (prior to the introduction of the gaseous fuel)
are measured using a Merriam laminar flow element (Model #50M®y2(hd an Omega differential

pressure transducer (Model #PX230D5V). The incylinder pressure trace is captured using a Kistler

30



pressure transducer (Model #6052C), alongside a Kistler encoder (Model #2614B) to link the pressure
signals to correspondingank angleg73]. The CNG used to achieve ddakel combustion is stored in
gas cylinders and fed at 50 gsnto a Brooks thermal mass flow controller (model #SLA5850), which
both controls and monitors the flow rate of gaseous fuel. This fuel is fed into the engine intake through a
mixing box, where the aifiuel mixture has sufficient time to become relativelymogeneous before
entering the engine itse[6, 74]. Engine emissions are characterized using an AVL SESAM FTIR
emission analyzer, including a Magnos 106 oxygen sensor. Soot emissions doeedaising a separate
AVL Variable Sampling Smoke Meter (Model #415S), with soot measurements serving as-ia $tand
PM.

The characteristics of the four CNG mixtures chdsemesting are showim Table3 [6]. Each of
the four mixtures is dominated by methane gas at 87% (M87), 91.67% (M91), 92% (M92), and 96%
(M96) of the total composition. Each mixture was selected in order to ensure a common volumetric
energy density of 37.3 MJ/m3, and the range oham composition was chosen in order to represent the
common composition of typical CN@, 43]. Engine operation is monitored and categorized by the
relative flow rates of the CNG mixtures with ULSD, based on an edsgyg equivalent of the more

common gas substation rate, called the energy substitution r&&8RpS):

a v
Energy Substitution Ratio oYY — — (19
a v a v

wherel is the mass flow rate, and QLHYV is the lower heating value. The noEBfValues for testing

were 0%, 7.5%, 18%, and 40%, with the ac&@Rvalues varying slightly during experimentatiddoth
ESRand gas flowrate were monitored and controlled through LabVIESV76]. The nominal setpoints

for each of the tests were 0% (ULSD only), 7%, 18%, 40%, 50%, 60%, 75%, and 85%, with some
variation in the actual setpoints for each of the mixtures. Normalization of combustion timing when
needed (typically at or above 4&R was accomplished by changing the injection timing of the ULSD

pilot, in order to align the fired pressure trace of any given test with CNG to that of operation with ULSD
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only. The ULSD injection setpoints were found previously in order to maximize engiciereff during

standard operatioi6).

Table 3: CNG mixture specifications employed in a dual fuel mannef75].

Constituent/Property ULSD | M87 M91 M92 M96

Methane - 87.00%| 91.67% | 92.00%| 96.00%
Ethane - 5.10% | 4.08% | 3.50% | 1.80%
Propane - 1.50% | 0.71% | 0.80% | 0.20%
Isobutane - 0.29% | 0.01% | 0.15% | 0.30%
Nitrogen - 5.60% |1.00% | 2.85% | 1.30%

Carbon Dioxide - 0.51% | 2.53% | 0.70% | 0.40%
Density @ °20e|[83758 0.755 |0.725 |0.723 | 0.698
Lower Heating Value [MJ/kg] 45.60 | 49.50 |51.48 |51.62 |53.50

Constant Pressure Specific

Heat [kJ/kgK] - 37.07 |36.75 |36.62 | 36.29
Ratio of Specific Heats - 1.297 |1.295 |1.297 | 1.298
Cetane Number 40.0 - - - -
Octane Number - 73.1 85.0 85.1 96.1
Methane Number - 49.5 49.6 49.8 50.0

Testing was accomplished at steatigte, defined when engine oil and exhaust temperatures
changed by less than one percent over a 60 second period with a consistent room temperature of
approximately 27 °g6, 73]. In-cylinder pressure data are recorded over 60 consecutive thermodynamic
cycles at a resolution of 0.2 degrees of crank angle. Engine performance data, particularly the flow rates
of both gaseous and liquid fuels, are collected over a course of 12@seta@ sampling rate of 20 Hz.
Emissions readings were collected and catalogued at a rate of 1 Hz over 600 seconds, while multiple sets
of soot emissions (at least two) were collected, with the sampling time adjusted as needed to ensure a
smoke blackeninghumber of approximately four, indicating a measurement in the ideal range of the
smoke meter 6 s mdaskngirie opgeratiorawasaintainet at ¢80 RPM for all tests,
chosen to ensure the presence of both premixed and difidisinimated combustion phases at varying
engine loads, based on prior observation with ULLS® 35]. Testing occurred at increments of 4.5\

(or 25% of the rated load of the Yanmar L100v) to a maximum of 181 M addition to operation at
0.5 N'm to provide an analogue for engine idling. For eaclofstdsts, the engine was brought up to the

desired load using ULSD only, at which point engine operation was catalogued. After thigjedlual
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operation began by utilizing enough CNG to meet the de&fd and data were taken again. After
achieving operigon with all of the desire@&SRs, the CNG flow rate was cut, the engine was loaded to the
next desired output torque with ULSD only, and the process was repeated. After testing, the emissions,
performance, and toylinder data were analyzed via MATLAB worder to calculate timaveraged test
results and standard deviations. These values were then used to calibrate zpsmgleat release model
to calculate the rate of heat release (RHR) arcyiimder temperature, in addition to calculating ignition
ddays and equivalence ratifik3].

For brevity, the pressure traces, RHR figures, and tempetaltaiissshown here are only taken
from testing with the M92 CNG mixture as it isreasonablg pr esent ati ve of t he fa
mixtures. The remaining data from the other three mixtures can be found in ApperielixtiAermore,
previous analysis has shown a lack of differentiation between the four mixtures inasmuch as can be seen
from thepressure, temperature, and RHR behavior of the ef4she

Figure6 (Appendix A1-A5) shows the pressure traces for variB®® using the M92 mixture at
0% (a) 25% (b), 50% (c), 75% (d), and 1009 @ rated engine load, in addition to the nmanim
pressure rise rates (MPRR), for all fuels andESR. For lower engindoads, the addition of low to
moderate amounts of CNG results in a relatively minor change in-thdimder pressure profile, with the
most significant differences being in the lowering of pressure adead center (TDC). This reduction in
pressure isargely due to the effects of the changing constituency on the thermodynamic properties of the
working fluid. Specifically, the increasing usage of CNG leads to a decrease in the ratio of specific heats
away from air (1.4) and towardsetihane ¢eeTable3). However at and above 40%SR the addition of
CNG serves to also lower the peak combustion pressure, indicating the engine begins to struggle to

comtust high amounts of methane. This is also reflected in the MPRR foEBBhand low loads.
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Figure 6. Average of measured ircylinder pressure traces for M92 gas mixture at varyinge SRs at
0% (a), 25% (b), 50% (c), 75% (d),and 100% (€ of rated engine load, as well as the MPRR for all
fuels, ESRs, and loads (J.

At higher engine loads, the addition of low to moderate amounts of CNG again demonstrates a
relatively small change in overall operation. However, a&E®Rgrows past 18%, the magnitude of peak
pressure begins to climb significantly, and the timing of peak pressure begins to approach TDC, with
the more apid pressure risesé¢e Figure 6¢) revealinggreater degrees of premixed combustion. This
shifting in the pressure trace continues until 5BER past which point the magnitude of peak cylinder
pressure ceases to rise any further. Moreover, the timing of peak pressure begins to delay itself closer to
the original timing found with ULSD, indicating a&turn to a combination of premixed and diffusion
flame combustion, more similar to regular operation with ULSD, except at a relatively enhanced pressure.
This slight growth in diffusiofbased combustion for higeSRs is unexpected, given the relatively low
amount of injected ULSD fuel that must be prepared prior to combustion (which is the usual source of
diffusionrdominated combustion). This indicates a difficulty of the engine to combust high fractions of
CNG across multiple engine loading conditions, anturther evidenced by the fact that, for maximum

ESR engine MPRR falls at 18.0-M, after previously rising steadily with increasing usage of CNG.
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To understand this impedimentn t he engi neds aHSRmiiturey, the o ¢ o ml

equivalence rat®for all fuels and egine loads are shown Figure 7, showcasindghe universal rise in
equivalence ratio with added CNG usage. Across all loads, this growth in equivalence ratio is expected
and is primarily linked to the CNG displacing air in the intake charge. However, for engine loads below
9.0 N'm, the equivalenceatio for operation with 785% ESR often exceeds, or at least is roughly
equivalent to, the equivalence ratio of the engine operating on ULSD at the next highest engine load
tested. Furthermore, the change in engine equivalence ratio from 0% tB$R% relatively large for

lower engine loads, and this growth in equivalence ratio falls with added load.
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Figure 7. Engine equivalence ratios for all loadsESRs, and CNG mixtures tested6].

Above 9.0 Nm, the rise in equivalence ratio is substantially more subdued, although it still
increases. This behavior suggests that the engine is having more difficulty in completely combusting the
fuel mixtures as the engine leans more heavily on CN@aice of ULSD. In turn, this means that more
CNG and ULSD must be added in order to make up for this inefficiency; hence, this raises the
equivalence ratio even higher and further promotes inefficient combustion. However, there is still
sufficient oxygen @ailable within the cylinder at all loads. Therefore, the degradation in combustion seen
at lower engine loads and higsRs (Figure 1(a) is not due to a lack of oxidant. Altogether, this signals

that asESRrises, the conditions in the cylinder make ibren difficult for the ULSD pilot to ignite
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completely the CN&ir mixture. Furthermore, this may illustrate that the mixture struggles to remain
ignited and may quench away from the ULSD pilot. In addition, while this phenomenon becomes more
subdued at geger engine loads, where enhanced temperatures counter the possibility of flame quenching,
it remains problematic as indicated by the delaying of peak pressure timing.

The various timings for start of injection (SOI), as well as the calculated ignitiaysdel
(calculated with using the"2derivative of the presse trace), arshown inFigure 8 [1]. Ignition delay
generally shortens with rising engine load, due to a growth-oflinder temperatures. Usage of CNG
has been shown to generally lengthen ignition delay, related to the high octarer miirttiie various
mixtures and the resistance of CNG to autoignif@rb6]. As a result, raising thESRserves to lengén
the ignition delay of the injected fuel, subsequently requiring the injection timing of the fuel pilot to be
advanced for higheESRs in order to ensure combustion occurs at the optimum time. Of note, CNG
substitution at or below 18%&SRIleads to esseially no change in ignition delay (and no need to change
injection timing), and even moderate substitution up t&@% ESRleads to relatively small changes in
ignition delay. However, for CNG substitution above 6@$R the injection timing necessary for
optimum operation diverges significantly from that of standard operation with ULSD; hence, operation

with higherESRs necessitates retuning of the engine, and a gradualrsBiR2litowards earlier injection.
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Figure 8. Engine measured injection timing (a) andignition delay (b) (in crank angle degree}for
all loads, ESRs, and CNG mixtures tested
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The RHR for variou€ESRs are giverin Figure 9 (Appendix A6-A10) for operationat 0% (a)
25% (b), 50% (c), 75% (d), and 100% ¢ rated load, along with the timings of CA50 for all fueiSF,
and loads (c). For lower engine load€ #ame trends seen in the pressure trace are broadly repeated here.
In specific, CNG usage brings about a consistent growth of premixed combustion up ESBDith
peak RHR found for mixtures of around 4@&R Prior research has found that this engwchieves
largely premixed combustion with ULSD up through 9:0nNAs a result, the small rise in the premixed
spike relative to ULSD is not surprising. In particular, the engine is already operating in a relatively

thermally efficient manner and the adliit of CNG does not significantly affect this outcome.
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Figure 9. Calculated RHR for M92 gas mixture at varyingESRs at 0% (a), 25% (b), 50% (c), 75%
(d), and 100% (€ of rated engine load as well as the CA50 timing for all fuelsESRs, and loads (J.
However, beyond this intermediateSR range the peak RHR falls dramatically. This again

highlights the added difficulties in combusting relatively large amounts of CNG, such that atrotGeN
peak RHR for operation at 85E&SRis around half of that for operation in between 18 and &E®R In
addition, a€SRincreases, the RHR profiles seem to indicate a rise indtdge heat release (particularly
beyond 7.5¢ after TDC), normal ly indicative of
comes in spite of the fact that most of the fuel has no reaiinize or vaporize; i.e., 75% or more of the
fuel energy is entering the engine in a gaseous state. Furthermore, indesRieads to lowered ULSD
usage, meaning high&SRs will have more optimal atomization of the injected liquid fuel. Here, it is
possible that flame quenching inhibits complete combustion of theailueharge. Moreover, this may
indicate that a significant amount of the CNG remaining (particularly methane) cannot survive the high
temperature environment and at least partially amts) even after the combustion event has largely
ceased.

At higher loads, added CNG usage results in combustion behavior being generally closer to what
is expected from a gaseous fuel. BSRrises, peak RHR also increases, and diffusiominated

combusion is mitigated because more fuel prepares and burns in the premixed phase. However, for high
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ESR the RHR begins to experience more ymsmixed combustion above that of ULSD, before falling
bel ow the diffusion c¢ombust iTBQ) whiehsabseguerdly beddrhirgyD ( b e
more similar to the othdeSKs. Finally, at 85%ESRthe engine struggles to operate and the peak RHR
recedes to a level more comparable to (but still greater than) operation with ULSD. In addition, operation
at 85%ESRexperiences the highest amount of initial diffusion burn, although this is largely mitigated
beyond 10e after TDC.

Next, the cylindefaveraged temperature profiles for the MO9&tore are presented Figurel10
(AppendixAl11-Al5), againat 0% (a) 25% (b), 50% (c), 75% (d), and 100% ¢ rated load Similar to
previous results, lowo-moderate usage of CNG encounters a temperature profile that is not too
dissimilar from combustion with ULSD. In particular, at low and middling engine loads both peak
cylinder and later expansion temperatures follow the same path as operation with ULSD, respectively.
However, for high CNG substitution and moderate engines|gaebk cylinder temperatures are generally
lower while being delayed further from TDC. This again highlights the difficulties in combusting
relatively large amounts of CNG, and implies that a significant amount of flame quenching may be taking
place. In ddition, temperatures during expansion generally rise with added CNG usage, in keeping with

the growth in combustion levels seen after the premixed spike at these loads.
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Figure 10. Calculated temperature profile for M92 gas mixture at varyingESRs at 0% (a), 25% (b),
50% (c), 75% (d),and 100% (€ of rated engine load

For 13.5 to 18.0 Nn, operation with moderate amounts of CNG generally leads to similar
(although possibly slightly cooler) combustion to ULSD only, both in terms of peak and expansion
temperatures. However, as more CNG is used, peak cylinder temperatiuoedy rise to meet operation
with ULSD, but also significantly exceed it due to more CNG being consumed in the premixed spike or
immediately afterwards. Furthermore, modettathigh CNG usage results in significantly hotter cylinder

temperatures duringiston expansion until around-#0 ¢ af t er TDC. Around this
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relatively greater amount of diffusion burn encountered in the ULSD only tests begins to heat the working
fluid to the same level as the CNG tests. Moreover, the ERRtests promote greater rates of initial heat
transfer (albeit over a relatively short period); hence, a later heat release (ULSD only) will put more
energy into the working fluid rather than lost to the ambient through the cylinder walls.

Altogether, the presure, RHR, and temperature results suggest that for modeséte(and
greater loads) CNG usage will result in a greater premixed combustion event; thus, faster overall
combustion. However, utilizing CNG at lower loads or at high8RIlevels can resultni less idealized
combustion likely resulting in a significant amount of combustible species surviving until the exhaust
blowdown event. In addition, it appears that nearly all scenarios utilizing CNG will result in varying
levels of flame quenching througiit the cylinder. In order to highlight these facets further, the measured
hydrocarbon (HC) emissions tife engine are shown Figurel11 via methane (gand noAmethane (b)
hydrocarbons (NMHC). Unsurprisingly, all HC emissions grow significantly with CNG usage. For low
ESR, emissions of methane grow significantly; however, this growth largely tapers off for moderate
substitution of CNG. Furthermore, thmate of growth in methane emissions past 4BSRfalls as a
function of engine load, such that at 18.6r\methane emissions are relatively flat. At the higE&H®,

a slight increase in methane emissions is seen as the engine struggles to combuke athethane

present in the cylinder.
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Figure 11 Brake specific methane (a) and nomethane (b) hydrocarbon emissions for alESRs,
mixtures, and engine loads.

Across allESR, thegrowth of NMHC emissions is relatively consistent with respect to engine
load. However, this intensificatian slightly less pronounced for the highESFR, as the relatively hotter
temperature environment appears to consume some HC species prior to exhaustion. Further sources of
HC emissions could be due to a greater flow of CNG into the crevices of the combustion chamber or past
the piston, only to be redsed back into the working fluid during expansion at lower temperatures and
eventually exhausted to the atmosphere. In addition, while oxygen starvation is likely not widespread
throughout the cylinder, the lowered amount of oxygen present with heiglE&Rday promote flame
guenching and partial combustion of the fuel. Finally, the relatively significant amount of emitted HCs at
lower loads (particularly idle) highlights a shortcoming of the dual systemin that temperatures are
not sufficient to @lly combust the natural gas present in the cylindera result, duafuel combustion is
particularly advantageous when operating at greater engine loads, where elevated combustion
temperatures promote more miged (and complete) combustion, as well entinorough combustion of
methane that survives the premixed combustion event.

Engineout sootemissions are shown Figure12 and appeart be the mosstraightforward of

all of the various emissions species to characterize since soot is a direct result of the efficacy of liquid fuel
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atomization. Across all engine loads, utilization of CNG will result in a decreased reliance on the liquid
fuel pilot. Asa result, raisingeSRs lowers the amount of liquid fuel that can form soot; hence, CNG
usage causes soot emissions to fall outright. Similarly, for any &R soot emissions rise as a
function of engine load (other than idle) due to a raised amouiguad fuel that must be injected into

the cylinder in order to meet the overall energy demand of the engine at that particular load.
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Figure 12. Brake specific soot emissions for aESRs, mixtures, andengine loads.

Figure 13 details NO: emissions, decoupled into NO (a) and 2B, respectively. In contrast to
soot, emissions of NO are relatively maromplicated with complex relationships between engine load
andESR For low amounts of CNG substitution, NO emissions slightly decrease for all but the highest
engine loads, as the lowered engine temperatures associated with CNG usage leads to ezthaded th
NO kinetics. However, there is an increased likelihood of prompt NO formation due to the larger number
of CH radicals present in the cylinder with added CNG. The overall trend may be explained by a greater
prevalence of lower local cylinder temperats; particularly closer to the cylinder walls, subsequently
indicating that quenching of the flame front (where NO forms) may be occurring and halting flame
propagatior6, 77-79.

However, a&SRrises past 40%, NO emissions largely split into three trends. For engine loads at

or below 9.0 Nm, the expements indicate a significant fall in NO emissions with added CNG. In
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contrast, operation at 18.0-iN results in a relatively steady NO emission rate, climbing slightly as a
function of ESR Finally, operation between 9.0 and 18.8m\splits the gulf witha net decrease in NO
emissions aESRgrows, but not at the same rate as the lower engine loads. In the case of low loads and
high ESR, large degrees of flame quenching, lower overall temperatures, and a relative decrease in
available oxygen and nitrogéne., air is displaced by CNG) needed to form NO all play a role in keeping

NO emissions lower than standard operation with ULSD, even at 50% of rated load.
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Figure 13. Brake specificNO (a) and NC: (b) emissions for allESRs, mixtures, and engine loads.

As engine load increases, less inhibition of flame propagation takes place, but temperatures may
still be slightly too low for substantial flaresased combustion. Hence, while logd ealivalence ratios
(Figure 7) may favor NO emissions, only the region immediately around the ignition source may see
temperatures significantly high enoufgin NO formation. However, this ignition source is the liquid fuel
spray that is in a region significantly more fuiglh than the rest of the cylinder. This region becomes
smaller as more CNG is utilized and the flame front (potentially) quenches fastérermore, this
region becomes richer &SRrises thanks to the large amount of CNG available globally throughout the
cylinder. As a result, the only region where NO has suitable temperatures to form may not have the
prerequisite nitrogen and oxygen.dontrast, the combinations of high loads with |&§s may expand

the regions of high temperatures enough to promote the right conditions for NO formation. Nevertheless,
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at 18.0 Nm and highESHR, the peak rate of heat release appears shift forward stmoiter igrtion delay

may be seenF{gure 8b does not illustrate a definitive trend). As a result, the premixed spike may
decrease resulting in nradedNO formation during this phase. Overall, seeing lower NO emissions at 13.5
N-m and 7585% ESRillustrates that it may be possible to achieve significant (if not peak) engine loads
without increasing NO emissions in comparison to operation with ULSD.

In contrast, N@ emissions are relatively more consistent, with a universal fall in &0a
function of engine load for aESR. This is largely because of the rise in cylinder temperatures as load
increases. N@is typically formed in the periphery ofdltylinder and away from fuel spray as it requires
relatively rapid cooling in order to maintain itself. Instead, in the high temperature environmentilINO
decompose back into NO; thus, regardleds®R rising engine loads will dissuade N@roductia [80].

With usage of CNG, N©emissions climb for lowo-moderateESR. Here, the promotion of
flame quenching by CNG usage allows morezcool quickly and maintain itself rather than become
NO; hence, emissions of NOGncrease alongsidESR[6]. For moderateESRranges, however, NO
formation begins to generally fall away. At lower engine loads, this is largely related to the similar
decrease in NO emissions; lower temperatures begin to dissuade xafbriN@tion. Wheras, at high
loads this is again due to high temperatures prompting NO emissions at the direct expenseBotiNO
of these trends continue BSRrises to the higisubstitution range, where flame quenching and lower
local temperatures continue to impedd\#D« formation except at the highest engine loads.

Of note, while NO and N®emissions both fluctuate over varyifSFs, emissions of each
species at 18.0¥h and moderati-high ESRs are relatively consistent. In this scenario, increased CNG
usage camesult in a significant rise in temperature that appears to promote the formation ahtN®O
from NO: by thermal decomposition. However, this same CNG induces more flame quenching,
promoting the existence of cooler areas in the periphery of the cylulidge NQ can form more readily.

For full load, it would appear that these two aspects affidnation are relatively balanced against each

other; hence, NO and N@missions are relatively constant above 488&(seeFigure14).
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Figure 14. Brake specific NDx emissions for allESRs, mixtures, and engine loads.

Figure 15 showcases combustion (a) and thermal (b) efficiencies of the engine for all loads,
mixtures, andESFKs. As implied by the HC emissions, combastefficiency (almost) universally falls
with higherESKs, as the amount of unburned fuel in the exhaust grows. This effect is due to the greater
likelihood of flame quenching as a functionE%R as the relatively high stability and activation energy
of methane serves to inhibit flame propagation, particularly in the periphery of the engine cylinder.
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Figure 15 Measured combustion (a) and calculated thermal (b) efficiencies for &iISRs, mixtures,

and engine loads.

47



Furthermore, increasing engine load serves to keep combustion efficiency relatively high by
raising local temperatures. Thus, combustion efficiency increases with engine load and is able to exceed
90% at peak engine loadren for the greatedESKs. Interestingly, in spite of the decreasing general
efficacy of the engine combustion process as a functidSéf these augmented temperatures promote
(mostly) higher thermal efficiencies. Here, it is important to recall thairiddeefficiency measures the
engineds usage of thermal energy actually added
the burned (or unburned) fugll4]. Thus, while raising thESRgenerally leads to increasingly poor usage
of fuel chemical potential energy, the engine will inevitably use the potential energy that is successfully
converted more efficiently. This is inherently due to the greater amount of premixed (i.e., constant
volume) combustion within the engine with added CNG usage.

Finally, Figure 16 features thérake specific fuel (BSFC, a) and energy (BSEC, b) consumption
rates of the engine. Generally, both BSFC and BSEC decrease with engine load as the engine is operating
more thermodynamically efficient. For lei-moderate amounts of CNG usage, both the BSFC and
BSEC tend to rise slightly witkESR as engine combustion dmmes less efficient overall. However, in
the case of BSFC, this is countered by the higher energy content of CNG and lower amount of fuel mass

needed to meet a certain amount of required fuel potential energy.
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Figure 16. Brake-specific fuel (a) and energy consumption (b) rates for akSRs, mixtures, and
engine loads.

Thus, in some cases, BSFC does not significantly grow or may actually fall below that of
operation with ULSD only. FAESRs above 40%, increasingly inefficient combustion primarily leads to a
rise in both BSFC and BSEC that is reflected in higher HC emissions. However, for operation at peak
engine load, this loss of efficiency is mitigated, as the combination of highahamd combustion
efficiencies leads to a relatively consistent fuel and energy consumption %Rl Thus, while fuel
consumption mainly grows overall witBSR this increase is relatively less significant at higher engine

loads.

2.5 Conclusiors

Duaklfuel combustion with CNG presents a reasonable alternative to W&&d Cl engines
without extensive physical engine modifications. Specifically, utilization of CNG in a-fdell
combustion scenario has the potential to offset ULSD usage and costsledrdasing soot emissions
and possibly lowering NOemissions in some operational scenarios. However, a major roadblock to
modification of existing Cl engines for dufalel operation is the knowledge of the different combustion
regimes, particularly with respect to engine retuning and emissions. Therigfasenecessary to
determine and categorize diimél combustion over a wide variety of potential operational modes and
offer clear subdivisions between these modes. To that end, four separate CNG mixtures were tested in a
high compression ratio singt®linder Cl engine, utilizing a wide range BERs ranging from 7% to 85%,
alongside operation with neat ULSD.

However, to allow for duaiuel combustion, heat release models must be adjusted to allow for
changes in fuel and combustion chemistry. The modesemted augments the standard heat release
analysis in accounting for gases being added to the engine via the intake, and correctly computes changes
in engine behavior under dufalel operation. The model also shows the anticipated increase in premixed
combustion (and decrease in diffusion burn) when utilizing higher amounts of ORN@ote, ignition
delay calculations utilizing the pressure trace only generally work well on the Yanmar L100V, likely
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related to its high compression ratio and the resultimglap in combustion of each of the two fuel types
used. Experimentation on engines with lower compression ratios may yield a clearer boundary between
combustion of the pilot and gaseous fuel charges, and as a result may require more novel ignition delay
calculations, but this is not able to be explored in the engine at present.

Operation within the lovESR(0-18%) range was found to generally mimic ULSD combustion,
such that ignition delays are not suitably changed and engine retuning is not neceskaryhM/itange,
engine operation became slightly less efficient overall, with worsened HC emissions associated with even
the smallest amounts of CNG tested because of the difficulty in igniting methane. However, this was
coupled with generally lower Nmissions through flame quenching, althoughzM@issions increase.
Furthermore, soot emissions drop dramatically due to a shift from liquid to gaseous fuel comistion.
note, increase methane emissions may be a significant issue for some emissionsryeaggaicies,
necessitating some means to counter methane emissions (e.g. exhaust aftertreatment, or exhaust gas
combustion in a secondary reactor in the same manner as syngas).

MidrangeESRs (4060%) were associated with improvements to engine therringieaety as the
premixed combustion phase grows. However, this is tied to increasing combustion inefficiencies and
unburned fuel lost to the exhaust, particularly at low engine loads; hence, fuel consumption grows. Again,
a dramatic drop in soot emissioissseen with N©@emissions slightly decreasing or remaining constant
(both NO and N@). Over thisESRrange, low loads do not have sufficient temperatures to promote NO
production in comparison to ULSD; whereas, high loads may be tooidhatear the fal spray to allow
for significant NQ production. Furthermore, these moderate substitution rates changed ignition delay and
combustion timing; thus, retuning the engine to operate within this regime is recommended.

Finally, high CNG usage (¥85% ESR wasfound to result in inadequate combustion at all but
the peak engine load, with significant flame quenching and cooler temperatures leading to low
combustion efficiencies, raised fuel consumption rates and greater HC emissions albeit with relatively
low st emissions. Moreover, a significant shift in combustion timing required modification to the
ULSD injection timing. However, the combination of higSR and high engine loads produced
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reasonable engine operation, with high thermal efficiencies, lessenezhses to HC emissions in
comparison to otheESR and loads, and a relatively consistentxNfPoduction and fuel energy

consumption profile.
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Chapter llI: First Law Analysis of Dual -Fuel Combustion of Biodiesel and Syngas
Materialpu bl i shed as #élsed,dpdrogefRichElByngas duginemted by Soybean
Bi odi esel to Power a Biodiesel Production Facil

24,2016

31 Abstract

A single-cylinder compression ignition engine undergoing €ual operation with soybean
biodiesel and an artificial hydrogeith syngas (postulated frogiycerol reformation) was tested at
varying engine loads and gaseous/liquid fuel flowrates. Ovarglieasing syngas usage promotes
premixed combustion, with only relatively small deviations in injection timing required to maintain
efficient engine operation. Fuel consumption increased while emissions of particulates fell with greater
syngas usage duargely to a shift to flame propagatiaontrolled combustion. Increases in nitrogen
dioxide emissions are tied closely to syngas usage, and composed an unusually large portion of all
nitrogen oxide emissions via greater levels of flame quenching. Theiregptal results are combined
with an energy analysis of a biodiesel production process in order to determine the angbyrerof
(subsequently converted to a syngas) and biodiesel required for eseaiallplant to be sedufficient.
Calculations inttate that only 10.88% of thglycerol by-product generated and 3.65% of the biodiesel
produced by the facility is needed to provide al
3.2 Introduction

Given the potential climate change from the continued use df fiosts, an increased need exists
for renewable energy sources produced frompetnoleum supplies. One such source is biodiesel fuel
derived from existing feedstocks of biomass, most commonly through transesterifi&ijonThis
process combines a liplteavy material (e.g., soybean oil) with an alcohol to form biodiesel in the form
of fatty-acid methyl (using methanol) or ethyl (using ethanol) esters. During this process, biodiesel and
glycerol (an odorless and colorlesg-product[34]) are generated at an amount of 38 and 10 gallons,

respectively, per 5@allons of feedstock o{l82]. The recent rise of biodiesel production because of the
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United StateEnvi ronment al Protection Agencyds continuin
a sudden glut ajlycerolon the market, leading to a significant decrease in its [B&;é84]. Furthermore,
this fall in price could continue, as the Department of Energy estimates that for every 2% of petroleum
replaced with biodiesel per year, another 800 million poundgyoél is produced34]. As a result, the
economic viability of refining, storage, andlesaf pureglycerol created from biodiesel production is
decreasing85]. This reduces the ability of biodiesel to compete with petroleased fuels.

In its pure formglycerolis too viscous to be injected directly, and may settle and solidify within
the fuellines[86]. When used as a fuel additigtycerolhas been shown to have difficulty atomizing. As
a result, combustion includinglycerol has exhibited increased carbon monoxide (CO) and total
hydrocarbon (THC) emissions, characteristic of partial combustion, while also causing increased
prodiction of oMdes of nitrogen (N&) [34, 87, 88]. In order to utilizeglycerob s hi gh hydr ogen
it may need to be partially oxidized (typically in the presence of a catalyst) into a hydicdysgnthetic
gas (aka synga$B9]. This syngas can then be employed in a direct combustion manner with a spark
ignition (SI) engine. For a compression ignition (Cl) elegithe combustion of syngas alone is difficult
due to the lack of precision in controlling the ignition timing and duration; a problem in Cl engine
operation with all gaseous fuels. However, syngas may be used in a Cl engine with the addition of a pilot
charge of liquid fuel, in the same manner as dual combustion of ultrdow sulfur diesel (ULSD) and
compressed natural gas (CN@).

Previous studies in hydrogeith syngas duaiuel ClI combustion have found the potential to
decrease NOx emissions while possibly increasing thermal efficiency -agtirider pressure, so long as
the amount of hydrogen is limited to prevent-fyeition and early or excessive premixed heat release
rate[90]. Combustion of hydrogen also benefits from a wiaeging flammability limit and low ignition
energy, but may also increase the overall dgidion temperature of the mixture. Furthermore, hydrogen
posseses a lower overall quenching distance, being able to burn much closer to the cylinder wall,
subsequently leading to further increases in thermal efficiency over other gaseo{80judlkis earlier
work highlighted a possible operational ceiling of 30% hgdrocontent by volume in the intake charge,
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past which pragnition of the hydrogen becomes sev§®, 91]. In addition, syngas addition beyond
35% (by total fuel energy content) has been found to lead to inefficiencies due tyal trrk of oxygen
available for complete combusti¢g@2]. More recent wik has universally shown a decrease in engine
fuel conversion efficiency and increase in fuel consumption as additional syngas [92:4460]. This
behavior is likely related to combustion efficiency delgitgon (particularly at low engine loads) when
utilizing gaseous fuelf92, 95, 100]. However, the decreased combustion efficiency and increased CO
and THC emissions isug entirely to unburned gaseous fuel, and does not appear to reflect a decrease in
liguid fuel combustion efficienc}92, 100]. Emissions of PM have also been found to generally decrease
with additional gaseous @l usage, while emissions of N@ompounds either remained somewhat
constant or increaseparticularly in the form of N@[8, 92-95, 97, 100.

Between differing gaseous fuels species, methane content has been linked to larger CO and THC
emissions, while hydrogen damt is more associated with N@&missiond92, 95, 100. In addition, it
has been found that increasing hydrogen content in mett@nmated mixtures will aid in reducing CO
and THC emissions by increasing combustion efficiencycdntrast, increasing methane content in
primarily-hydrogen gaseous fuels mitigates Né&nissions by promoting cooler combustion that inhibits
the thermal NO mechanisi®3]. Finally, when using biodiesel as the liquid pilot in place of ULSD,
researchers haviound a general increase in N@missions[94], although that may be related to
combustion phasing effects instead of fuel chem[&i@y.

To that end, this work uses a hydrogeh gas chosen to approximate the syngasymed at an
existing glycerol reformation station. A singleylinder Cl engine was then operated at a constant speed
and varying fractions of the ratio of this syngas to soybean biodiesel was employed at different loads in
order to maintain constant engipewer. This engine utilized a modern, higlessure liquid injection
system that all ows for normalization of combustio
that employed a mechanical injection sys{®¥. Testi ng i ncluded monitoring
and incylinder pressure characteristics while recording a comprehensive emissions profile as a function
of both fuel flow rates. Subsequent ppebcessing included a heat release analysis for uadéisg pre
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mixed and diffusion burn characteristics. Over the following sections, the details of this experimental
process are discussed including the resulting pressure traces, rates of heat release (RHR), emissions, and
efficiency data gained from tesgin A subsequent discussion then expands on the initial results by
estimating the effectiveness in using syngasisted biodiesel combustion as an energy source for the
biodiesel production proce§82, 101]. In specific, biodiesel production requires a source of power for
various processes (e.g. heating and filtering the feedstock, powering the reactor, etc.), and the potential
exists to supply the energy required through the -doalbuston of syngas (from theglycerol by-
product) and the produced biodiesel. Finally, this analysis also includes a comparison to previous
successful (but inefficient) reformation and combustion of actual syngas in a larger SI[88hine
3.3 Experimental Methodology

Currently, a uniqueglycerotbased power generation system is installed at the University of
Kansas that includes a fidtale reformer along with a Chevrolet 356 W8 engine and MecdAlte
ECO322L/4 generator[82]. The reformer utilizes a relatively lewost nickelalumina catalyst and
various flow rates ofjlycerol in order to explore the ranges of syngas reformation and combustion for
power. Of note, an 80/20%lycerolwater mixture $ employed in the fulcale reformer in order to
reduce the viscosity aflycerolwhile promoting the water gas shift reaction to generate more hydrogen in
the reforming process. However, to allow for the combustion of syngas in a Cl engine at a separate
location on campus, the syngas in this effort comes as a tank gas since the reformer effluent cannot be
bottled onsite given the explosion hazards involved. As a result, the artificial syngas mixture was created
by Matheson TrGas to match the averagexmire generated bglycerol reformation as shown ifable
4 [82]. The resulting artificial syngas had a lower heating value of 10.75 MJ/kg (31.55 if only flammable
species are considered), a constant pressure specific heat of 13956 a/kafio ofspecific heats of

1.355, and a gas constant of 364.6 KK&2].
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Table 4: Composition of the original (observed)syngas and the artificial mixture,
expressed involume % [75, 82].

Mixture Volume Fraction | Volume Fraction Artificial Mixture
Component (Dry) (Wet)

Hydrogen 32.4 28.7 28.7
Methane 5.8 5.1 5.1
Carbon Monoxide 18.1 16.0 16.0
Carbon Dioxide 7.2 6.3 17.7
Water - 11.4 -
Ethylene 4.8 4.3 4.3
Ethane 2.6 2.3 2.3
Nitrogen (assumed 29.1 25.9 25.9

Of note, the actual syngas mixture contains a relatikigly water content that cannot be easily
replicated in the artificial syngas, as the water would condense out of the overall mixture. To achieve the
desired compsition, the carbon dioxide (GDcontent in the artificial syngas mixture was iraged to
account for both the C&and water content of the original gas. As a result, the lower heating value of the
combustible material remained constant at 31.50 MJ/kg, and the ratio of specific heats of the mixture was
lowered slightly (from 1.360). Tehchoice ofusing additional C@over N to represent the inert water in
the mixture was to maintain the ratio of specific heats as closely to the initial mistyp@ssible; both
water and C®@aretriatomic molecules and using:Mould have raised the ratio of sjfecheats to 1.372.

Moreover, ths prevents a further increase dbncentrabn that would have impacted N@missions
through the thermal NO mechanism (a significant focus of regulation standards). This should provide a
realistic characterization of syag combustion; however, emissions will be slightlyetddht (promotes

CO instead of EHproduction) since kD dissociation and the water gas shift reaction (C@x® e Hz +

CQO) will not be as accurately portrayed.

Experiments with the artificial syngas meeperformed using a Yanmar L100V singldinder CI
engine[73]. The engine was operated with the manufacr er 6 s Ex haus {tEGRpost Reci r
bl ocked. I n addition, the enginebds standard mecha
pressure single rail injection system controlled electronically with a Bosch M®&hgine control unit
using Bosch Modas Sport. Finally, engine speed was controlled using a Dyne Systems Dymond Series

alternating current dynamometer rated for a maximum torque of 2lb4, fand a maximum speed of
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7500 RPM[102. Engine operatio was monitored and recorded using National Instruments (NI)
LabVIEW systems. The first of these systems was utilized to capture-tyéinder pressure trace at a
resolution of 0.2 of crank angle, using 60 consecutive thermodynamic cycles (120 engahatians) in
order to offset cyclic variations. The second system collected other engine operating data every 0.1
seconds over the course of two minutes. Finally, a third NI system was used to facilitate communication
with an AVL smoke meter and SESANTIR emissions analyzer, in order to provide a complete
characterization of the enghmeit emissions profile. The emissions analyzer was set to record a full
emissions profile every second over the course of three minutes of engine operation astateady
(defined by changes in oil and exhaust temperatures of less than 1% over the previous 60[g8Londs)

The syngas was tested at three sapaiEnergy Substitution RatdsSR, or the fraction of the
total energy used for combustion thatadded by the syngas. TESRis defined mathematically as

follows:

Energy Substitution Ratio OVY —

— (20)
a v a v

wherem s the mass flow rate of fuel, a+v is the lower heing value, and the subscriptsagd p are
used to differentiate between syngas and pilot (liquid) fuel charges, respef8jvele three separate
ESRs used in testing were 10%, 20%, and 35% at all engine loads other than the peak rated load, at which
point the maximum amount of syngas that could be added to the intake was maximizecESRBT¥e
bottled syngas mixture was attached to a gaseous mixing box on thedidtala# the engine, allowing
for complete mixing of the intake air and gaseous fuel. Flow of the gaseous fuel was monitored and
controlled using a Brooks mass flow controlisodel #SLA58505)8].
The syngas mixture was testedl800 RPM, and by varying engine load from 0. 8nNengine
idle) to 18.0 Nm (peak load at 1800 RPM separate and identify the varying effects of increasing the
syngas component of fuel energy in both the premixed and diffusion burn portions of ithe Guie.
This engine speed was chosen based on prior testing efforts that demonstrate conditions of primarily pre

mixed burn to mostly diffusion burn based on load. For testing, the engine was brought to a given engine
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load using soybean biodiesel onlyeficeforth, OESR, with an energy content of 39.88 MJ/kg, and
with other properties approximatedTable5 via earlier efforts.

Table 5: Soybean biodiesel properties.

Cetane Number 48.1 +4.7
Energy Content [MJ/kg] 39.88 +0.044
Density [kg/m3 at 298.15 K 875.58 + 0.01
Kinematic Viscosity [cSt] | 4.218 £ 0.001
Dynamic Viscosity [CP] 3.693 + 0.001
OxygenContent [% wt.] 9.9+0.3

H:C Molar Ratio 1.87 £0.04
This operation was continued until the engine achieved swath; at which point the engine

operational data was collected. Next, the amount of biodiesel being injected was reduced, and the syngas
was allowed to flow into the intake to reach a desE8R After the engine had +acquired steadgtate,

the new operational data was collected. Following this, the process was repeated until all of the desired
ESR for a given load had been achieved. At this point, the flow of syngas was stopped anddhe rate
biodiesel fuel injection increased in order to achieve the next engine load, with testing occurring at idle
(0.5 Nm), 25% (4.5 Nm), 50% (9.0 Nm), 75% (13.5 Nm), and 100% of rated engine load (18.0n\

The commorrail injection system was held d48+0.5 MPa, and injection timing was varied (when
necessary) in order to realign the timing of peak cylinder pressure durinfuduaperation to that of
operation with biodiesel only. Pegtocessing included filtering and compilation of the acquired in

cylinder data, as well as the use of an equilibrhased heat release mofitl, 73, 103.

34 Experimental Results

The pressure traces for engine operation at Grd [fFigure 17a) and 4.5 Nn (Figure 17b)
exhibit similar behavior, and dufilel operation is not too dissimilar to traditional engine operation with
biodiesel.Of note, all data presented corresponds to normalized combustibmegiiect to peak pressure
being maintained at a consistent crank angle localtioeach case, the most significant difference is the
general lowering of cylinder pressure with an increadeSR This is related closely to the change in the

ratio of speffic heats of the bulk gas within the cylinder. In specific, the pressure atefg center
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(PTDC) is related directly to the pressure within the cylinder when the intake valve is closed (PIVC), the
compression ratio of the engine (r), and the ratio efciic heats of the bulk gag)(if isentropic

compression is assumgsl:

Isentropic Compression Poc = Pic rd (21

Here, the engine compression ratio is constant, and the changes in intake pressure are negligible. However,
the ratio of specific heats decreases from 1.40 (for air) towards 1.357 (for syngasg8&ihereases
and dilutes the greater bulk gas mixtuflis depresses the peak cylinder pressure during compression,

subsequently lowering the combustion pressure.
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Figure 17: Measured in-cylinder pressure traces for operation with biodiesel and threeESRs at 0.5

N-m (@), 4.5 Nm (b), 9.0 Nm (c), 13.5 Nm (d), and 18.0 Nm (e).

At 9.0 Nm (Figure 17¢), the lowering of peak cylinder pressure due to compression is still seen;

however, after combustion begins, increadi®Rled to a slight growth in peak cylinder pressure. This
amplification of combustion pressure is further evident at the higher loads of 1#3.fFijure 17d) and

18.0 Nm (Figurel7e). Previous efforts with this engine involving soybean biodiesel have illustrated that
at 1800 RPM, combustion is largely préxed burn up to 9.0 M. Hence, all liquid fuel added is
sufficiently prepared for combustion within the ignition delay of the fuel. At and above this load,
diffusion burn starts to play a more prominent role with 13 ldnd 18.0 Nm results transitioning to
significant amounts of diffusion burn. Therefore, E&R increases, the level of preixed combustion
increases (and so does peak pressure) because the-aatide syngas does not suffer from the
phenomena associated with the physical ignition delay in liquid fuels. This is quite noticeable due to the
sudderchange in the upward slope of the pressure rise, seen at approxirratedfter topdead center
(ATDC) in Figurel17d. With increasing amounts of sya®y this slope continues to rise further illustrating
greater levels of prenixed combustionCalculation of ignition delay via the second derivative of the
pressure trace found that the syngas did not greatly affect the ignition delay of the fuel rmixtaoes;it

will not appreciably influence the relative amounts of-piged and diffusion burn. When needed,

changes to injection timing and ignition delay were approximately0@,1and 0.20.7 crank angle
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degrees, respectively. This is because bothdggir and methane are difficult to aigoite; hence,
ignition delay is governed primarily by the biodiesel chosen and not the syngas.

Investigating the RHR aBSRis increasedn Figure 18 finds thatthe diffusiorburn phase is
dramatically reduced, ew at light loads besides idiéhere all combustion is overwhelmingly pméxed
As load andESRincreases, a noticeable growththe premixed phase is found with a corresponding
decrease in diffusion burn. Thizhavior highlights the characteristic shortcoming of liquid fuels; the
inability of the injected fuel to fully prepare prior to combustion. In order to meet a desagdtihe
engine must lengthen the injection event at a given injector pressure in order to allow more fuel to enter
the engine, subsequently promoting diffusion burn. The addition of syngas provides the needed energy at
a given load during the pmixed bun phase since it enters throutte intake with the air.

Furthermore, previous research on Ghi§sisted combustion indicates that an increadeSiR
results in a more homogeneous fa@l mixture and the transitioning of combustion to a flame
propagationype of even{8, 90]. Given the wide flammability limit and significantly fast flame speeds of
hydrogen mixtures, it is @sible that there is a greater level of biodieselnppeed burn as the level of
hydrogen increases. For instance, biodiesel on the periphery that would not be combustedS& 0%
could now be potentially ignited by the hydrogen flame front as it propa@at85%ESR This may
explain the delay in prenixed spike (e.g., 5to 6.5 ATDC at 13.5 Nm) with ESRas the flame front
propagates and continues to burn biodiesel fuel in the periphery. Moreover, the distinct combustion phase
peaks at higher loads ar@w blending as (a) less biodiesel fuel is needed with higlsRlevels,
subsequently reducing the potential for diffusion burn and (b) flame propagation may be aiding the now
more homogeneous diffusidsurn combustion process.

The incylinder temperaturecalculated from the pressure trace and composition of the bulk gas,
serves as a final means to express the relationships between pressure, heat release, and the varying stages
of combustionand is shown ifrigure 19. Similar to the incylinder pressure traces, a slight decrease in
temperature during the compression can be related to the change in ratio of specific heats within the

cylinder. At lowerengine loads, the similarity across vari@SFs is apparent in the relatively identical
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temperature profiles due to combustion being nearly alhpxed (Figure 3a). When diffusion burn plays

a more prominent role at higher loads, increasindge®iglevd results in temperatures greater than ULSD.

This is due to the dramatic increase in thermpnged combustion phase around TDC.
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Figure 18: Fuel Rate of Heat Release for biodiesel and thrdeSRs at 0.5N-m (a), 4.5 Nm (b), 9.0

N-m (¢), 13.5 Nm (d), and 18.0 Nm (e).
The incylinder temperature, calculated from the pressure trace and composition of the bulk gas,

serves as a final meatsexpress the relationships between pressure, heat release, and the varying stages
of combustionand is shown irigure 19. Similar to the incylinder pressure traces, a slight decrease in
temperature during the compression can be related to the change in ratio of specific heats within the
cylinder. At lower engine loads, the similarity across varig8s is apparent in the relatively identical
tempeature profiles due to combustion being nearly altmpneed (Figure 3a). When diffusion burn plays

a more prominent role at higher loads, increasing=®Rlevel results in temperatures greater than ULSD.

This is due to the dramatic increase in themieed combustion phase around TDC.
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Figure 19: Calculated in-cylinder temperature profiles for biodiesel and threeESRs at 0.5N-m (a),
4.5 Nm (b), 9.0 Nm (¢), 13.5 Nm (d), and 18.0 Nm (e).

The next point of consideration lies with the changes in engine operational efficiency with respect
to loadandESR Mass flow rates of both syngas and biodiesel, as well as the potential energy content of
the syngas mixture and biodiesel, are foun@ldhle6. The general trend shows the expected linear rise in
gaseous fuel consumption (and a fall in liquid consumptiorf2Rwas increased. However, the brake
specific consumption of both fuel (BE) and energy (BSEC) of the engine as a whole increased with
higherESReven though the level of the more efficient-prixed combustion phase grows. To understand
this finding, one must look towards the decrease in volumetric efficiencyESiltas illugrated inFigure
20a. The aded syngas is reducing the amount of oxygen entering the engine promoting reduced
combustion efficiencyFurthermore, comtstion is transitioning from autignition (i.e., Cl combustion)
to flame propagation (i.e., SI combustion) BSR grows. Hence, overall combustion becomes less
constartvolume like that could lead to a reduction in engine efficiency. So, while thmiged phase
grows, combustion in general might take longer to finish. These findings are reflected in the growth of the

global equivalence ratio withSRin Figure20b.
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Table 6: Liquid and gaseous fuel flow rates and energy contents for all loads and

ESRs tested.
Biodiesel Syngas Brake Specific
Consumption
Engine Load| ESR | Flowrate | Power | Flowrate | Power| Fuel Energy
[%] [9/s] [kW] [9/s] [KW] | [g/kWh] | [kJ/KWh]
0 0.078 3.111 0 0 2412.99| 96230
0.5 Nm 10 0.068 2.725 0.029 | 0.309 | 8956.69| 279935
(0.094 kw) 20 0.068 2.716 0.066 | 0.712 | 5315.07| 135603
35 0.060 2.393 0.128 | 1.379 | 6795.71| 136153
0 0.112 4.481 0 0 477.22 19059
4.5 Nm 10 0.106 4.217 0.045 | 0.487 | 627.21 19536
(0.848 kw) 20 0.097 3.884 0.094 | 1.006 | 798.19 20437
35 0.083 3.309 0.178 | 1.914 | 1064.39| 21300
0 0.156 6.202 0 0 325.25 12984
9.0 Nm 10 0.144 5.752 0.063 | 0.681 | 430.18 13333
(1.696 kw) 20 0.130 5.166 0.127 | 1.362 | 546.30 13917
35 0.109 4.364 0.229 | 2.466 | 718.94 14493
0 0.201 8.033 0 0 288.81 11532
13.5 Nm 10 0.186 7.427 0.081 | 0.876 | 380.41 11806
(2.545 kw) 20 0.167 6.644 0.166 | 1.784 | 477.00 12088
35 0.137 5.481 0.293 | 3.146 | 615.16 12339
0 0.258 | 10.305 0 0 274.75 10980
18.0 Nm 10 0.232 9.247 0.103 | 1.103 | 359.74 11132
(3.393kW) 20 0.209 8.334 0.202 | 2.173 | 440.76 11265
30 0.184 7.335 0.299 | 3.210 | 520.47 11374
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Figure 20: Calculated volumetric efficiency (a) and global equivalence ratio (b) with respect BSR

at each engine load tested.
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Figure 21: Fuel conversion efficiency (a), combustion efficiency (b), and thermal efficiency (c) with

respect toESRat each engine load tested.

To illustrate this last thought more clearly, the changes to fuel conversion, combustion, and
thermal efficiency witrESR are presented iRigure21. Fuel conversion efficiency is computed from the
fuel flow rates and follows the trend of BSFC; i.e., decreasing with dd@88dCombustion efficiency is
calculated from the exhaust gas speciation and demonstrates a reduction with re§g#taddition.

This is counterintuitive since more combustion is happening sooner (i.aniyad) providing for more
combustion time and #oylinder temperatures generally increase WHISR suggesting a hotter

combustion process. Hence, this reduction is likely dabedransition to flamgropagation combustion
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of a mixture containing a significant fraction of methane gas. While hydrogen has a high flammability
limit, previous efforts with CNG duglel combustion illustrate that methane is more likely to remain
steble within the cylinder, particularly in the cooler regions of the cylinder where combustion is less
pronounced (either due to poor flame front propagation, poefueirmixing, or potential flame
guenching near the wall104-106]. Furthermore, the syngas artifitjgadds Exhaust Gas Recidation

(EGR) species (i.e., &\Nand CQ) into the intake withESRthat acts as diluent, subsequently lowering
combustion efficiency by reducing flame propagafib@7]. Finally, investigating thermal efficiency (as
calculated from the fuel conversion and combustion efficiencies) finds that it generally trends lower with
ESRaddition. This is probably the most illustrative finding with respect to the influence of-flame
propagation orthe resultsFigure 18 demonstrates significantrise in premixed burn suggesting higher
engine thermal efficiencies; however, the transition to a flpropagation combustion event along with
effectively adding EGR (that slows flame propagation) overwhelms the large increasemixguiebun.

This result differs from the prior efforts of the authors where the syngas consisted ot anlg €O and

an increase in thermal efficienayas seen at a few engine loads.
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Figure 22: Brake-specific production of NO« (a), NO (b), NG (c), and the ratio of NO to NQ (d)
with respect toESR for each engine load tested.

Engineout brakespecific NQ production (sed-igure 22a) showed a general decrease with
respect to engine load, regardles&8Rused. This behavior is in keeping with prior results and is due to
the increase in engenefficiency with load Kigure 21). With an increase iESRa a given load, N©
production appeared to either remain unchanged or decrease Vitly.dlityestigating NOKigure 22b),
one would expect that andrease in prenixed burn Figure18) and ircylinder temperatures$-igure19)
while having a global equalence ratio closer to peak Nf@roduction Figure 20b) would lead to higher
levels of NO due to the thermal NO mechanism (more time and temperatures to promote the kinetics).
Furthermore, due to the higher hydrodestarbon ratio caused by the addition of the methamel
hydrogerdominated syngas, incredsBlO production through the prompt NO mechanism is possible as
ESRis increased. However, the trermind was opposite; moreover, Ngbes up wittESR(Figure22c),
whereas convention would state it should go down. Invesigadhe relative ratio of NO/N&in Figure
22d demonstratethat the overallendency$ to promote N@production over NO witflESR

This behavior can be explained through the increasing homogeneity of the combustion process as
ESRis increased, smoothing the temperature gradient (i.e., allowing combustion to spread further away
from the pilot fuel spray), and increasing the likelihood of flame quenching near the cylinder walls. This
promotion of flame genching leads to a growth BO2 over NO; i.e., normally Nequickly reverts back

69



to NO, but on the periphery of a flame when N®es relatively colder temperatures, it can freeze at its
current concentration. Similar NG@indings have been previously documented with dual combustion
of CNG and ULSO8, 105 106, 108. Of note, as load continuesincrease, the rising temperatures with
ESRmay eventually cause thermaONproduction to win out over N@uenchind109].

Brakespecific particlate matter (PM) emissions demonstrated a gradual increase in overall
production with greater load, while also showing substantial decreases with E8RéskeFigure 23).
Both of these behaviors are representative of the changes in the fuels being used with different
combinations of load an8SR For higher loads, more biodiesel fuel is utilized either as the primary
source of energy or as the pilatef for the syngas mixture, leading directly to an increase in PM
production through higherels of diffusion burnKigure 18). As ESRIs increased, the total amount of
liquid fuel utilized decreases, causing a direct decrease in the total avhdigntd fuel available to form
PM. In addition, the decrease in PM emissions by addition of syngas is not entirely a linear relationship.
This is due to the homogenizing effect of syngas that decreases fuel stratification directly; hence, a linear

increase irESRresults in an exponential decrease in PM production.
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Figure 23: Brake-specific production of PM with respect toESR at each engine load tested.

THC emissions generally decreased with engine load forEEaBltested ashown inFigure24a,

consistent with the trend afombustionefficiency Figure 21b). Howevey THC emisgns gradually
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increased alongsideSR suggesting an overall increase in the number of hydrocarbon species surviving
combustion as gaseous fuel composed a greater fraction of the overall mass. This is again due to the
transition to flame propagation andyher likelihood of flame quenching leaving THCs on the periphery
of the mixture. Moreover, since the engine is now compressing the syngas along with air, there is the
added potential of crevice flow leading to HCsereerging during exhaust valve opening.

As shown inFigure 24b, methane follows the same trend wHSR while also forming a
significant fraction of roughly a quarter of the engmé THC emissions (se€&igure 24c); whereas, it
only constituted 5.1% by volume of tidtial syngas mixtureTable4). This is likelydue to methane's
stability at high temperatures relative to other hydrocarbbdd. Emissions of hydrogen gasAHvere
also calculated via considering the wages shift reaction, and these emissions followed the same trends
as those of methane, serving as further exddethat flame quenching on the periphery of the cylinder

reduces combustion effectiveng¢$65, 106.
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Figure 24: Brake-specific production of THCs (a) and methane (b), the fraction of methane in THC
emissions (c), and brakespecific production of H2 (d), with respect tdESR at eachload tested.

35 SyngasPowered Biodiesel Production

It is apparent that the usage of a hydregeh syngas in a dudibel combustion manner with
biodiesel is achievable for a smatiale, modern Cl engine. Given that a potentially sustainable source of
syngas is through the reformation of the biodieseptmguct glycerol this dualfuel operation is of
interest within the field of biodiesel production as it would potentially remove the need to dispose of (or
sell) glycerol At the University of Kansas, a biodiesel production facility (KU Biodiesel Initiative)
converts oil into biodiesel arglycerolthrough a transesterification (batch) process. In order to power the
entire process, 14.9 kWh of energy is utilized at varratss (ranging from 0.153 kW to 2.792 kW) over
the course of nely 17 hours ashown inTable 7. Testsinvolving the flow rates to run the previously
mentioned Chevy 350 in3 V8 engine while measuring the power produced from theANée&C 032
2L/4 generator determined that it would take 70.56 gallonglyaferol (after factoring in a 20% water
content) in order to produce 38 gallons of biodiesel pbdund 10 gallons of crude wasigycerol
However, the continuous energy requirements of the process never rises above 2.80 kW, making the

Chevrolet 350 engine (capable of 150 kW) much too large for this-so@# biodiesel production
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facility. This reslts in the Chevy engine running at lower engine speeds and loads than optimal,
subsequently requiringglycerolusage seven times higher than what is produced in the pf8&gss

Table 7: Energy and glycerol flow rates (after accounting for 20% water content) for
biodiesel production[82].

Phase Time | Continuous Powern Glycerol Flow Glycerol
[hours] Required [KW] Rate [gal/hour] | Required [gal]
Oil Filter Stage 1 3.00 1.28 4.29 12.86
Oil Filter Stage 2 2.50 2.79 4.64 11.60
Reactor Pump 6.00 0.39 4.08 24.45
Catalyst Mixer Pump| 0.33 0.36 4.07 1.36
Fluid Transfer Pumps| 1.00 0.15 4.02 16.28
Dryer Pump 4.00 0.37 4.07 16.28
Total 16.83 - - 70.56

If the engine were to be replaced with a sirglénder CI engine, such as the one used for the
preceding experiments, the potential exists to reduce the reglyeatol amount. The Yanmar L100V
engine has a peak output of 3.4 kW at 1800 RPM (6.2 kW at 3600 RPM); hence, it is able to meet the
continuous energy requirements for biodiesel production at the given facility. In the original reformation
system, the V8 Sl engingilized only syngas in order to fuel combustion and drive a generator, and was
extremely inefficient as the engine was operating close to idle. By utilizing the much smaller Yanmar, it
is conceivable that the engine would be able to make more effidenbfuthe energy content of the
syngas mixture while relying on the produced biodiesel fuel to initiate thefwklaiombustion process.

In order to allow for a comparison between the two engines, it is necessary to provide an
expression to link the ratt whichglycerolis reformed to the energy content of the produced syngas, or
the total effectiveness of the reformation process. The original V8 engine required an input flowrate of
7.975 gal/hour of thglycerolwater mix (or 6.380 gal/hour of ragkycerol) in order to produce syngas at
a rate of 14.716 g/s (or 158.2 kW of chemical potential energy) to produce 3.6 kW of{fajvéirom

this, it is possible to generate the following expression:

E

Syngas Reformation M Qs 22)
Effectiveness v m,

where the mass flow rate of syngas (in g/s), the lower heating value of the syngas (in kJ/g), and the rate of

consumption of thglycerol (ms, in gal/hour) are used to evaluake glycerol reformation effectiveness
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(Eg) of 24.80 kWh/gal. This effectivenesray then be utilized to estimate the necessgygerol
reformation rates needed to meet the syngas consumption rates utilized in testing with the Yanmar L100V

(seeTable6), by reordering Equatio?2:

Required Syngas Reformatio ) M Qs

e — 23
Rate forGiven Fuel Usage My E, (23)

To this end, a second analysis was performedlfaerol reformation and combustion using the
Yanmar L100V operating at 30®SRand 1800 RPM. The power praction ratesutilized in Table7
were scaledunifoml y by a factor of 1.219 to be con$traine
oil filtering stage now draws a constant 3.4 kW, or 100% rated engine load at 1800 RPM. This further
ensures that the Yanmar was running at engine loads highreidlle where measurement uncertainty is
generally the greatest. Required syngas and biodiesel flow (and energy) rates into the engine to achieve
given power production rates were scaled using linear interpolation of the data giadsies. Finally,
the necessary reformation rategybfcerol for each stage of the biodiesel production process were solved
using Equatior23 and are given iffable8.

Table 8: Power production of optimized Yanmar L100V operating at 1800 RPM and 30%&SR

Phase Output Biodiesel Syngas Syngas Glycerol Flow
Power [KW] | Flowrate [g/s] | Flowrate [g/s]| Power [kW] | Rate [gal/hour]
Oil Filter Stage 1 1.56 0.105 0.220 2.367 0.095
Oil Filter Stage 2 3.40 0.187 0.304 3.270 0.132
Reactor Pump 0.48 0.069 0.147 1.580 0.064
Catalyst Mixer Pump 0.44 0.067 0.144 1.551 0.063
Fluid Transfer Pumps 0.18 0.059 0.127 1.366 0.055
Dryer Pump 0.45 0.068 0.145 1.558 0.063

The result of thisnalysis is a large increase in the expected efficiency when utilizing the smaller
Yanmar engine. In the"20il Filtering stage alone, the Yanmar utilizes a reformation rate of only 0.132
gal / hour (to the V86s 4.64 fHabubhput)powhbil étal she
This obviously comes at a price of shifting the energy burden onto the biodiesel fuel, but the power input
of the biodiesel (7.335 kW) and the syngas (3.270 kW) together is only 10.605 kW. Using EgGBation
and solving for the necessary syngas flowrate, the V8 engine is shown to consume syngas at a rate of 10.7

g/s, or 115.05 kW, a full order of magnitude higher than the total energy consumption rate of the Yanmar.
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From the knownglycerol reformation ratesthe total amount ofjlycerol needed to power the
entire reformation process can be ascertaindaiole9. In addition, the required biodiesel fueliloates
were also solved for each phase of the process through linear interpolation. In total, the optimized
reformation process utilizing the Yanmar L100V engine would use 1.326 gallaigcefol and 1.688
gallons of biodiesel, while producing 12.186lgas of glyceroland 46.308 gallons of biodiesel, yielding
a net gain of 10.860 and 44.620 gallongycerol and biodiesel, respectively. In addition, the process
would require 0.265 gallons of water to mix with the pghgcerol prior to reformation. Btting the
comparativeglycerolreformation rates of the two engines (5égure25) shows that, while it is capped at
a maximum power output of 3KW at 1800 RPM, the optimized Yanmar L100V serves as a more
efficient platform when the necessary power output of the system is relatively small. This is because of
the shift to lean Cl combustion from stoichiometric S| operation, and engine frictiogni§icsintly
reduced moving from eight cylinders down to one.

Table 9: Energy and glycerol/water flow rates for optimized
biodiesel production in a Yanmar L100V engine.

Phase PureGlycerol | Water | Biodiesel
[9al] [9al] [9al]
Oil Filter Stage 1 0.286 0.057 | 0.343
Oil Filter Stage 2 0.330 0.066 0.511
Reactor Pump 0.382 0.076 0.449
Catalyst Mixer Pump 0.021 0.004 0.025
Fluid Transfer Pumps 0.055 0.011 0.065
Dryer Pump 0.251 0.050 0.295
Total Required 1.326 0.265 1.688
Total Produced 12.186 - 46.308
Net Gain 10.860 -0.265 | 44.620
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Figure 25: Comparison of glycerol reformation rates needed for equivalent power production using

the original Chevrolet 350 and the Yanmar L100V enginef32].
In this scenario, a small biodiesel production facility utilizing this optimized process would be

able to provide suitable power to run the entirety of the reformation process off biodiesel amedefo
syngas, while only utilizing 10.88% of the totglycerol by-product and 3.65% of the biodiesel.
Increasing power production to exhaust the supplglyderolcould be possible by operating the engine
at peak load (and efficiency) to produce 279.7 k@¥renergy. Using up the entirety of tlgtycerol
supply in this manner would take approximately 82 hours, and require the use of 2.17 additional gallons
of water while consuming another 16.82 gallons of biodiesel fuel.

The primary obstacle for this proseis the large variation in the requirgtycerol reformation
rate from 5.3% of rated load during the fluid transfer process to 100% durinff' thie fRtration stage.
However, a potential solution could be the inclusion of batdgtric charging, keeng the engine
running at or near 100% of rated engine load, thus, maximizing its efficiency. This system could then
discharge the batteries when a relatively lower energy supply is required. Alternatively, the Yanmar could
be kept running at rated load @l times, and any excess power could be used for other purposes or

diverted to the electrical grid and sold via a net metering scenario.
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3.6 Conclusions

Glycerol reformation into a hydrogerch syngas that is subsequently burned for energy
generatiorprovides a means to power a biodiesel production facility. Usage of this syngas within a CI
engine is possible with minimal engine modifications through -thell usage with biodiesel. The
behavior of this dualuel combustion is largely a function of teantity of syngas being utilized, along
with the engine load. Increasing the amount of syngas leads to a growth of cylinder peak pressure,
subsequently increasing the amount of-miged combustion. This is due to the effects of the syngas
homogenizing tha fuel content throughout the cylinder, promoting prompt combustion. Despite these
changes, the net change in ignition delay is minoE@Rincreases because of the high agtation
temperatures of hydrogen and methane (the primary fuels in the symgas®, minimal adjustments to
injection timing are required to maintain efficient engine operation, and the most important aspect to the
prediction of ignition timing is through the preparation of the biodiesel fuel pilot.

Changes in fuel consumption abHiesel and syngas are linear with respect to changeShh
and overall fuel and energy consumption increasesEf#Ras engine volumetric efficiency (and overall
oxygen content) decreases, inhibiting the dual combustion process. This, along with a transition to
flame-propagation controlled combustion, leads to increased methane, hydrogen, and THC emissions.
Furthemore, emissions of PM increase with engine load, but decrease significantly withEsidéde
to the lesser amounts of liquid fuel injected and the transition from heterogeneous to honmgene
combustion. Emissions of NQ&ompounds were subject to compleghaviors and (on average) were
unchanged a$£SR increased. Mostignificantly, emissions of NOwere dominant and generally
increased witHESR Overall, relatively low ratios of NO to NQvere emitted for alESRs tested, except
at high engine loads. Thibehavior is largely due to the nature of the syngas combustion (i.e.,
homogeneous flame propagation) that smooths the temperature gradient by moving combustion away
from the fuel spray region, leading to an increase in flame quenching near the wallefiénsor may

change at higher loads, wherecdylinder temperatusemay begin to favor NO over NO
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Glycerol reformation using previously established techniques produces 24.80 kWh worth of
syngas for every gallon aflycerol used. This reformation effegéness is a useful tool for sizing the
operation of a biodiesel production facility. Optimization of efuml combustion for an appropriately
sized facility using the tested singtglinder engine leads to significant increases in process efficiency
over previous efforts. Only 10.88% of the totd{/cerol by-product generated and 3.65% of the biodiesel
produced by the biodiesel facility is required for selfficiency. However, the significant variation in
glycerol reformation rates suggests the requiretmef a battery storage system or connection to the
electrical grid to sell the excess power in a net metering scenario for more efficient engine utilization.
Ultimately, the potential exists for efficient power production from dual operation with bidiesel and

syngas, with a singleylinder Cl engine useful for smadtale biodiesel production.
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Chapter IV: Diesel Engine Knock and Noise Analysis
Mat eri al published as AComparison of 1 njection

K n o ¢SAE Idternational, Technical Paper 26080219, April 10", 2018

4.1 Abstract

Diesel knock and ringing combustion in compression ignition @iyines are largely an
unavoidable phenomenon and are partially related to the overall effectiveness of the fuel injection process.
Modern electronic fuel injection systems have been effective at reducing the intensity of knock in ClI
engines, largely thraih optimization of fuel injection timing, as well as higher operating pressures that
promote enhanced fuel and air mixing. In this effort, a stogleder Cl engine was tested under a
number of different combustion strategies, including a comparisorecitiamical and electronic injection
systems, increasing fuel injection pressures for biodiesel fuels, and the usage-faéldcambustion
with compressed natural gas (CNG). Usingytinder pressure traces and engine operational data, the
difference in njection mechanisms, fuel preparation, and their effects on knock intensity is clearly
illustrated. This allows a means of comparison across multiple engine combustion modes, including
mechanical vs. electronic injection, injection of various fuels thrauglommon injection system, and
standard operation against dfial operation. In particular, the effect of higher injection pressures and
fuel flow rates on reducing knock in some cases is highlighted. In addition, cyclic variability in the
severity of mging combustion appears to be a function of the ability of the fuel systenptessurize
between engine cycles. This offers a potential means to provide for diagnosis of engine fuel pressurization
system deficiencies through variability in ringing dmmstion, even if these deficiencies would not be

discernible from normal measured operational characteristics.

4.2 Introduction
Within spark ignition (SI) internal combustion engines, unwanted autoignition of thaifuel

mixture, aka knock, is a constatt controllable, side effect of combustiph, 110. While usually
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easily mitigated, uncontrolled or prolonged engine knocking can result in increasingediantihe engine.
Compression ignition (Cl) engines also suffer from a more limited form of knock, as while spontaneous
ignition of the entire fuehir mixture at once is highly unlikely, smaller pockets of fuel and air will still
produce a milder (but #tipotentially damaging) autoignition if heavily compressed by combu§libf
112). Therefore, it is of importance to characterize the severity and intensity of engine knock within Cl
engines.

One common indicator of knocking combustion, particularly for Clreagyiis the formation of
high frequency pressure wavdd. These waves are characterized as pressure ringing; hence, Cl engine
knock is often known as ringing combustion. This knocking behavior is largely linked to premixed
combustion and subsequent rapid pressure rises; thus, Cl knock is extremely commoprédseise
oscillations can be readily observed withincylinder pressure traces, as a waveform visible on the

trailing edge of the pressure rise fraombustion (seBigure26) [1].
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Figure 26. In-Cylinder Presaure Traces for a Cl engine undergoing various amounts of knocking

combustion[113].

This behavior is further accentuated in Cl engines operating undefugélatgimes, often with
the addition of gaseous fuelkd compressed natural gas and hydregem syngag114]. In these cases,
the rising amount of fuel energy provided by the gaseous fuel leads to an increase in the amount of fuel

prepared forcombustion at ignition, as gaseous fuels do not have to undergo injection, atomization, or
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vaporization like liquid hydrocarbon fuels. Therefore, with more fuel prepared prior to ignition, premixed
combustion is enhanced. While this would normally be atdgeous by smoothing the-aéglinder
pressure rise from combustion, these gaseous fuels typically have higher autoignition points. Therefore,
they will only autoignite due to compression from combustion, and not from the compression stroke of
the engineAs a result, if gaseous fuels experience engine knock at all, the process will generally be much
more intense than during operation consisting of only liquid fuels.

The frequencies of knocking combustion are identified through the creation of a signal powe
spectrum from the haylinder pressure trace, commonly using Fast Fourier Transform (FFT) algorithms.
Figure27 showcasesne such power spectrum of a singidinder engine under operation at 3300 RPM
and 75% load. Areas where the emission spectrum peaks represent frequencies of particularly strong
signals within the unfiltered dataset; here, the local peaks occur at 0.63, 6.2, 9.5, and 12.9 kHz. These
individual signals are largely washed out of the dataset without filtering, due to the overwhelming
presence of loweirequency signals. Here, the primasignal is at 27.5 Hz, corresponding to the
compression, combustion, and expansion events occurring once every two cycles at 3300 RPM (55 Hz).
Other local peaks have the potential to wash out thefhegjunency signals within the dataset, such as the
sigral at 0.63 kHz due to fuel injection. Therefore, in order to remove the influence of tfietmency
signals, a filter is required, ideally a highss or bangass filter to remove frequencies belové 4Hz
[1].

Overall, since Cl knock is a function of the amount of premixed combustion present in a given
engine cycle, knock can be characterized as being dependent on the controllable paranutifeysfadfe
onset and intensity of combustion; injection pressure, injection timing, and fuel flow rate. Generally,
experimentation has shown that increasing or advancing these operational parameters leads to a growth in

knocking combustiofil11, 112 115117].
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Figure 27. Sample power spectrum of a Yanmar L100V operating at 3300 RPM and 75% of rated
load, from measured pressure trace.

Two primary strategies governing fuel injection have been commonly implemented on CI
engines; mechanical fuel injecticeind commorrail electronic injection technologies. Older mechanical
systems are driven entirely by their parent engines via the crankshaft or timing belt, and are relatively
simpler to manufacture and use. While mechanical injection is no longer utbizewfiern automotive
applications, they are still in use within generators or aircraft engines, where engine operation is typically
limited to a relatively small speed range and finer engine controls are either prohibitively expensive or
simply unneeded35]. Such mechanical systems typically operate at lower injection pressures than
modern systems. In addition, mechanical injection pump systems are largely limited to a single injection
event per engine cyc[85]. As such, the static and unchanging nature of mechanical systems means they
can be manufactured to avoid knock, but also lack any techniques to mitigate knocktstauld

Modern electronic injection systems are compuatantrolled, utilizing the engine control unit
(ECU) to modulate fuel flow rate into the cylinder. Utilizing direct electronic control allows for fine
control of an engine over wide speed and laaes[35]. As a result, variable injection timings and
higher injection pressures may be utilized. Furthermore, magleatronic systems have the ability to

undergo multiple injection events per engine cycle. A negative result of this, though, is that increased
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injection pressures may lead to more intense Cl knock. However, this is commonly mitigated by utilizing
pilot injections to smooth the rise in pressure during the premixed spike.

This work details a direct comparison between mechanical and electronic injection knock within
a highcompression ratio, single cylinder Cl engine, with the electronic injection systesrgoity only
one injection event per cycle to increase the parity between the two operational modes. As such, the
advantages of electronic fuel injection technologies over mechanical technologies with respect to knock
are highlighted. At the same time, thetential dangers associated with the electronic system are also
made apparent, particularly at midrange engine loads where premixed combustion is most readily
apparent. Furthermore, findings in relation to fuel injection pressure andasSsi§ed dies@lombustion

for the electronic injection system are presented highlighting the impact of fuel preparation on knock.

4.3 Experimental Setup

To investigate the effects of injection strategy on ringing combustion and engine knock, engine
testing on the sam@ngle cylinder engine was accomplished. The characteristics of the engine, a Yanmar
L100V coupled with a DyneSystems Dymond Series altergatirrent (AC) dynamometer, are given in
Table 10, while a comparisorf the two injection systems is providéd Table 11. Of note, all tests
utilized ultralow sulfur diesel (ULSD) with a density of 837 kg/m3, and a lower heating value of 41.53
MJ/ kg. In addition, the engI(EGR)@atinghe ayfindea medd wasx h a u s t
blocked.

Engine operation was monitored through a National Instruments (NI) LabVIEW program,
gathering data at 10 Hz over two minutes. A second LabVIEW system was utilized for capturinrg the in
cylinder pressure traceecording 60 consecutive engine cycles (or 120 revolutions), at a resolution of
0.2 of crank angldg73]. A third NI system was also utilized to log emissions data from an AVL SESAM
FTIR emissions analyzer. While not presented here, this emissions data was collected at a rate of 1 Hz

over a five minute period, and was used to characterize the cyclic comtafftmncy values utilized in
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calibrating a model to calculate the engmé rate of heat release (RHR) utilized within this w{itR,

Table 10. Engine and Dynamometer ecifications[73].

Engine Manufacturer/Model Yanmar L100V

Type Vertical DirectInjected

Intake Naturally Aspirated

Cooling Air-Cooled

Cycle 4-Stroke

Displacement [cc] 435

Number of Cylinders 1

Number of Valves 2 (1 intake, 1 exhaust)

Bore [mm] 86

Stroke [mm] 75

Connecting Rod Length [mm] 118

Crank Radius [mm] 38

Clearance Volume [cth 21.611

Piston Area [crf] 58.088

Compression Ratio 21.2

Continuous Rated Output [hp] 8.3

Rated Speed [RPM] 3600

Engine Oil Used Shell 15W40

Dynamometer Manufacturer/Model | DyneSystems, Inc. Dymond Series 12

Continuous Rated Torque {i] 28.61

Continuous Power [hp] 12

Maximum Speed [RPM] 7500

Voltage [VAC] 480

Phase Three Phase

Frequency [Hz] 60

Controller DyneSystems, In. Linteroc V OCS

Table 11. Fuel Injector System mparison[35, 73].

Type Mechanical Electronic
Part # 7143053100 0-44510-183
Injection Timing [ BTDC] 15.5 Variable
Injection Pressure [MPa] 19.8 Variable, under 200
Controller Engine Governor | Bosch MS15.1 ECU

Engine torque is measured with a FUTEK transducer (Model #10%$ installed between the
engine output and dynamometer input shafts. Fuel flow is measured through avdimno Coriolis
flow meter (Model #CMFO010M), and inlet air flow is catalogued throagiMerriam laminar flow
element (Model #50MW2@2) with an Omega differential pressure transducer (Model #P-80DBV).

A combination of a Kistler pressure transducer (Model #6052c) and encoder (Model #2614B) are utilized
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to acquire ircylinder pressure mearements. Further hardware specifications for this experimental setup
may be found in Langness et @3].

Operation with the mechanical injection system was achieved at 3600 RPM, with the speed
determined by the constraints of-inddeegoverma.ltrgime c a l [
load control was provided by the AC dynamometer with thét-bu governor responding to the
dynamometer6s | oad by increasi nb5 dlf. Theerechanaat i ng t
injector and speed governor were later removed in favor of the electronic injection system controlled by a
Bosch MS15.1 ECU, with ECU monitoring and operation provided by Bosch Modas Sport. Here, engine
operation was reduced to 1800 RPM, and the AC dynamometer was instead used to control engine speed.
Engine load was adjusted directly by the user through gimerorque command, causing the ECU to
increase or decrease in fuel flow rate in order to meet the required demand. Engine injection timings were
adjusted in order to keep the engine operating at maximum brake torque (MBT) for that engjté]load
The electonic injection system was also held to an operating pressure® 6fARIPa unless otherwise
noted.

To facilitate combustion of gaseous fuels for diugl operation, bottled gaseous fuels are
introduced to a mixing box mounted on the intaide of the erige, allowing for adequate mixing of
gaseous fuel and fresh air to create an essentially homogeneous 8tut8]. Flow of gaseous fuels
are controlled and monitored through a Brooks mass flow controller (Model #SLA5850s) mounted
between the gas cylinder and mixing H@s].

The engine was operated at a fraction of the rated engine load at each speed, which was 18.0 N
for both operational setting46, 119. The fractions of engine load, therefore, are referred to as idle (0.5
N-m, to reduce the wvariability o-m) 50%%®0Nmg75%n o6unl
(13.5 Nm), and 100% (18.0 4h). Engine operation was monitored until the engine reached sitsdy
operation, characterized as a change in exhaust and oil temperatures of less than 1% over a 60 second

period [73]. The engine was run with only a single injection event per cycle so as to provide a direct
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comparison between the two injection systems, as the mechanical system is limited to only a single
injection event per cycle.

Filtering of the incylinder pressuréraces was achieved through application of a-pass filter
to attenuate frequencies below 4 kHE. For each individual experiment, the higéss filter was applied
to each of the 60 individual engine cycles in order to maintain the oscillatory behavior of each cycle.
After filtering, the highest amplitude of oscillation within the pressure trace in the vicinity of top dead
center (i.e., excludop valve events) was catalogued for each cycle. Finally, the average and standard
deviation of oscillation for each experiment were calculated. Design and application of the filter was
achieved through thidtfilt andfft commands within MATLAB, respecti\ In addition to the pressure
filtering, the pressure data was run through a MATLAB program developed by Shahlari et al. in order to

calculate the amount of combustion noise present in engine opdd@n

4.4 Comparison of Mechanical and Electronic Injection Systems

Figure 28 shows the pressure traces for each injection system, and each engine load, given as a
function of crank angle. At idle and 25% load ($egure 28(a) and (b)), the deviatio between in
cylinder pressure is due entirely to the difference in injection timings, injection pressure s,cginadier
temperatures. In particular, while the atenic injection system is optimized for each engine load
individually (10-12.5 BTDC), the mechanical injection system is reliant on a static injection timing that
is held constant across all engine loads (1B'EDC).

This delay in injection timing fothe electronic system results in slightly later atomization,
despite the differences in injection pressure. This deviation decreases as engine load increases, to the
point that the pressure traces are nearly identical past 50% load, likely related &wttliieaf the
mechanical injection system was optimized for the higher engine loads (i.e., its injection timing was set to
achieve MBT at 100% of rated engine load). When the electronic system was installed, optimal injection
timings for each engine load dh#&o be reacquired. As a result, the deviation between the mechanical and

electronic injection systems is likely a combination of possible error in the MBT analysis, and inability of
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the mechanical injection system to achieve optimal operation at loves. llmeeither case, this deviation

decreases substantially as engine load increases, indicating that the MBT analysis approaches the factory

optimization of the engine with added load.
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Figure 28 Measured incylinder Pressure Traces with regpect to Crank Angle for (a) 0%, (b) 25%,
(c) 50%, (d) 75%, and (e) 100% load for mechanical and electronic injection systems.

In addition, peak cylinder pressures near TDC for operation with the mechanical injection system
are slightly higher than those of operation with the electronic system, approximat€ys ®&r. This
effect is assumetb bedue to the decreased engine spéedving more time for heat transfer in the
vicinity of TDC, albeit at a lower level of turbulence) when testing with the electronic injection system,
and tends to decrease with engine loading as the engine comes up to higher operational temperatures.

Figure 29 showsthe RHR of the engine for each injection system as a function of crank angle.
For everyoperational load, it can be seen that the mechanical injection system experiences slightly more
diffusion-based combustion. In both systems, diffusi@minated combustion is a function of
increasingly poor fuel mixing and atomization, as the engine struggles to inject and prepare enough fuel
prior to (and sometimes during) the premixed combustiorseph@he difficulties of the mechanical
injection system are due in part to its lower injection pressure, which limits the ability of the fuel to
atomize and vaporize as a part of the physical ignition delay process. In addition, the higher speed of
testingwith the mechanical injection system provides a smaller window of time for the injected fuel to
prepare fully prior to the onset of combustion; although increased levels of turbulence will facilitate
enhanced mixing. However, the mechanical injectionesysilso injects earlier adding to the necessary
time required to prepare the fuel.
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For the electronic injection system, increasing load up to M@IBkads to a direct increase in the
premixed combustion phase, with a limited growth in the amount of iiffusirn. Above 9.0 Nn, the
electronic system begins to encounter the same ignition delay issues as the mechanical system; i.e., not
enough fuel can be added to the cylinder prior to the onset of combustion. Thus, at 13.5 anch, 1616 N
engine experieses a limitation in the peak RHR from the premixed spike, and whatever additional energy
is required to meet the given load must come from diffudimminated combustion. As a result, despite
the difference in engine speed and injection strategy, the RHB.@ Nm for the two engine injection

systems begins to resemble each other.

Rate of Heat Release (J/deg)

Rate of Heat Release (J/deg)

75

— Mechanical
=— Electrical

Rate of Heat Release (J/deg)

75

o]
o

I
o1

w
o

[y
(6]

—— Mechanical
— Electrlcal

OLSLp R - [S— ‘\--——~-.,_ ——
i i i i '/ i i : i i i i
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
Crank Angle (deg ATDC) Crank Angle (deg ATDC)
75 1 : : 75 1 ‘ ‘ ‘ : :
(c) —— Mechanical (d) . ‘ i | =——Mechanical
-— Electrical 'I\ -— Electrical
T T T | f

N
[6)]

w
o

[
(&)

0 [ [ [N o Al !a—,—,,!—

.

_— ——,

10 15 20 25 30 35 40

Crank Angle (deg ATDC)

Rate of Heat Release (J/deg)

(o]
o

N
[6)]

w
o

[y
o1

|
15
Crank Angle (deg ATDC)

\
10 20 25 30

89



75 1 : : : : ! !

@ - | =——Mechanical
| | | =— Electrical

(o]
o

IN
o1

w
o

Rate of Heat Release (J/deg)
=
ol

Y eV
DNt

A S S N N
0O 5 10 15 20 25 30 35 40
Crank Angle (deg ATDC)
Figure 29. Rate of Heat Releaswiith respect to Crank Angle for (a) idle, (b) 25%, (c) 50%, (d) 75%,

and (e) 100% load for mechanical and electronic injection systems.

The overall cycleaveraged noise for the mechanical and electronic injection systems is shown in
Table 12, calculatedusing an algorithm by Shahlari et §.20). While the mechanical and electronic
injection systems will deviate in terms of overall engine noise relative to each other (due to the change in
engine speeds), the noise from combusiiself should remain relatively consistent with respect to
changing engine speeds. As a result, in order to remove the effects of engine speed, only combustion
noise is considered, which is calculated directly from the pressure trace. Between the mleahdnica
electronic injection systems, the mechanical system has a higher amount of combustion noise, indicative
of higher degrees of knock and ringing combustion. For each system, the overall combustion noise
increases from idle to 50% of rated load, andhtisereduced from 50% to 100% of rated load. This is
consistent with the RHR results, and indicates a rise in combustion noise (and likely CI knock) as a
function of the magnitude of the premixed combustion phase. Past 50% load, diffosiorated
combusion contributes a significant amount to the total fuel heat release, and thus a lower amount of

combustion noise, indicative of less engine knock relative to operation atr.0 N
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Table 12. Cycle-averaged Combustion Mise for metanical and electronic injection systems.

Engine Load [Nm] Noise (Mech. Inj.) [dB] | Noise (Elec. Inj.) [dB]
0.5 95.65 87.14
4.5 98.96 92.17
9.0 100.20 93.61
135 99.99 92.79
18.0 98.00 90.98

The average pressuniaces for the engine after filterimg applied, as well as the peak amplitude
of oscillation for each individual engine cycle, are shown for iggure 30), 25% ¢igure 31), 50%

(Figure 32), 75% Eigure33), and 100% Kigure 34) of rated engine loadn addition, the average peak
amplitudeacross the 60 thermodynamic cycles, andatbeolute and relative standard deviation in those
peak amplitudes for mechanical and electronic injection, are providéhbie 13 and Table 14,
respectively.

At engine idle, the engine is unsurprisingly operating with the least amount of ringing combustion
with the average amplitude of engine ringing being the lowest for both the mechanical and electronic
systems. Here, the mechanical system experiences ringing oscillations of approximately 2.90 bar, while
the electronic system only experiences 1.03 barsoiilations. This muting in ringing is directly related
to the low flow rate of fuel entering the engine, and the ease with which both injection systems can
adequately mix the fuel. This lessmount of ringing combustion is also evidenced by the velsti
small standard deviation away from the average (+0.40 and +0.36 bar for mechanical and electronic,
respectively). In this case, while the engine cyclic variability is relatively high (mainly as a function of the
low engine load), this variability doa®ot appear to translate into absolute variability of combustion
ringing. However, while oscillations are smalieran absolute sense, the relative standard deviation (as a
percentage of the total knocking amplitude) is more significant in the electsgsiem than the
mechanical system. While this relative variability in the electronic injection is the most extreme among all
|l oads tested, it is Ilikely that the engineds | ow
variability seen in thgressure oscillations of both injection systems, and thus skewing the variability of

the knock readings.
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Table 13. Magnitude of pressure oscillations for engine operation with mechanical injection.

Engine Load [Nm] Average Ringing S@angjard Deviation of Rela_tti\{e Standard
Amplitude [bar] Ringing [bar] Deviation [%]

0.5 2.90 0.40 13.91

4.5 4.99 0.59 11.84

9.0 5.37 0.76 14.16

135 4.24 0.57 13.44

18.0 3.92 0.59 15.16

Table 14. Magnitude of pressureoscillations for engine operation with electronic injection.

, Average Ringing | Standard Deviation of Relative Standard
Engine Load [Nm] Amplitude [bar] Ringing [bar] Deviation [%]
0.5 1.03 0.36 34.51
4.5 1.92 0.55 28.27
9.0 2.11 0.73 34.36
135 1.87 0.50 26.61
18.0 2.01 0.58 28.74
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Figure 30. Averaged pressure oscillations (a) and cyclic peak oscillation (b) at 0.5\

At 25% engine load, ringing combustion increasgmificantly, with the mechanical system
experiencing an average amplitude of 4.99 bar, and the electronic system encountering 1.92 bar.
Variability between the mechanical and electronic systems also grew, with standard deviations of £0.59
and +0.55 barrespectively. In both systems, increasing the fuel flow rate results in a significant
intensification of the amount of energy added to the cylinder, augmenting the amount of premixed

combustion and adding the severity of knock. Both injection strategsge dealing with a relatively low
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amount of overall fuel added to the cylinder, and so unburned atomized fuel is less likely to exist in the
periphery of the cylinder in sufficient quantities and air/fuel ratios to lead to significant knock. As a result,
ringing combustion remains relatively minor. Again, the relative variability of engine knock is more
significant for he electronic injection system.
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Figure 31. Averaged pressurepscillations (a) and cyclic peak oscillation (b) at 4.5 .

At 50% of rated load, the engine experiences the most variable and violent ringing combustion of
all of the engine loads tested, in keeping with the combustion noise and heat release dathe Here,
mechanical and electronic systems encounter wave oscillations at amplitudes of 5.37 and 2.11 bar,
respectively. In addition, the standard deviation of ringing amplitude between engine cycles of the
mechanical and electronic systems amount to £0.76tart8 bar, respectively. While the two systems
experience relatively equal variability in an absolute sense, the unevefribsselectronic system is
much greater relative to its average amplitude of oscillation.

In both systems, the fuel is relativebell-mixed, resulting in conditions highly prone to engine
knock. Similar to the previous load, the higher average amplitudes of cylinder pressure oscillations is
indicative of the added energy content. While the electronic system still outperforms hanmat
competition in terms of mitigating engine knock, its high cyclic variability may be related to the relative

operating pressures of the two fuel systems. The mechanical system experiences a lower peak operating
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pressure; hence, the fall in line ese due to the injection event is relatively easier to overcome in time

for the next engine cycle (i.e., the engine is more likely to maintain an even injection pressure between
cycles). In comparison, the electronic injection system, operating at amwitcedthe line pressure, will
experience higher changes in injection pressure, particularly as the load increases. As a result, this may
increase the likelihood that the injector system will not be able to maintain its ideal operating pressure,
and so theamount of variability between engine cycles increases. This then causes variation in the
amount of fuel prepared at the onset of combustion, changing the level of the premixed combustion phase.
In essence, while the electronic fuel injection system is rgépebetter able to mitigate the various
effects that lead to engine knock, it is also less able to do so in a consistent manner. This is also
demonstrated by the operation of the mechanical system, where the difference in relative variation
between cyclg is at its largest (other than at idle), further highlighting the relatively high amount of
cyclic variation within the mechanicaystem (sedable13 andTable14). As the fuelflow rate into the

cylinder increases, the pressures within both injection systems are less able to maintain consistent

operation.
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Figure 32. Averaged pressure oscillations (a) and cyclic peak oscillation (b) at 9.0ri

Compared to 50% load, pressure oscillations at 75% load are much less pronounced, with the

mechanical and electronic systems experiencing an average of 4.24 and 1.87 bar oscillation, respectively.
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This again reflects the decrease in combustion noise geepdration with botimjectors (se€lable12).

As mentioned before, this decrease is likely due to the onset of significant difiesionated
comhustion for both injection systems. This slightly stifles ringing combustion by spreading out the rate
of combustion and muddying the pressure oscillations. In addition, the smoothing of knock also reduces
the overall cyclic variability of the oscillationsjth standard deviations of £0.57 and £0.50 bar across the

60 cycles examined for mechanical and electronic injection, respectively. Relative cyclic variability is
also reduced from 50% load, although the variability in the electronic system is sdH talative to the

average oscillation.
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Figure 33. Averaged pressure oscillations (a) and cyclic peak oscillation (b) at 13.5n\

In comparison to operation at 75% engine load, wihereased to 100% load the amplitude of
pressure oscillations decrease for the mechanical injection system (3.92+0.59 bar); however, the
oscillations for the electronic system increase slightly (2.01+0.58 bar). Lower calculated noise values
suggest that thancreased level of diffusiedominated combustion for both injection strategies helps to
stifle CI knock. The increase seen in the ringing amplitude for the electronic case is likely a function of
the advancement of injection slightly to achieve MBT (frbén BTDC at 13.5 Nm to 11 BTDC at full
load). As a result, more fuel is prepared in time for the initial premixed phase, followed by relatively good

mixing of the later injected fuel, and a higher and earlier diffusion phase (se&igure29e)). Thus,
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engine knock experiences a high initial oscillation due to the high amount of premixed fuel in the cylinder
(and which may actuallbe more severe than in operation at 75% load), but this effect is immediately
stifled (or potentially hidden) by more intense
knock and combustion noise of the cycle. Finally, because of the el tsignificantly more fuel to

achieve 100% load, the standard deviation of ringing increases for both injection strategies over 75% load

as the fuel lines require continuatpeessurization.
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Figure 34. Averaged pressure oscillations (a) and cyclic peak oscillation (b) at 18.0ri

Overall, the electronic injection system generally outperforms its mechanical counterpart. Initial
inspection would expect the electronic injection system and its greatexpcenirn phase to result in a
larger level of CI knock. However, the ability of this injection system to increase atomization and
homogeneity throughout the cylinder will lead to a more global (aka uniform) equivalence ratio. Hence,
the packets of greatduel-to-air ratios in the mechanical system can lead to local events of a more
energetic (and noisy) combustion process. The trends with load between the two injection systems are
similar as noise/ringing amplitude grows to the point of maximurmpxed kurn and then falls due to a
stifling effect of diffusiondominated combustion. However, the electronic injection system undergoes a
relatively higher cyclic variability in the magnitude of the pressure oscillations, ranging from 26.6% to

34.5%; opposed tonly 11.8% to 15.2% for the mechanical injection system. This may be related to the
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pressurization requirement in the fuel injector line. For the mechanical unit injection system, a lower
pressure is required and the system can achieve this more redddyedd, in the electronic system, the
relatively high pressure required results in more oscillations within the line subsequently finding their
way into the ringing pressure analysis. As a result, operation of the electronic injection system with
increasednjection pressures at the same speed and load should lead to the presence of more intense
knocking combustion as the injector system undergoes more cyclic oscillation, and fuel is prepared more
quickly leading to a greater rate of pressure rise. Thisalgib lower the amount of diffusion burn present

in the cylinder that serves to stifle or mask the severity of ringing combustion.

4.5 Electronic Injection Pressure Variation

To further explore the nature of injection pressure on engine knock, the éhatiersonsidered a
separate data set concerning variation in fuel injection pressure as a means to normalize biodiesel
combustion[121]. Since biodiesel fuels typically have higher viscosities, they tend towards greater
degrees of diffusion burn than ULSD under the same engine operating conditions. This manifests as a
lower premixed spike apparent within the RHR, and as a lower overall pes#tiog pressure when
utilizing fuel blends with higher biodiesel contents. Therefore, biodiesel fuels require greater fuel
injection pressures in order to counteract the negative aspects of their higher viscosities; however, these
same higher injectionrpssures may introduce more significant knocking combustion.

For these tests, the Yanmar L100V engine was operated using neat and blended Waste Cooking
Oil (WCO) biodiesel, with ULSD as a control fuel. The properties of these various fuels are shown in
Table 15 [121]]. In each case, thengine was operated at 1800 RPM, and the injection pressure was
increased from the contrpkessure (50.0 MPa) until the peak operating pressure of the engine matched
that of the engine operating on ULSD. In all cases, injection timings were adjustetirt@maintain
the same timing of peak pressure as was achieved with ULSD operation. For brevity, only the results of

the fuel blends containing 20% biodiesel content or higher at 9.0 and 48.@rH presented, as it is at
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these loads that the interactgobetween fuel injection pressure, premixed combustion, diffusion burn,

and engine knock are all significant and highly visible within the available data.
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Characteristic ULSD | W20 W50 | W100
Biodiesel Composition [%] 0 20 50 100
Density [kg/m] 837.58 | 848.66| 859.66| 878.00
Kinematic Viscosity [cSt] 2.74 2.85 3.39 4.61
Dynamic Viscosity [cP] 2.31 2.42 2.91 4.05
Cetane Number] 48.61 | 4945 | 50.71 | 52.80
Lower Heating Value [MJ/kg] 45.60 | 43.78 | 40.94 | 36.21
Energy Density [MJ/ri) 3842 | 37.15 | 35.19 | 31.79
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Figure 35 Measured|n-Cylinder Pressure Traces (a) andCalculated Rate of Heat Release (b) with

respect toCrank A ngle for engine operation with highpercentage blends of ULSD and WCO

biodiesel at 9.0 Nm.

At 9.0 N-m, the changes in {aylinder pressure and overall RHR between differing fuel injection

pressures are not readily apparent, except for the most extreme case (iBqdmese!, sed-igure 35).

Here, an increase in fuel viscosity leads to a subtle downward shift in peak cylinder pressure for constant

fuel injection pressures, as well as a slightly depressed peak RHR. However, for allsteelsarace the

injection pressure was raised, peak cylinder pressures were brought back into the window expected from

ULSD combustion, and peak RHR was raised slightly higher than that of ULSD. In all cases, this

indicates that the injector is able to méet demand for entirely premixed combustion. However, at the
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same time the slight rise in diffusion burn for the neat biodiesel tests at 50.0 MPa illustrates that the
injector is at its ideal performance limit, in that any further fuel flow rates will tadtdhe diffusion
dominated regime, rather than the premixed spike.

Using both the standard filtering, as well as the algorithm developed by Shahlari et al., the
magnitude of pressure oscillations and the caskeraged combustion noise were calculatedpaodded
in Table16. Overall increasing biodiesel content and fuel viscosity was met with a decrease in average
ringing amplitude and combustion 8ei intensity, likely pointing to the growth of diffusiclominated
combustion. By comparison, when fuel injection pressures rose to mimic the performance of ULSD,
average ringing amplitude increased overall, and generally approached or slightly exceekigackh
performance figures of ULSD. This indicates a more severe ignition event as more fuel is injected and
prepared, as to be expected. In addition, deviation in ringing also increased, pointing to higher cyclic
variability related to the injection sysh struggling to maintain greater injection pressures, and a larger
operational variation in pressure cyttecycle (i.e., due to the difference in line pressure between the
start of injection and immediately following it). With the pressure adjustmemntbuastion noise also rose,
but stayed universally lower than combustion noise with ULSD (and slightly higher than combustion
noise at lower injection pressures for the same loadingshagn in Table 11). Altogether this
information points to the injection pressure increase performing almost exactly as intended. In specific,
increasing the fuel injection pressure for biodiesel fuels to mimic ULSD rpsafece comes with both
positive (i.e., higher RHR, less diffusion burn, higher cylinder pressures) and negative (i.e., greater knock
from a larger premixed combustion) aspects.

Table 16. Pressure oscillations and combustionoisewith biodiesel blends at 9O N-m.

Injection — Standard Combustion
Fuel Used Pressure i\/grﬁgjdglpbﬂgg Deviation of | Noise Intensity

[MPa] P Ringing [bar] [dB]
ULSD 50.0 2.48 0.63 94.36
W20 50.0 2.35 0.70 94.11

50.0 2.05 0.50 93.04
W50 54.5 2.30 0.54 93.67

50.0 1.79 0.46 91.53
W100 63.0 2.50 0.65 93.95
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combustion with all fuels is significantly more pronounced, with the pressure trace and RHR from

This same analysis was repeated for operation at 180, Mhere diffusiordominated

experimentatiorpresented irFigure 36. Here, theeffects of viscosity are apparent, as the more viscous

fuels suffer from lower peak cylinder pressures, lower peak RHR, and a more pronounced diffusion burn.
Thisis alldug o
at 9.0 Nm, increases in injection pressure are largely able to increase fuel atomization and breakup, such

that the highewiscosity fuels can still be made perform similarly to ULSD.

Again, both the standard filter and Shahlari, et al. algorithm were used to evaluate the intensity of
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ringing and combustion noise, with resyttesented inTable 17. It shouldalso be noted that engine

operation, across the board, is on the order of 3 dB quieter than equivalent operation .99 N

addition, average ringing amplitude and ringing deviation are both largely equivalent to operation at 9.0

N-m, despite the inease in fuel flow rate and peak cylinder pressure. In both cases, this is due to the

overall increase in diffusiedominated combustion for operation beyond 9-énNeading to an overall

stifling of ringing combustion, and masking deviation in ringing radtynassociated with higher fuel

flow rates.
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Table 17. Pressure oscillations and combustionoise with biodiesel blends at 18.0 .

Injection Average Standard Combustion
Fuel Used Pressure Ringing Deviation of | Noise Intensity
[MPa] Amplitude [bar] | Ringing [bar] [dB]
ULSD 50.0 2.54 0.54 91.54
50.0 2.09 0.62 90.88
W20 53.0 2.47 0.73 91.14
50.0 2.07 0.52 89.82
W50 56.0 2.28 0.63 90.62
50.0 1.66 0.45 88.74
W100 63.5 2.47 0.71 90.61

Here,without an injection pressure increase, the heightened viscosity of the fuels tested leads to
an overall decrease in pressure ringing, and a significant diminaotiooise intensity. For example, the
W100 fuel achieved a drop in combustion noise of apprately 2.80 dB in comparison to ULSD, as
diffusion burn is raised further above that of standard operation, subsequently stifling Cl knock. Like
operation at 9.0 Mn, once fuel injection pressures are increased sufficiently enough for the biodiesel to
appoximate standard operation with ULSD, both the positive and negative aspects of this regime of
combustion are generally achieved. In particular, higher premixed combustion is observed, leading to
greater peak RHR and peak cylinder pressures, but thisc@mpanied with augmented CI knock
amplitude, ringing deviation, and noise intensity. In addition, these negative traits all approach or
(broadly) match those of ULSD, except for combustion noise, which generally remains below that of
standard operation.

Recalling the earlier discussion, it is believed that operation of the electronic fuel injection system
at peak load should produce greater knock due to a prolonged fuel injection event during the premixed
combustion phase; however, this combustion is bstifged and masked by the onset of significant
diffusion burn. This effect is more visible with the change in injection pressures, and works to counter the
potential decrease in knock from the increase in homogeneity. Raising the injection pressuie deads
higher fuel flow rate, increasing the amount of fuel present within the cylinder to burn in the premixed

combustion phase. In addition, by shifting a greater fraction of the total heat release into the premixed
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event, less fuel is available to burrthin the diffusion phase. As a direct result, knocking combustion is
less stifled from diffusionelated effects, causing a further apparent increase in the severity of ringing.

To highlight this, it is necessary to consider combustion regimes in whicantbent of fuel
present and prepared at ignition is more extreme, leading to a more violent premixed combustion event. In
addition, it is preferred here that fuel injection pressure be held constant, so as to remove potential
increases to ringing from ineased liquid fuel flow rates while lowering cyclic variability in engine

knock inherent to the fuel injection system itself.

4.6 Dual-Fuel Operation and Knock

To highlight the relationship between knocking combustion and the amount of premixed fuel
available in the cylinder, the authors consider a final study utilizing -flugll operation of ULSD with
CNG [43]. Here, the addition of CNG does not suffer from fuel viscosity issues, as it is added to the
intake stream as a gas. As a result, CNG requires no physical fuel breakup or atomization. In addition,
since CNG is added to the intake stream prior to enténimgngine, it is more likely to be waetlixed in
the engine prior to combustion, subsequently increasing the amount of fuel potentially able to ignite and
burn at the onset of combustion. Hence, dual combustion is more prone to CI knock, and so the
amount of knock and ringing combustion will generally increase with growing amounts of ENGL3
114). This also means that utilizing CNG can increase cylinder homogeneity, which acts to counter
slightly the level of CI knock by proving a more uniform (and in some cases-flespagated) burn.

To illustrate this, the Yanmar L100V was run 800 RPM using ULSD and CNG in duiaiel
operation, with ULSBonly operation serving as the contfdB]. For a given load, the ULSD fuel flow
rate was reduced and the CNI@w rate was increased in order to maintain a given Energy Substitution
Ratio ESR, or a set percentage of combustion energy provided by the CNG. Four separate CNG
mixtures were considered, with their mixture compositishewn in Table 18. Here fuel injection
pressure was held constant at 50 MPa and fuel injection timings were again varied as needed to keep the

peak pressure timings consistent across all tests. For this stighytesting at 100% of rated load is
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discussed because this load serves to illustrate the interplay between premikedfusiondominated

combustion phases. Moreover, it is at this load that the shift towards increasing premixed combustion

with increasing CNG usage is most visible.
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Table 18. ULSD and CNG fuel properties[43].

Characteristic ULSD | M87 | M91 | M92 | M96
Methane [%] - 87.00| 91.67| 92.00 | 96.00
Ethane [%] - 5.10 | 4.08 | 3.50 | 1.80
Propane [%] - 150 | 0.71 | 0.80 | 0.20
Isobutane [%] - 0.29 | 0.01 | 0.15 | 0.30
Nitrogen [%] - 560 | 1.00 | 2.85 | 1.30
Carbon Dioxide [%0] - 051 | 253 | 0.70 | 0.40
Density [kg/ni] 837.58| 0.76 | 0.73 | 0.72 | 0.70
Lower Heating Valu¢gMJ/kg] 45.60 | 49.50| 51.48| 51.62| 53.50
Energy Density [MJ/f} - 37.30| 37.30| 37.30| 37.30
Ratio of Specific Heats - 37.07| 36.75| 36.62| 36.29
Cetane Number 48.61 - - - -
Octane Number - 49.50| 49.60| 49.80| 50.00
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Figure 37. MeasuredIn-Cylinder Pressure Traces (a) andCalculated Rate of Heat Release (b) with

respect to Crank Angle for dual-fuel engine operation with moderate amounts of CNG at 18.0-N.

As ESRis increased at full load, the peakaylinder pressure and RHR both grow since they are

related directly to the higher amount of fuel fully prepared for combustion by the time ignition occurs.

This can beseen inFigure 37 for the M91 naturagas mixture (the pressure and RHR plots for the other

mixtures are excluded for brevity, but follow the same overall trends, and are available upon request).

Note that the decrease in cylinder pressure at TDC prior to combustion is representative of the changing
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mixture composition WitrESR Overall, increasingESRleads to a lower ratio of specific heats, which in
turn will lead to a decrease in unfired cylindeessure[9, 43]. Necessarily, the growth in premixed
combustion is accompanied by a declinaiffusionrdominated combustion, as mdess fuel mass is
leftover after the premixed phase is completed.

Using the standard filter and the program by Shahlari et al., the ringing amplitude, ringing
deviation, and combustion noise intensity were tabulated and are shown for alu€lsI® Table19. As
CNG is initially added, the average ringing amplitude appears to decrease (not considering experimental
error) even though the praixed spikeincreases (slightly) running counter to the notion that CNG usage
should increase CI knock. It is postulated this relatively low levEiSRRmay be (a) mimicking the small
amount of fuel present from pilot injections in standard CI engines, (b) incréhsihgmogeneity of the
mixture, and (c) transitioning some of the Cl combustion to more like a Sl-flaspagated regime alll
acting to reduce ringing amplitude. However, combustion noise does increase slightly; therefore, no
definitive conclusion can bmade at lowESRIevels. For higheESR with larger fueto-air mixtures
throughout the cylinder prior to combustion, ringing amplitude and combustion noise both grow as to be
expected with the enlargementtbé premixed combustion spike.

Curiously, thestandard deviation of ringing appears to follow no overall trend with respect to
ESR alternatively experiencing more or less cyclic variation than standard operation with ULSD only.
Based on the discussion from the prior sections, it would be expect@ydlia variation should decrease,
as ULSD fuel flow rates decrease wWiHBER and the injection system experiences a lower overall
difference in pressure, aiding it in its ability to maintain a consistent pressure between cycles. Instead, it is
possible hat the growth in prenixed combustion with CNG mitigates the assumed reductioneation

pressure variability.
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Table 19. Pressure oscillations and combustion noise for dudliel operation with CNG at 18.0 Nm.

CNG Average Ringing Stgndard C_ombustion
ESR(%) Fuel Amplitude [bar] Deviation of | Noise Intensity
Ringing [bar] [dB]

0 N/A 2.04 0.54 90.10
M87 1.86 0.51 90.61
75 M91 2.07 0.54 90.31
' M92 1.99 0.51 90.88
M96 1.97 0.63 90.53
mM87 2.08 0.57 91.10
18 M91 1.99 0.53 91.17
M92 1.96 0.56 90.88
M96 2.00 0.60 90.53
M87 2.31 0.58 93.45
40 M91 2.30 0.59 93.15
M92 2.03 0.45 93.04
M96 2.05 0.49 93.38

In addition, any standard deviation in ringing combustion intensity when utilizing CNG may now
be moreindicative of enginevide cyclic variability, rather than variability of the fuel system itself, that is
related to a decrease in combustion efficiency when adding CNG. It then follows that, if thiswéidgine
variability can be reliably separated frometimjection system variability, deficiencies in fuel system
operation may be able to be diagnosed from the degree of knocking combustion apparent within the in
cylinder pressure trace. Assuming a fAbaselineo
significant increase in cyclic variability can point to injectoipressurization issues, even if the average

amount of engine knock does not significantly change.

4.7 Conclusions

Knock in Cl engines is a common destructive phenomenon, necessitatingextifiael injection
strategies. Using a spectral analysis and filtering, as well as combustion noise calculation, the presence
and intensity of ringing combustion can be clearly shown for a given engine. In comparison to mechanical
systems, electronic injgon leads to a more homogeneousfaél mixture, ensuring that localized areas
where more severe engine knock is possible are less likely to form, and providing a general reduction in
knock. Overall, engine knock is made steadily more violent with th@iaa and preparation of greater
amounts of fuel prior to ignition. This effect is seen both in modern electronic injection systems, with
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higher operating pressures that increase the rate of fuel flow into the cylinder, as well as in engines
utilizing dud-fuel operation, as the added gaseous fuels require minimal preparation prior to combustion,
and so are easily ignited and combusted in the premixed combustion event.

For the fuel injection systems tested in the sikmylénder engine, the electronic imjion system
is shown to produce a more variable amount of engine knock. In particular, the electronic injection system
experiences peak instability at around 50% engine load, where premixed combustion and diffusion burn
are contributing the most and leastspectively, to the heat release rate of the engine. In all cases, this
variability is due to cyclic variation within the injector system itself, and which is worsened with higher
fuel flow rates, and higher injection pressures. Below-ioédi, the prolems associated with cyclic
variability are somewhat avoided by low overall fuel flow rates, and above this load, diffissionated
combustion takes a larger role in the heat release rate, stifling knocking combustion, and masking
variability in knocking combustion between cycles. Increasing fuel injection pressure heightens the
amount of overall variability, but utilization of gaseous fuels will not, as the amount of premixing that
leads to engine knock is decided more by the gaseous fuel than bydaeyedf liquid fuel injection. As
this fuel injection variability may be tracked across multiple cycles, any repeatable deviation in this
variability away from normal operation may be used to diagnose fuel system deficiencies, particularly if

this variaton can be separated from normal engine variability.
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Chapter V: Construction and Implementation of a Second Law Heat Release Analysis
Some mat eri al p-ualv HeatsRelease MadelingioSaeCorapnedsion Ignition Engine
Fueled with Blends of Pall8 i o d i ASME Jourr@al of Engineering for Gas Turbines and Power,
Technical Paper GTFR6-1008, March 30, 2016
Some materi al published as AFirst and Second Law
SAE International Journal of Engines, Tedal Paper 201:61-0559, April 5, 2016
Some materi al published as ASecond Law Anal ysis o

operation of a ClI engine, o0 Fuel, Accep

51 Abstract

Engineout heat release is of immense importancesfigine combustion research, particularly in
a diagnostic role. The variation in fuel propertgegh as viscosity, energy content, or denségn in
mostfuels fit for combustion in compression ignition engines kegout dstinct and importanthanges
in the combustion behavior of these fudlkis is particularly true for fuels with more extreme viscosities
(both higher and lower). This behavior results in changing rates of heat release, and thus changes in the
pressure and temperature condiiawithin the engine cylinder. Through the use etyfinder pressure
measurement, the rate of heat release can be deduced, and the effect of these various properties expressed
in a relatively straightforward mannélraditionally, heat release is catalegl only through the®1Law
of Thermodynamics. However, this analysis can be expanded to includg tlaevadf Thermodynamics,
in order to account for the effects of entropy generation. In doing so, the heat release analysis now details
the flow of avaibility throughout the system, and accounts for the losses of availability associated with
entropy.

This work details the creation of a mutibone (fuel, burned, and unburned) diagnostfcLaw
Heat Release model, built around an oldétdw analysisallowing for the simultaneous calculation of
energy and exergy flow through the engine system due to engine combustion. The created model is then

utilized to categorize combustion of diesel fuel alongside numerous neat fuels, and also in blends of
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varying corstituencies with palm biodiesel, with an emphasis on the changes in fuel behavior as a
function of the differing properties of the fuels utiliz&the 2 Law model is found to provide additional
clarity in understandingombustion than the older'law model, particularly with respect to fuel
viscosity effects.The exergy model also details how high viscosity fuels lead to a more delayed and
prolonged combustion event, which adds availability to the working fluid later in the expansionGfroke.
importance, this later availability addition is still quite useful and suffers from relatively low entropy
generation, and while it is inherently wasted as it is added far too late in the expansion stroke, it is still

potentially useful and harnessable fronmartnodynamic perspective.

5.2 Introduction

The modeling of thermodynamic processes within internal combustion engines is of importance
in classifying and categorizing the behavior of both engine and f{2]@})]. One such model is through
the calculation of the compression ignition (Cl) engiog rate of heat release (RHR), and is an
extremely useful tool in combustion research because it categorizes the changes in combustion rate of the
fuel(s) used and clearly identifies the periods of premiaad diffusiondominated combustion.

Heat release (HR) taulation is commonly achieved in one of two ways; either the computational
modeling of incylinder phenomenof62], or through simlified models that take advantage of measured
engine data (i.e., tnylinder pressure trac¢$l, 122). The latter models typically operate by employing
the F' Law of Thermodynamics, and are often refertedas Equilibrium HR models. Within these
models, the bulk mass of gas within the cylinder may be subdivided into multiple component zones (e.g.,
unburned mass, burned mass, fuel mass, -bigwetc.), with varying degrees of independence (or
interdependere) from each othef6l, 123]. This allows for simplified but timefficient diagnostic
modeling of incylinder phenomenondsed on measured engine performance data. In specific, variations
in liquid fuel usage leads to differencesthe HR profile of the engine itself because of dissimilar fuel
physical and chemical properties. This is particularly important within the stutlyodiesel fuels and

blends, where changes in combustion behavior are closely linked to viscosity, density, and the energy
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content of a given fuel. This necessitates adjustments in engine control systems (i.e., fuel injection
pressure and timing) both tptimize engine operation and to mitigate production of harmful emissions
as a function of fuel input.

An extension of RHR modeling is to allow for the analysis of Cl engine combustion through the
2" Law of ThermodynamicglL24, 125, generally referred to as an availdpianalysis. Similar to thes1
Law models, the® Law analysis is typically achieved with either complex computational modeliag
predictive analysig126-128], or through simplified modeling in a diagnostic r¢e29, 130]. These
models are largely concerned with analyzing and quantifying sources of inefficiency within the engine
cycle, and are centered dretcreation and flow of entropy into, out of, or within the bulk gas. This helps
identify the peak availability and, therefore, the ideal period to extract energy from the engine as work,
which are not as readily apparent when usitig.dw modeling of enige combustion. In addition, the
rates and pathways by which availability are used or lost are analyzed, potentially aiding in both engine
control and design.

This effort details the expansion of an existing HR model to allow for the analysis of Cl engine
combustion using the"2Law of Thermodynamics. The previously published model serves as the basis of
the work providing a comprehensive' Law of Thermodynamics analysid1]. This prior work
delineates the net rate of HR into its components, namely the rates of energy used for workektist to
transfer, retained by the working fluid as internal energy, or otherwise changed by mass transfer into or
out of the cylinder (e.g., fuel injection, blduy, etc.). Using the Equilibrium HR model as a foundation,
the expansion into the"2Law analyss allows for the calculation of entropy generation and loss of
availability to each of the component energy pathways associated with the HR rate of the engine.

Unlike other zeradimensional multzone HR models, the presented work utilizes an Arrhenius
equation to govern the rate at which combustion proceeds (calibrated to a known cycle combustion
efficiency from exhaust hydrocarbon measurements), combined with continued adjustment of the
thermodynamic properties of the working fluid through analysithefincylinder pressure trace. As a
demonstration, the"2Law analysis is used to categorize the efficacy of combustion ofla¥traulfur
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diesel, palm biodiesel fuel, and their blends. This highlights the effects of biodiesel on engine efficiency,
paricularly with respect to the increase in fuel viscosity, and the resulting decreases in efficiency, as the
composition of biodiesel within the fuel blend increases. In addition, thea®v analysis offers a
stronger insight into the fuelombustion procesthan prior 1 Law modeling by identifying the areas of
availability losses, particularly in the increasing losses of availability to the exhaust gas due to the
interrelations between biodiesel blend percentage, fuel viscosity, diffdsibmated combui®n, and

combustion temperatures.

53 Model Equations
For a ' Law-based HR analysis, the fundamental equation to be balanced is the conservation of

energy{11, 60]:

1°'Law Rate of Heat Releasg thr:dUcv +dch a9, . hd”Zv (24)
dg dq d g d gq d

where the amount of heat released by combustion of theQereli§ a function of the internal energy of
the control volumel.), theamount of work done by the bulk gas on the piston at a given point in time
(Wey), the net amount of heat transfer out of the cylindg«),(and also energy losses through mass
transfer m/dg), such as injection or bloty.

The evaluation of the inteahenergy, work, and mass transfer terms occurs as a function model
zones. All chemical species within the cylinder are subdivided into one of three zones; an unburned zone
for air and recycled gases, a fuel zone for unburned fuel, and a burned zone fmodhcts of
combustion. The mass of each of the three zones is held constant at all times, with the only exceptions
being the addition of mass to the fuel zone through injection, and the transfer of mass from the unburned
and fuel zones into the burnedre due to combustion. These separate processes are modeled
individually, and are covered in detail as follows.

For a 29 Law availability analysis, a similar equation exists to quantify the individual

components of the change in cylinder availabflit®5]:
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2" Law Rate of Change of dA dA &dA dA dA
. — =T gl K T (25)
Availability dg dqggd gd qd

where the total amount of availability of the bulk gas) (is expressed as a function of the net rate of
availability addition through the combustion of fuel into the cylinde), @nd the transfer of availability
out of the cylinder through work done on the pistér)(the losses associated with heat trangie), @nd

the amount of availability that is not recoverab?)(due to irreversibilities. So long as the component
terms of Equatio25 can be found, the nehange in availability may be solved.

The rate of availability transfer by work in Equat@his given by the following14, 125):

Availability Transfer by Work a4, v, , av (26)
dg dg "°d

whereV is the cylinder volume, and pO0 is the ambient pressure. Here, the total amount of work done by
(or on) the bulk gas is compared against the amount of work done by the atmosphere against the piston.
Using the 1'Law model as a basis, this rate of avaligbimay be calculated either within a given zone,

or across the entire cylinder at once.

The rate of availability loss through heat transfer in Equalidis expressed as followd 4,

125:
Availability Loss by Heat dA ag.a T 27)
nt — " <nt _0
Transfer dg d qé% T,

whereQnt is the total amount of heat transfer at a given moniens, the ambient temperature, andis

the cylinder wall temperature. The heat transfer term itself may be broken into multiple compbtents

Rate of Heat Transfer ag, _aQ ,er 3 A am, (28)
dg dqg d g d

where theindividual components represent heat transfer losses by conve@iorradiation ), and
mass transfelNote that the final term on the right hand side is zero if injection is discounted.
Within internal combustion engine modeling, the total rate eflability loss due to irreversible

phenomenon is given §625, 131, 137:

Availability Loss by Entropy dA as
—r =7

. % g 9
Generation dg °dgqg

d q

§\| lo\|
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where S refers the entropy generated at a given moment. Given that the only useful measure of
irreversibility is the amount of energy contained within the cylinder, the second term of Ecg@tion
serves to discount irreversibility associated with heat transfer (note: it is accounted separately here in
Equation28). As a esult, Equatior29 is a measure of internal irreversibilities (i.e., entropy generation
that is contained within the working fluid).

Finally, the rate of avéibility addition through combustion is given by the followjd@9:

Availability Addition from dA am
. c=g ¢ (30)
Combustion dg °dagqg

wheree: is the chemical exergy content of the fuel, and mc is the mass of fuel consumed. The fuel exergy

content is closely related to the lower heating vafiie)(of the fuel[133, 134]:

Ratio of Fuel Exergy to Fuel e
¢ =r °.065 (31)

hv

Energy for Diesel Fuel

where the proportionality constant r varies depending on the chemical composition of the fuel molecule,
and has been tabulated by various authors for-ldwasulfur diesel (LSD) [15, 133 135]. With its
components known, the rate of availability transfer (Equa@mmay be solved via individual processes
similar to the RHR (Equatio24).

For more exotic fual (such as biodiesel), it is necessary to calculate the availability content

directly[136, 137]:

Ratio of Fuel Exergy to Fuel r =1.0401 40.1728% @.0432%
Energy as a Function of Fue c c (32
Chemistry +0.2160 53 -2.0628%% g
yC(; yc =

wherey is the mass fraction of hydrogen (H), oxygen (O), carbon (C), or sulfur (S) within the fuel
molecule.

The model discussed herasmfocused on the application of Equati@%32 within an existing
HR model[11], allowing the addition of functions to handle the new analysis rather than an entirely novel

model. For brevity, this work will only discuss the additions to the original model required for the
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availability analysis, and will not dictate portions of the primwdé that will otherwise go unused (see

the authordéds Masterds TheFEB885s, and Chapter |1 of t
The calculation of the individual terms of Equati@#sand25 are reliant on the analysis of the

changes in thermodynamic properties between timesteps, such as molar constant pressure specific heat

(cp), enthalpy K), or standarestate entropys)). For this, the model utilizes seven coefficients tabulated

within the CHEMKIN-III model [63]. Within the model, it is assumed that component gases of a given

zone are all at a uniform temperature, allowing the model to express a thermodynamic quality of a

mixture of species as a single value. Using entropy as an example:

CHEMKIN-III Equation for 5 X a
S =% 2% In(x) h=P 33
MOIar Entropy Run/v /?unil/ a SI " (XI ) " E:%'L_g ( )

where Runiv is the Universal Gas Constahtis the mole fraction of a given species within the mixture,

—0
and ¥/ is the standardtate molar entropy of that species. In effect, Equa®rerves to account for

entropy of mixing, as well as the pressbesed entropy terms as recommended by Kee 3. This
leads to an expression whereby ihdividual coefficients utilized by the model are expressed as a

function of the constituency of a given zone:

Lumped Gas Coefficient a = a X3 (39

wherea; is one of the seven coefficients utilized by the CHEMHKINnodel for a given species, and aj is

the resulting coefficient for the bulk gas mixture. As a result, the model is able to evaluate changes in
entropy of a given zone (and of the bulk gas) fgiwen timestep, as a function of the temperature and
speciation of that zone. In addition, this allows for the calculation of the rate of availability losses due to
irreversible phenomenon in the bulk cylinder gas given in Equa&bonce the entropy has been

converted to a mass basis:

Rate of Change of Entropy as_  ads (35
ag a

However, Equatiol35 may only be utilized for situations where the mass within the bulk zone is
constant (i.e excluding fuel injection or blowy). In addition, Equatior85 is unable to resolve the
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transfer of mass between zones. Because of these deficiencies, E§Gasiaecast to allow for mass

transfer:
Rate of Change ofriropy as ds am
_ l=m I 4 (36)
with Mass Transfer dg “dgqg 7’ d

where the subscriptmay represent the changes within a given zone, or within the bulk gas as a whole.
To resolve the varying rates of heat transfer in Equé&rihe model usean average between

the heat transfer correlations provided by Wos¢hB8 and Hohenberl4Q], while the radiative heat

transfer component is calculated from the emissivity efetkhaust gas using a methodology by Bahadori

et al.[14]]. Finally, all forms of mass transfer into or out of the cylinder are ignored, other than mass

addition through injectin, and the associated rate of heat transfer is given as f¢lldjvs

Injection Heat Transfer Rate 3 hdmcv -h dm/'n/' (37)
dq inj d q
wherehiy is the enthalpy associated with injection and vaporizgfiah
Enthalpy of Injection h,=h, € (7;@ 7/7”/) ct (7; T -) (38)

wherehy is the enthalpy of vaporization of the fuglandcprare the specific heating values of the fuel in

its liquid and vaporized forms (respectively), aigl Tvap, andTr are the temperature of fuel at injection,
vaporization, and as a vapor within the fuel zone, respectively. For this calculat®assumed that
injected fuel is injected, atomizes, vaporizes, and comes up to the temperature of the fuel zone
instantaneously, while accounting for the necessary heat transfer into the fuel zone.

Next, the rate of mass addition by injection is giasriollows[60]:

Rate of Liquid Fuel Mass

am. . 05
- 39
Addition by Injection dg a3 1y (fo [)7) (39)

where the injection process is defined through the area of the injector nozzle holes (An), the number of
holes per injectom), the nunber of injectorsifinj), the density of the fuel{), and the change in pressure
(Dp) between the fuel rail and the cylinder. In addition, EquaB®nis calibrated by the injector

coefficient of dischargeQy) which is nominally set to 0.3#0]. This mass of fuel injectionan then be

used in conjunction with Equatior#3-36, using CHEMKIN coefficients of the chosen fuel or blend
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(either directly in the case of ULSD, or indirectly through the fattig methyl ester composition in the
case of biodiesel).

Finally, the rate of combustion of fuel is determined by an Arrhenius reaat®jt4]:

Rate of Combustion of Fuel am, , Kr vy, ygz g 5 (R 7) (40)

and isexpressed as a function of the density of the bulk gas mixtae the cylinder volume, the

relative mass fractions of fuel ¥, ) and oxygen ¢/, ), the activation energy of the fueky, the

universal gasanstant, and the temperature of the bulk gas. The combustion process then consumes a set
amount of oxygen, and leads to the production of nitrogen, carbon dioxide, and water, all in a
stoichiometric manner, with the consumed air and fuel being moved frerartburned and fuel zones
into the burned zone, along with their byproducts from combugtitjn Partial combustion products (i.e.,
carbon monoxide, hydrocarbons) and other resultant species (e.g., oxides of nitrogen) are ignored, as they
make up a relatively small portion of the bulk gasd do not significantly affect the thermodynamic
characteristics of the bulk gas itself.

In addition, the reaction rate given in Equatihis controlled umg the dimensionless constant
K, which is calibrated in order to ensure that the cumulative amount of heat released is equal to the energy

content of the consumed fuel:

Cumulative Heat Release Q, = /70 maQ, (41)

whereny is the mass of fuel injected, artidis the combustion efficiency of the engine cycle, calculated
from the hydrocarbon conte[bl} of the engineds exha
The solution process of the model is iterative and is based on evaluation of the components of the

Ideal Gas equation of state:

Ideal Gas State Equation pV =mRT 42

wherep is the measured cylinder pressure, andndR are the mass an@peciatedpas constant of the
mixture of fuel, air, and exhaust products within the cylinder. At each step (covering a fraction of crank

angle degree), the component variables of the equation of state are solved both within the individual
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zones and on a cylindgrde scale over the cded portion of the engine cycle (i.e., Intake Valve Closing
to Exhaust Valve Opening).

This solution process utilizes the measured pressure trace in order to solve for the necessary rates
of mass transfer and changes in speciation (and gas constant)adumebigstion. Finally, temperature is
found through a’lL aw bal ance using Newtondés |inear method,
are solved directly through the state equation. The entire process is then iterated to ensure conversion of
the antigpated and modeled amount of energy released by theirickiding the total amount of heat
transfer out of the cylinder.

Once the ¥ Law model is completed, the™2Law model utilizes the same thermodynamic
variables in order to quantify the componeots€Equation25 through the changes in availability due to
fuel combustionwork, heat transfer, and entropy generatioraddition, he model then calculatése

2" Law Efficiency (or exergetic efficiencyl4, 15]:

2" Law Efficiency h =A_w 4 (Ag Ay +4r) 1= Apss (43
¢ AC AC AL‘

where Aoss is the total amount of availability not utilized by the engine for work either through heat

transfer, irreversibility, or wasted availability of the exhaust gases.

54 Validation and Modeling of Conventional Diesel Combustion

Experimentation with ULSD was performed using a natwadlgirated aicooled Yanmar
L100V single cylinder engine, coupled with a Dyne Systems Dymond Series alternating current
dynamometer. The Yanmar engine was operated with theilbIGR port blockedan external cooled
EGR system is available but was not utilized). In addition, the Yanmar was upgraded tepeebgyine
singlerail electronic systerfi73]. Additional specifications for the engine and dynamometer can be found

in Table20 andTable21.
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Table 20. Yanmar L100V Engine Specifications.

Displacement [cc] 435
Valve Number/Type 1 Intake, 1 Exhaust
Bore [mm] 86
Stroke [mm] 75
Connecting Rod Length [mm] 118
Crank Radius [mm] 38
Compression Ratio 21.2
Injection Timing Variable
Injection Pressure Variable, Maximum 200 MPa
Continuous Rated Output [kw] 3.4
Rated Speed [RPM] 3600
ULSD Heating Value [kJ/g] 42.8
ULSD Cetane Number 40
IVC [ ATDC] -122
EVO [ ATDC] 144
Table 21. Dynamometer Specifications
Model Dymond Series 12
Rated Torque [NM] 28.6
Rated Power [hp] 8.95
Speed Range [RPM] 0-7500
\oltage [V] 480
Phase ThreePhase
Frequency [HZ] 60
Controller DyneSystems Intelroc V OCS

Engine operation was monitored and measured through a number of National Instruments
LabVIEW systems, recording engine performance characteristics at 10 Hz over two minutes and engine
emissions fom an AVL SESAMFTIR emissions analyzer to provide for the combustion efficiency
calibrations needed for the model (see Equadibn Finally, a third LabVIEV system was utilized for
capturing the ircylinder pressure trace, recording 60 consecutive engine cycles (120 revolutions) at a
resolution of 0.5 of crank anglg19, 73].

The engine tests were run at 1800 RPM and five separate engine loads, each representing a

fraction of total rated load; 0.5-h (idle, or 0%), 4.5 Nn (25%), 9.0 Nm (50%), 13.5 Nm (75%), and
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18.0 Nm (100%). Engine data was collected after the enginedathed steadstate operation, defined
by a change in oil and exhaust temperatures of less than 1% over 60 seconds. Injection pressure was held
constant at 43+0.5 MPa, and injection timings were prescribed in order to achieve peak engine efficiency
as faund by a previous analydi$0, 19].

The results of ULSD testing ashown inFigure 38(a) (cylinder pressure) anéigure 38(b)
(RHR). Of note, the RHR generally increases and shifts further away fredesopcentefTDC) as load
is increased (in order to retain peak engine efficiency); whereas, the peak pressure remains relatively
constant when shifting away from TDC. Moreover, the amount of heat release from the diffusion burn
portion of the cycle also increases,daat 18.0 Nm, the engine combustion becomes dominated by
diffusion burn; whereas, for loads at 9.0nNand below combustion is primarily pngixed. This
behavior is due to the growingngth of the injection period with greater load (and thus fuel flayyat
turn increasing the total amount of fuel that cannot be prepared quickly enough to be consumed by
premixed combustion. Therefore, pgadessure is often defined by the maximum amount cihpxed

combustion possible and the width of the pressucetdafined by the amount of diffusion burn.
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Figure 38: Measured In-Cylinder Pressure (a) and Calculated T Law RHR (b) for Conventional
Diesel @mbustion with ULSD.
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In order to keep the engine operating at peak efficiency, the timing of injection was advanced at
higher loadq10]. The result of this is that the heat release profile differs from the trend at 1820 N
(increasing premixed peak shifting away from TDC) given the significant increase in diffusion burn at
this load. The net effect results in a more prolonged period of peaklesgiressure (seBigure38b) and
optimal power productiofiLl0]. For a more detailed analysis of ULSD (and biodiesetylmder pressure
and first law HR results, please consult the following refergh¢g.

The corresponding rate of change and cumulative changeaitability at 18.0 Nm were
calculated using the"2Law analysis, ashown inFigure 39 and Figure 40. This highlights the various
pathways by which availability is transferred within the system. Here, positive availability values for
irreversibility and heat transfer represent immediate losgvand out of the cylinder (respectively),
while positive availability in the exhaust gas represents the addition of energy (first by compression, and
then by combustion) to the working fluid that may be extracted as work. Negative work availability
regesents availability that must be transferred in (by compressing the working fluid). However, the work
put into the system must be balanced by the corresponding rise in internal energy of the working fluid
(with any differences offset by heat transfer iot@ut of the cylinder), and so the net availability transfer
remains nearly zero before ignition, with the remainder of availability transfer attributed to irreversibility

and entropy generation.
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Figure 39: Calculated Rate of Change in Availability at 18.0 Nm for Engine Operation with ULSD.

Ignition and combustion (approximately-20 ATDC) leads to the transfer of chemical
availability within the fuel to thermal availability in the working fluid, combineith a significant rise in
entropy production and resulting irreversibility. Rosmbustion, the availability of the working fluid is
reduced, as availability is transferred out of the cylinder through work and heat transfer. Not all of the
available enggy may be extracted with the remaining availability of the working fluid (285.1 J at EVO)

exiting the cylinder during the exhaust stroke.
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Figure 41: Percentage of Calculated Total Availability via Components cEquation 25 at EVO for

Engine Operation with ULSD.

The component percentages of availability transfer at EVO for all engine loads may be seen in
Figure 41. As engine load is increased, the percentage of availability lost to irreversibility and heat

transfer generally trend downwards, while the amount of availability transferred as work isictrase
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addition, the changes in percentage of availability lost through the exhaust gas are lowestrat ar@ N
trend upwards as engine load moves further from the midrange loads. All four means of availability

transfer follow (roughly) 2 order behavin
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Figure 42: Calculated In-Cylind er Temperature Profile for Engine Operation with ULSD.

At all engine loads, the fractions of availability lost to heat transfer and irreversibilities are
somewhat constant for lower loads, and trend downwards at higher loads, with heat transfer peaking at
13.7% of availability at 4.5 Mn, and irreversibility 829.5% at the same load. On an absolute scale, heat
transfer increases with load as higher temperatures promote a greater thermal gradient between the gas
and the wall. Heat transfer is also a strong function of the turbulence of the ggstlsetugh he engine
speed. Since the engine was run at a singular speed, heat transfer availability trends downwards as the
changes in the other availability components are more dramatic than an increased level of heat transfer
due to a greater temperature differeriseeFigure42). In effect, while the peak temperatures increase

with load, less of the total availability is lost to heat transfer (typically wworfaf increased work

extraction).
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Irreversibilities also decrease as engine load is increased because the engine becomes more
thermally efficient in translating energy released through combustion into actual work. In specific, the
high temperature reseour (Figure42) effectively increaseas heat release growsigure 38b); hence, a
higher potential Carnot efficiency. Therefore, even though more fuel is being combusted promoting
entropy generation, the temperature differences between the lower and higher thermal reservoirs increases
and irreversiility goes down with respect to the other availabilities.

The total fraction of availability within the working fluid trends downward as load is increased
from idle to midrange, while the amount of availability extracted as work increases over theasayae r
For increases in load past 9.0nN however, the fraction of availability transferred to the exhaust gas
rises while work remains relatively constant. This is because past@.@hd inceasing diffusion burn
(Figure 38b) leads toavailability being added later in the expansion stroke, cooling the working fluid.
Hence, load goes up but the fraction of availability that is extracted as work secaoaistant, and the
fraction remaining within the working fluid increases. Therefore, through this availability analysis, it
appears that the most efficient set point of the engine is at @mOwkere exhaust gas availability is
minimized. This makes sensecording to the first law HR analysiBigure 38b) because this is the
engine combustion regime that has maximizednpiseed combustion (i.e., corsit volume combustion)
while minimizing diffusion burn. In other words, as the engine continues to add energy in a constant
volume manner up to 9.0 -M, exhaust gas availability decreases and work availability increases.
However, beyond this load, diffusidourn (i.e., slower, later combustion) begins to dominate and more
energy is added at a less advantageous time resulting in an increase in exhaust gas availability without an

appreciable gain in work availability.

54.1 2" Law Behavior and Variation in Fuel Properties
The fuels utilized during experimentation were Jet A, an aviation fuel derived from renewable
through hydroprocessing {8, and two biodiesel fuels derived from beef tallow and jatropha oils. The

characterists for these fuels can be found Table22 [5, 25]. In addition, standard ULSD was utilized as

123



a control. The egine was operated without added turbocharging, and without multiple injection events
per cycle, in order to simplify the comparisons in engine operation between each fuel.

Table 22. Properties ofNeat Fuels Testedb5, 25].

Property ULSD | JetA R-8 ;?(l)lg ivevsel é?é:joiggg I
az;',‘:‘:zt)y | 837.58 | 801.02 | 758.54 |870.98 | 876.81
G'Qfgﬁ;icsn 2578 | 1431 |1542 | 470 4.44
\%Zigt'; (cP) 2159 |1.146 |1170 |4.004 | 3.893
cetane 400 |434 |688  |6L0 52.0
. (k) 41530 | 42700 | 43101 | 39933 | 39809
\C/%'ﬁtﬂﬁirzﬁﬁfr%rgy 34785 | 34204 | 32694 | 34781 | 34905

Engineoperation and performance was monitored through a system created through LabVIEW,
recording at a rate of 10 Hz for 120 seconds of engine operation. A second LabVIEW system was used in
order to capture the doylinder pressure trace, recording 120 conseelwgngine revolutions (amounting
to 60 engine cycles) at a resolution of 0.5° of crank angle. Finally, a third LabVIEW system was used
with an AVL SESAMFTIR emissions analysis module recording at a rate of 1 Hz over 300 seconds,
which was utilized to capte the amount of unburned fuel species, in order to calculate the combustion
efficiency of the engine cycker use within the RHR and'2Law modelg73].

All tests were run at 1800 RPM and loading was varied between-n5(itle) and 18.0 Nn
(100% of rated load) in increments of 4.5n\ corresponding to the engine operating unloaded, and at
25%, 50%, 7%, and 100% of rated engine load, allowing a visualization of both premased
diffusionrdominated combustion, as well as the transition between these operating states. Testing of
alternative fuels was preceded with engine operation with U[S3R5]. In all cases, fuel injection was
increased to bring the engine to a given desired percentage of engine load, and was allowed to come to

steadystate operation as defined by changes in oil and exhaust temperatures of less than 1% over the 60
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seconds of operation. Next, engine performance and emissions data were collected, as well as the in
cylinder pressure trace.

After data collection, enge load was increased to the next desired level, and process was
repeatedFuel injection parameters were controlled through a Bosch MS15.1 Diesel Electronic Control
Unit utilizing Bosch ModasSport. For the ULSD testing, fuel injection timing was seetefermined
points known to maximize engine efficiency at each IpEg]. For testing of the other fuels, injection
timing was adjusted to align the timing of peak pressure with the timing of peak pressure when operating
with ULSD. The injection timings utilizd for all fuels can be seenTiable23 (note that for the baseline
ULSD testing, injection timing reverses direction at full load, due to the maignibf diffusion
dominated combustion and its effect on thermal efficieriegy all fuels, fuel injection pressure was held
constant at 40+0.5 MPa.

Table 23. Injection Timings (" before TDC) used for Tested Fuels.

. Tallow Jatropha
Engine Load | ULSD | JetA R-8 Biodiesel | Biodiesel
0.5 Nm 125 12.1 10.5 104 11.2
4.5 Nm 12.5 12.1 10.5 10.6 11.4
9.0 Nm 11.0 10.6 9.4 9.5 10.1
13.5 Nm 10.0 9.6 8.6 8.5 9.2
18.0 Nm 11.0 10.7 9.9 9.6 10.2

The pressure traces for engine combustiort.&t N'm, 9.0 Nm, 13.5 Nm, and 18.0 Nn
(corresponding to 25%, 50%, 75%, and 100% of rated enginedoagyresented iRigure43. Note that
the motaing pressure prior to combustion peaks around i2e5ore TDC, due to cylinder cooling effects
in the vicinity of TDC[11, 143]. Combustion using ULSD and Jet A produced largely identical results. It
appears the drop in viscosity for Jet A that promotes better mixing is balanced by its growth in cetane
number that subsequently reduces the amount of fuel prepared prior to tomigisce both fuels have
similar volumetric energy contents, combustion ends up being relatively comparable.

R-8 and both biodiesel fuels had noticeably lower peak pressures than ULSD and Jet A.
Investigating R8, while it has a lower viscosity its sifjoantly high cetane number and lower volumetric

energy content results in a reduced amount of early combustion and a decrease in peak pressure as
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compared to ULSD. However, for the biodiesel fuels their greater fuel viscosity leads to a decreased
atomizaion process resulting in worse mixing. This, combined with a higher cetane number, results in a
reduction in peak pressure over ULSD even though they have equivalent or slightly higher volumetric
energy content. Hence, combustion feBRnd both biodiese will shift until later in the thermodynamic

cycle at less optimum crank angles. Tallow biodiesel has the lowest combustion pressure because it has

the highest viscosity with the second highest cetane number.
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Figure 43. MeasuredIn-Cylinder Pressure Traces with respect to Crank Angle for (a) 4.5 Mn, (b)
9.0 Nm, (c) 13.5 Nm%, and (d) 18.0 Nm for various neat fuels.
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The F'Law RHR results mirror the same trends seen in the pressure traces, and are given for the
25%, 50%, 75%, and 100% load condition§igure44. Combugsion with ULSD and Jet A are shown to
have the highest peak RHR, followed l8Rnd jatropha biodiesel, and then finally the tallow biodiesel.
These peak RHR values are seen in the premixed combustion phase, where injected fuel has had
sufficient time toatomize and prepare for combustion. However, for higher engine loads, the ignition
delay period between injection and ignition is not enough time to add enough fuel to achieve the desired
engine loads, and for the more volatile fuels can be seen to desigagicantly (sedlable24). As a
result, with increasing load comes the onset of diffusiominated combustion, where fuel combusts as
soon as iprepared and mixed with sufficient oxygen. Of note, the trend seen within the premixed phase is
now reversed for the diffusion phase at loads below 18; kallow biodiesel is observed to have the
highest RHR, followed by f8 and jatropha, and finally L8D and Jet A. The reversal of this trend is due
to the how the power requirements of the engine are met in the premixed phase; if more fuel can be
combusted in the premixed phase, less will be needed in the diffusion phase in order to meet the desired
load

Table 24. Ignition Delays ( of crank angle) of Tested Fuels.

. Tallow Jatropha
Engine Load | ULSD | JetA | R-8 Biodiesel | Biodiesel
0.5 Nm 135 136 |12.0 |124 12.7
4.5 Nm 13.0 131 | 120 |12.1 12.4
9.0 Nm 13.0 131 | 119 | 115 12.1
13.5 Nm 13.0 126 |116 |11.5 12.2
18.0 Nm 13.0 11.7 119 | 111 11.2

At 18.0 N'm, there is a noticeable difference in diffusion burn between the fuels. Initially, starting
at around 8 after TDC, the RHR of the ULSD, Jet A, and8Ruels increase, while the RHR of the
jatropha and tallow biodiesels remain relatively low or continue to decrease. This surge in energy is
temporary, however, as the RHR of both biodiesels soon surpassi¢hduets at around 1%fter TDC,
after which point the RHR of the ULSD, Jet A, anéB Ruels is lower than that of both biodiesels. This
difference is likely due to the effect of fuel viscosity and late injection at higher fuel loads. Here, the low

viscasity fuels are able to combust shortly after injection because they quickly break up, mix with the
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surrounding air (sufficient oxygen due to lean operation), and are brought to ignition due to the heat of
prior combustion. Chemical ignition delay and cetammber now no longer play a large role, as the fuel
is able to prepare chemically for combustion quickly in the high temperature environment. However, the

biodiesel fuels both suffer from higher viscosities and need more time to atomize, vaporizes afidrmi

injection.
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Figure 44. 1°' Law RHR with respect to Crank Angle for (a) 4.5 Nm (b) 9.0 Nm, (c) 13.5 Nm, and
(d) 18.0 Nm, for various neat fuels.

Brake specific fuel consumption (BSFC) and energy consumption (BSEC) were calculated from

the measured fuel flow rates for all engine loads, and are shokigure45. Overall, BSFC and BSEC
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decreased with engine load. Fuel consumption was highest for the biodiesels, and lowest for the aviation
fuels, and largely followed the same trends seen in the peeasd RHR results. Of note, the lowest
BSFC for each engine load was théRviation fuel, despite its lower amount of premixed combustion,

and higher amounts of diffusion burn. This also comes in spite of the low volumetric energy density of
the R8 fud. Since fuel injection is on a volumetric basis for our systef8, s the lowest flow rate of

fuel potential energy into the cylinder during injection, subsequently lowering the premixed spike and
peak pressure. However, the8Rfuel also carries the diliest energy density, allowing the injector to
deliver the needed amount of energy for combustion without requiring a large mass of fuel. Therefore,

even though it has a lower added energy rate, overall less mass is used to achieve the required engine load
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Figure 45. BSFC (a) and BSEC (b) for various neat fuels at all engine loads.

The reverse of this trend occurs for the biodiesel fuels; their higher volumetric energy content
allowsthe injectors to deliver a greater rate of fuel energy into the cylinder for combustion. However, the
low energy content means that the total amount of fuel mass required will increase significantly when
operating with biodiesel, resulting in their high BS In addition, the increasing viscosity of the
biodiesel fuels has the effect of increasing inefficiencies, slowing the rate of combustion and stunting the
rise in cylinder pressure (particularly in the case of tallow biodiesel). As a result, theutistrin BSFC

between fuels increases further, and also appears within the BSEC, where the differences in fuel energy
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content are largely removed. As a result, while the amount of energy injected per event may be the same
(or less, in the case of-8), thefact that the biodiesel fuels have less energy per unit mass results in a
greater amount needed to achieve the desired engine l@add#itionally moves closer to the other fuels

when investigating BSEC because the amount of energy needed to achleemgae load should be

similar between all fuels.

The low fuel mass requirement of the8Ruel results in it having the highest fuel conversion
efficiency; whereas, biodiesels have the lowest [Sgare46a). Fuel conversion efficiency serves as a
measure of the fuel potential energy added by injection that is successfully released by combustion. Here,
R-8 is the best fuel overall, owing to the lowamount of fuel that must be added to the cylinder,
shortening the time needed for injection. In additiot8 B s decreased vVviscosity pr
preparation, allowing more of the fuel energy to be released closer to Top Dead Center (TDC), where
work energy can be extracted more efficiently (seen later in total availability extracted as work). By
comparison, the biodiesel fuels exhibit prolonged combustion due to their higher viscosity, releasing fuel

energy later in the power stroke, lowerinf@éncy overall.
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Figure 46. Fuel Conversion(a) and Combustion (b)Efficienciesfor all fuels and engine loads for
various neat fuels.

The next measure of cycle efficiency is the eagcombustiorefficiency in Figure 46b that
measures the actual fraction of fuel mass consumed by the combustion process. Overall, Jet A and ULSD
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exhibited the lowest overall combustion efficiency (investigating trends withourt leairs), caused by a
tendency of these fuels to undergo richer combustion in spite of lower viscosities in comparison to the
biodiesels. Tallow and jatropha biodiesel had the greatest overall combustion efficiency, despite their
high viscosities and prelence towards diffusiedominated combustion. Each of the biodiesel fuels
carries significant amounts of oxygen embedded in the fuel molecules, reducing the effective local fuel
air ratios. Moreover, biodiesel feghave been shown to have greaterylindertemperaturesHigure47)

due to a higher adiabatic flame temperature, subsequently prorootimuustion efficiency19].

Unlike the ULSD and Jet A fuels, -B also had relatively high combustion efficiencies,
comparable to the biodiesels. This is due to its low density complimenting its lower viscosity, promoting
air mixing beyond the ULSD and Jet A. In addition, use &8 Ras foundto increase ircylinder
temperatures because its diffusion burn rate is faster than ULSD and[2B}. Alowever, a reduced
deviation in combustion efficiency is seen as engine load increases, as higher engine temperatures

promote vaporization and combustioegardless of fuel properties.
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Figure 48 Thermal Efficienciesfor all fuels and engine loads for various neat fuels.

The final means of understanding' Law-based engine efficiency is through the thermal
efficiency, calculated as the ratio between the fuel converamh combustion efficiencies. This
efficiency serves as a measure of the fraction of energy liberated by combustion that is extracted as work
(seeFigure 48). Like the fuel conversion efficiency, the biodiesel fuels show the lowest overall values,
despite their higher combustion efficiency (ignoring the error bars). This highlights the prolonged
combustion time of the biodiesel fuels, which adds therem@irgy later in the engine cycle where it
cannot be extracted as efficiently. By comparison, the aviation fuels and ULSD exhibit larger amounts of
combustion closer to TDC, where work is more easily extracted, thus leading to higher thermal
efficiencies.R-8 is again the highest with its enhanced combustion efficiency improving its thermal
efficiency over and above that of ULSD and Jet A.

Within the 29 Law Analysis, the net addition of fuel availability Figure 49 is closely tied to
BSFC and BSEC. Overall, the fuel availability added to the cylinder increased linearly as engine load was
increased. This is related to the linear increase in fuel flow rate needed to meet each prescribed engine
load. The biodiesel fuglrequired higher net availability addition at all loads, corroborating their higher

BSFC and BSEC results discussed earlier, subsequently reflected in their fuel conversion efficiency.
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Furthermore, RB required a lower net availability addition at alldsain keeping with its lower BSFC

and BSEC (and improved fuel conversion efficiency).
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Figure 49. Availability Addition for various neat fuels.

The percentage of availability extracted as work represeatgth.aw efficiency of the engine
cycle (shown irFigure50), and is the counterpart to the thermal efficiency (also commonly known as the
1% Law eficiency). Similar to thermal efficiency, thé“daw efficiency generally is maximized for the
aviation fuels and ULSD, and is minimized for the biodiesel fuels. Overall, the deviatidf a2
efficiency between the fuels increases with engine load, with the two biodiesel fuels performing
significantly worse than the ULSD, Jet A, aneBRuels at peak load. Altogether, this indicates a direct
relationship linking 2 Law efficiency to the kanges in viscosity between the tested fuels. Of note, the
2" Law efficiency highlights a difference between the biodiesel fuels, indicating that the tallow biodiesel
is slightly less efficient, particularly at high loads (not distinguishable in thefffigéercy). In addition,
the 29 Law efficiency shows essentially no difference between operation with Jet A or ULSD, in support
of the thermal efficiency results (when the measurement uncertainty is included). Hence, incorporating
the 29 Law efficiency telps further identify the trends between the different fuels over and above a

standard RHR analysis.
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The first means byvhich availability is lost is through heat transfer out of the engine cylinder,
which is fundamentally a function of the-@ylinder temperature profile (sdeigure 47). Here, the
biodiesel fuels exhibit higheraylinder temperatures, particularly later in the engine cycle. This is due to
their prolonged combustion caused by their high viscosity promatiffgsion burn, subsequently
intensifying peak cylinder temperatures later in the expansion stroke (particularly at -b8)0 IiN
comparison, the 8 fuel also had relatively high 4eylinder temperatures. This is due to its energy
content by mass, as waels its higher combustion efficiency promoting a more complete extraction of fuel
energy. In addition, while the ULSD and Jet A had higher peak cylinder temperatures for brief periods,
their reduced diffusion burn phase lowered lateryilinder temperates. As a result, the distribution of
in-cylinder temperatures can then be used to understand the relative amounts of heat transfer for each of
the fuels tested as shownHigure51. Overall, the biodiesel fuels and8&had the highest rates of heat
transfer, owing to their higher combustion temperatures. The ULSD and Jet A fuels, with their cooler

combustion temperatures and less pronounced difflssiomperiods, exhibited less total heat transfer.
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Figure 51 Percentage off otal Availability lost to Heat Transfer for various neat fuels.

The percentage of availability destroyed, or the amount of iriéiégswithin the working fluid,
decreased slightly with increasing engine load as seEigume52. Overall, Jet A had the highest amount
of availability destruction, with ULSD somewhat lower, and the two biodiesels ehalRconsiderably
lower. This result is linked to the same distribution of temperatures seen in the heat transfer profiles.
Given that the calculation of availability is depent on the temperature difference between the hot and
cold side of the system, higher temperature differences lead to lower irreversibilities. As a result,
increasing the temperature leads to a larger fraction of the total availability that may be@Xtcec the
working fluid, which would otherwise be destroyed. The biodiesel a8dfils also exhibited higher
overall combustion efficiencies, due to oxygen content in the biodiesels, and high energy content by mass
of R-8. Ultimately, ULSD and Jet Ausn cooler than the other fuels, leading to a greater level of

irreversibility, particularly at the highest engine loads.
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Figure 52 Percentage of Total Availability lost to Entropy Generationfor various neat fuels.

In this way, the combined availability losses through heat transfer and internal irreversibilities in
Figure53 may be used as a means &ide and decompose efficiency information from theyfinder
temperature profile, over and above tRd 4w analysis. At low engine loads, fuels are generally ordered
by viscosity, with the least viscous fuels exhibiting the most irreversibility. dsext viscosities will lead
to more prolonged and delayed combustion, increasing cylinder temperatures overall. At higher loads,
losses to irreversibilities begin to array themselves in a fashion that viscosity alone cannot explain
(particularly in the casef the R8 fuel), implying that multiple fuel properties affect the net irreversibility
at high load. Here, the-B f uel 6s hi gher combusti on-cyindemper at u
temperature. At all loads, despite these cylinder temperatures ingréhsilosses due to heat transfer,
the losses are outweighed by the decreasing destruction of availability within the working fluid itself. In
essence, the net irreversibility loss of the cycle is essentially a function of tempeoaty; e.g.,
Equations27 and 29. This is probably why o#r authors have linked these two equations into a single
expression for analysis. As a result, th&L2w analysis allows another means to link fuel properties to
combustion results. In addition, the fraction of availability lost to all irreversibilitiess the 2 Law
analogue of the combustion efficiency, as it reflects the advantages of both the high heat of combustion

and the complete consumption of fuel.

136



i | —S—uLsD (R*=0.978)
50 (4| TTdetA(R=0.990) i
E\\\ i | ©TR8(R*=0.994)
=%~ Tallow Biodiesel (R = 0.995)
~ 45 H
8 ‘ ‘
|9 2nd Order Curve-fits Indicated
« 40 Nl T e i
o : ‘
g N
\ : \
> 35 o \,;,,,\, rrrrr S i AR EEEEEEE L EEEE s —
3 Generally Increasing ‘\ NS
S 30 Fuel Viscosity N i
g (Low Load)
< : ;
a R i
25 e " Generally Increasing T ><’
i In-Cylinder Temperatures: :
20 i (ngh Load) i i
0 4.5 9 135 18

Engine Load (N-m)
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Overall, the availability retained by the working fluidkigure54 generally accounted for around
3545% of the total availability added to the cylinder. The amount of availability retained slightly
decreased with load, representing the ability of the engine to take further advantage of the growing
temperature of the wking fluid as more fuel energy/availability is added to the cylinder primarily in a
premixed burn scenario (Figure 2). For high loads, increasing diffusion burn prolongs the duration of
combustion, and causes the addition of availability later in the engitle, where the cylinder is rapidly
expanding and cooling. As a result, this later availability addition is wasted, as it is at a relatively lower

temperature, and the engine cannot effectively extract it as work.
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Here, the effect of viscosity and energy content on diffudiaminated combustion is
additionally seen. In particular, the increased viscosity of ibadidsel fuels decreases the ability of the
fuel to break up after injection, slowing combustion while increasing diffecbtoninated combustion
and moving it further from TDC. By comparison, the decreasing viscosity of the Jet A and ULSD leads to
more adantageous fuel break up, moving diffusiominated combustion closer to TDC, subsequently
leading to a higher work extraction. In the case &,Rts higher combustion temperatures lead to a
greater fraction of availability left in the exhaust than e tH_.SD or Jet A fuels. However-8%6 s gr eat er
energy content by mass promotes more prompt combustion, meaning more fuel energy is released closer
to TDC where the engine may extract work more efficiently, and leads to lower amounts availability than
is enountered in the biodiesel fuels. This shows a similar result (at high loads) to the net irreversibility
losses. Here the competing effects of viscosity araylimder temperature can be seen; whileytinder
temperatures take precedence overall as suneaf the availability added to the working fluid, fuel

viscosity affects the timing of this availability addition.

5.4.2 2" Law Behavior of ULSD-Biodiesel Blends
In tandem withthis testing a palmoil derived biodiesel fuel was also analyzearder to further

examine the changes in fuel properties and their effects ofi‘thav@ analysis. In particularly, given that
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the fuel viscosity, density, and energy content are essentially a linear function of composition of the fuel
blend, this allavs a consistent and predictable shift in fuel properties dhd.&v phenomenaThe
characteristics of both the palm biodiesel (P100) and ULSD (PO) may be fotiadl@®5. Biodiesel and

diesel fuel were blended, producing fuel mixtures with biodiesel contents of 5% (P5), 10% (P10), 20%
(P20), and 50% (P50) by volume. Of note, representative viscosity measurements from a different batch
of palm biodiesl and ULSD blendss provided inTable26 for discussiorpurposes (details of these tests

are available from the authors). Injection timings forfthed blends were adjusted as necessary (advanced
towards TDC) in order to retain peak engine efficiency, based on the alignment of peak cylinder pressure
timing [10, 19]. Using Equatior82, the availability content of the biodiesel was found to be 1.076 times
the energy content of the fugl34, 136], while assuming the overall sulfur content of the biodiesel was
negligible. The overall increase in proportionality between ULSD (at 1.065 times the energy content) and
the palm biodiesel is primarily due to the oxygen content of the fu®moting more complete
combustion (and addition of availability).

Table 25: ULSD and Biodiesel Poperties [19].

Fuel ULSD Palm Biodiesel
Cetane Number 40 60
Density @ 20C [kg/nT] 837.58 872.63
Lower Heatingvalue [kJ/g] 42.8 40.5
Kinematic Viscosity [cSt] 2.58 4.61
Flash Point [C] 55.8 184.8
Oxygen Content [% wit.] - 10.1740.29
Carbon Content [% wt.] 86.34+0.20 76.57+0.13
Hydrogen Content [% wt.] 14.27+0.20 13.27+0.16

Table 26: ULSD and Biodiesel Blend Properties from Experiment$19].

Fuel Kinematic Viscosity (cSt)
ULSD 2.578+0.008
- Palm- -
5% 2.608+0.008
10% 2.714+0.008
20% 2.849+0.009
50% 3.395+0.010
100% 4.605+0.014
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As with the ULSD presentegarlier, the 1 Law analysis was run first, and the resulting rates of
heat release for the biodiesel blends at 910 Bind 18.0 Nm are shown ifrigure55(a) andFigure55(b),
respectively. Of note, increasing the composition of biodiestierfuel blend leads to a decrease in the
magnitude of the premixed spike, in addition to a gradual shift forward in the timing of the peak RHR.
This is paired with an increase in the magnitude of the diffusion burn. This is because the higher cetane
numter (and lower ignition delay) of biodiesel blends results in less fuel being prepared prior to ignition.
Moreover, an increase in fuel viscosity with biodiesel composition further serves to inhibit fuel
atomization and vaporization. Therefore, premixedlmastion decreases with blend subsequently leading

to a growth in mixturecontrolled diffusion combustiofl9, 144].
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Figure 55: Calculated Rates of Heat Release for ULSD, Palm Biodiesel, and Blends at 9:0n\a)

and 18.0 Nm (b).
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As the engine load increases, the overall period of premixed combustion broadens and is lowered
as biodiesel content is increased. The diffuslominated portion of combustion becomes more
prominent and lasts slightly loag with increasing biodiesel content, but does not significantly diverge
from the behavior of ULSD until the biodiesel content reaches 50%. The cause of this behavior is closely
linked to the increased viscosity of the biodiesel, which inhibits fuel bpeadnd atomization
subsequently increasing ignition delay. dpecific, investigatingTable 26, the viscositieof biodiesel
blends at and below 20% are relatively close to that of ULSD. As a result, for high engine loads where
fuel injection is more prolonged, this increased fuel kupatime limits the ability of the engine to
consume the fuel in the premixed combustion phase. This behavior is integral to understandihg the 2
Law analysis.

The net changes in availability added into the cylinder (i.e., injection of fuel) are shé&iguie
56. Overall, increasing biodiesel composition (that itself has a higher availability) in the injected fuel
leads to a greater availability neddey the engine to meet the desired load, in turn requiring further fuel
injection. This is due to the inhibiting effects of biodiesel viscosity and the lower energy content of
biodiesel, subsequently noted in the experiments by an increase in fuel cooswith biodiesel blends.

Moreover, there is little change in availability addition with 20% blends and less. This initially
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corroborates the®lILaw HR findings with respect to blends that could be substituted for ULSD with little

difference noted.
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Figure 57: Percentage of Calculated Total Availability transferred as Work for Biodiesel Blends.

18

The increasing inefficiencies of utilizing biodiesel fuel is most apparent when considerif§ the 2

Law efficiency of the engine cycle, or the percentage of availability transferred as wofkgsezh7).

Here, there is a decreasing level of &akgility as a function of biodiesel blend. Interestingly, the behavior

of the biodiesel blends at full engine load seems to converge on one of two extremes. For blends with

10% biodiesel content or less, the efficiency decreases are marginal, and therbahtne blend is

largely the same as ULSD. However, at or above 20% biodiesel content, all of the tested blends exhibit a

lowered efficiency.
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Figure 59: Calculated In-Cylinder Temperature profile for Biodiesel Blends at9.0 Nm.
This behavior an be explained through the increase in viscosity with biodiesel content. In prior

teging (utilizing only the 1' Law HR analysis) it appeared that 50% biodiesel composition was the
tipping point of the blend acting dissimilar to ULJMI]. However, in the ® Law HR analysis, it
appears that for blends below 20%, the increased viscosity is marginal and does not greatly affect fuel
atomization. At 20% and higher, the viscosity effects of the biodiesel begin to dominate, noticeably

decreaing (using availability) the more efficient premixed combustion phase. For neat biodiesel, the
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effects of viscosity are even more pronounced, such that the stunting of the premixed spike begins to
manifest earlier (seBigure55). This illustrates the advantage of performing both a first and second law
HR analysis; i.e., finding the tipping point of biodiesel blends performing similarly to neat ULSD.

The first source of availability losses is through heat transfer out of the cylinder as shown in
Figure58. In general, the total amount of heat trangfiereases with biodiesel content in the fuel. This
behavior is likely linked to the higher combustion temperatures commonly seen when utilizing biodiesel
fuel [19, 144-144]. This is corroborated iRigure59that illustrates a decrease in peak temperature due to
a less mergetic pramixed combustion phase, but a hotter expansion stroke with biodiesel composition. It
appears that the losses due to heat transfer peak between 4.5 ard.9liblis because the combustion
event is largely prenixed and relatively short praling ample time for heat transfer to the walls. As
diffusion burn begins to dominate, the losses due to heat transfer decrease in a relative manner because

combustion is happening later in the cycle resulting in less physical time for heat transfer.
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Figure 60: Percentage ofCalculated Total Availability lost through Entropy Generation for

Biodiesel Blends

The second source of availability losses is through the destruction of availability by entropy
generation within the working fluid, seen Kigure 60. Overall, the total amount of irreversibilities
decreases with engine load (as described earlier for ULSD), regardless of the biodiesel fuel composition.
However, internal irreversibility exhibits an overall decrease with respect to increasing biodiesel
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conposition. This reduction is again linked to the highecyiinder temperatures of the biodiesel fuel.

By further increasing the temperature of the working fluid above the ambient (in comparison to ULSD),
the addition of chemical availability increases tteenperature difference between the two thermal
reservoirs, increasing the thermal efficiency (as discussed prior) and leads to an increase in the fraction of
availability that may be extracted as work instead of being lost to irreversibilities. In agdthtooxygen

content in biodiesel provides an added combustion enhancer helping to improve combustion efficiency by
ensuring that oxygen is near more carbon and hydrogen bonds, especially during the diffusion burn phase.
Therefore, irreversibility decreas as the combustion process becomes more efficient even though

viscosity increases (i.e., atomization decreases) with biodiesel content.
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Figure 61: Percentage of Total Availabilit y retained by the Exhaust Gasfor Biodiesel Blends.

The final means for availability to be lost from the system is in the unused energy contained
within the exhaust gases as they exit the cylinder, showngime 61. Overall, increasing the biodiesel
content leads to an increase in unused availability. This is partially due to the increagtddar
temperatures with added biodiesel composition; m&re thermal energy left in the exhaust gases at
Exhaust Valve Opening aseen inFigure 59. However the more important factor is the increasingly

prolonged combustion of biodiesel fuel due to viscosity, leading to the addition of availability to the
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working fluid later in the engine cycle. In this state, where the engine cylinder is already rapidly
expanding (and cooling), this late availability aduh is largely wasted by thegn neds i nabil i

extract it.

5.4.3 Operation at Lower Compression Ratios

As a final examination of the model, it is of importance to examine the potential effects of the
model on engines with compression ratios lower thanof the Yanmar L100MVIn general, lowering the
compression ratio serves to reducecytinder pressures and temperatures. In addition to generally
reducing engine efficiency (as a direct refsult o
fuel injection and dispersion into the cylinder, resulting in a more difficult fuel bupaperiod[147].

This, in turn, will generally decrease efficiency, increase fuel consumption, and promote incomplete
combustion and emissions of hydrocarbons and particulate matter.

The engine usedor this particular study vea naturallyaspirated foustroke AVL5402 single
cylinder CI research engineoupled with an AVL DynaRoad202 dynamometer with engine and
dynamometer specificationsesented imable 27, located at the Technical University of GNppoca,
Romania[148]. The testbed used for the study features an AVL Rapid Prototyping Engine Management
System (RPEMS) and ETK7 engine management system that allows a flexible engine control.
Specifically, this enables the user to chatiye injection timing and quantity for up to four injection
sequencestWo pilots main, and post injection), as well as the fuel pressure in the common rail. Here,
only a main injection event was utilized. Furthermore, the testbed is equipped withcarfdgioning
unit for control of the experiments. This includes an AVL735 Fuel Mass Flow Meter for fuel flow rate
and density (+0.12% kg/h, +0.0005 gRmith the fuel consumption measured as a difference between
the fuel feed line and the fuel retuline along with an AVL753 Temperature Control unit for fuel
temperature control. Operating conditions are further regulsitdthe aid of an AVL577 conditioning
unit that enables a control of the coolant flow and temperatet@Q3C +1°C) while also madating the

oil flow, temperature, and pressure.
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Table 27. Engine and Dynamometer Specificationfl4§].

Engine

Model AVL 5402 Bore 85 mm

Intake Natural Aspirated | Stroke 90 mm

Cooling WaterCooled Fuel Pump Bosch CP4.1

Cycle 4-Stroke Fuel System Common Rail Direct Injection
Displacement 510.7 cm Max InjectionPressure[180 MPa

No. of Cylinders 1 Engine Management |AVL RPEMS + ETK7
Compression Ratio| 17.1:1 Rated Power 6 kW

Number of Valves | 2 Intake, 2 Exhaust | Rated Speed 4200 RPM
AC-Dynamometer

Model AVL DynaRoad 202| Nominal Power 198 kW

Maximum Speed | 12000RPM Nominal Torque 473 Nm

The engine wasquipped with a glovplug type AVL GU22C pressure transducer (0 to 250 bar,
linearity £0.3%, thermal sensitivity £1%) for-gylinder pressure measurements at a variable sampling
interval over an engine cycle. Fiis study, the authors opted for a sampling interval of 0.1 °CA (crank
angle) between 30 °CA BTDC (before top dead center) and 70 °CA ATDC (after top dead center), and
1 °CA for the rest of the cycle. The pressure trace, which is an average of 10Md¢hmemic cycles, was
then analyzed using the first and second laws of thermodynamics to determine the rate of heat release and
in-cylinder temperatured 2, 118]. Additional sensors allow the measurement of the ambient temperature
(accuracy +1.5°C), pressure (accuracy £0.2%) and relativediyrRH; accuracy +0.6% for-8% RH
and +1% for 580% RH), intake air temperature (PT100; accuracy +0.15+®tBf6ferature) and
pressure (PTX 1400; accuracy +2% fre2® to 80°C), as well as exhaust gas temperature and pressure
(same as intake). The ik air mass flow is measured using a Sensyflow P thermal mass flow meter

(accuracy £1% of reading; repeatability error £0.25% of reading).
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Table 28. Properties of WCO Biodiesel and Diesel Fu¢lL46].

Property ULSD Biodiesel
CN 51 52.8
Energy Content (kJ/kg) 43000 39663
Density (kg/m at 298.15 K) 826 860
Kinematic Viscosity (cSt at 40° C) | 4.50 6.56
Dynamic Viscosity (cP at 40° C) 3.717 5.79
Oxygen Content N/A 10.5

Two fuels were used for this studyLSD (with the properties specified according to the quality
assurance sheet of the fuel, except for density that was measured using the AVL 735 and the energy
content that was taken from the Ewap Fuel Quality Legislatiol49), and a WCO biodiesel
(produed according to the methodologyepented by Cecrle et al. jh46]) with the main properties
estimated to be sindl to thosegresented imable28. For thetests, the engine was operated at 2000 rpm
at five different loads: 0, 25, 50, 75 and 100% load. The ULSD was tested first, as a reference. For the
WCO biodiesel, the injection quantity was increased to obtain the equivalent load, while the injection
timing was adjusted to maintain the same crank angle position of the peak cylinder pressure for
normalized combustion phasing between the test fuels (discussed later). The fuel injection pressure was
the same in both cases and the teshipaters ar@resentedn Table29. Ambientconditions were also
controlled, with the following values measured during the test@528C ambient temperature, 9981
mbar arbient pressure, 13.B7.3% relative humidity, and 229 °C intake air temperature. Finally, the
emissions were measured using a Bosch BEA350 system as follows: after the engine reached steady state,
defined when engine oil and exhaust temperatures chdngéess than one percent over a 60 second
period, emission values for CO, gNCy, and HC were recorded every 10 seconds for 1 minute. The

obtained values were averaged and converted to brake specific quantities.
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Table 29. Test Parameters for Study[148§].

ULSD WCO Biodiesel

Speed| Load | Injection| Injection |Injection|Injection| Injection | Injection [Normalizec
Quantity| Timing | Pressure Quantityl Timing | Pressure| Injection

RPM % mg | CABTDC| MPa mg |[CABTDC| MPa “CA

0 9 7.5 60 13.6 5.6 60 +1.9

25 12.6 7.9 60 18.5 6.0 60 +1.9

2000 50 16.4 8.2 70 22.2 6.4 70 +1.8

75 214 9.0 70 29.4 7.9 70 +1.1

100 274 11.6 70 36.3 12.4 70 -0.8

The first analysis primarily concerned the effect of WCO biodiesel on this engine without
changing injection timing in order to realign the timing of peak pres$urspecific, after setting the
injection timing and pressure to the same ULSD test values, the injection quantity of WCO biodiesel was
increased gradually until the BMEP of the engine was equated to that of ULSD. This led to an increase of
53.4, 49.1, 37.4, 39.8, an®.B% in fuel mass injected for 0, 25, 50, 75, and 100% load, respectively,
when using WCO biodiesel. This is largely due to its reduced energy content even though it has a greater
density as highlightedn Table 28. In other words since the engine injection system adds fuel on a

volumetric basis, WCO biodiesel is being added at a reduced volumetric energy level of around 34,110

MJ/m3 in comparison to 3518 MJ/ni for ULSD.
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As demonstrated ifrigure62, employing the same injection timing for WCO biodiesel as ULSD
led to an advance of ttmombustion process. To further elucidate on combustion timing differences, a
comparison of the injection timings with the start of combustion using ThdeZivative of pressure
determined through the RHR analysis (shown later) provides valuable insalitthe ignition delay in
Figure 63. It was found thatexcept at 100% load, combustion of the biodiesel fuel started earlier than
ULSD, both in the nomormalized (1.9 to 6.6 °CA advanced) and the normalized (1.8 to 4.2 °CA
advanced) cases. This is due primarily to the larger cetane number (CN) of biodiesel, in spite of the
increased injection delay (valid for common rail injection systems, but not éohamical injection
systens[150, 151]), poorer atomization, and lowered-aintrainment level, which occurs when changing
from ULSD to biodiese[152-154]. Moreover, the fuel bound oxygen Ioodiesel additionally aids in
achieving equivalence ratios in the flammability range faster than with ULSD promoting a reduced
ignition delay. However, at 100% load, the start of combustion was somewhat comparable between
ULSD, nonrnormalized (0.1 °CA adhince) and normalized (1 °CA advance) biodiesel. Here, the need to
add a significant amount of fuel to achieve the load required forces the injection process earlier into the
compression stroke; hence, each case is given ample opportunity to mix peaciing combustion

temperatures.

Since combustion that happens sooner results in an earlier heat release, this subsequently
influences incylinder temperatures and exhaust emissions. Therefore, the rest of the analysis will
primarily compare normalized WCGiodiesel and ULSD results by matching the peak pressure crank
angle location to (mostly) remove the influence of combustion phasing. This WCO biodiesel
normalization process resulted in an increase of 1.6, 0.9, 1.0, 0.7, 7.7% in fuel mass inject2sl 0,0,

75, and 100% load, respectively, in comparison to thenoomalized tests.

With the underlying nomormalized tests understood, the normalized tests can be consldiered.

to 50%load (Figure62a, b, andc), delaying the injection timing and matching the BMEP requirements

finds that the ircylinder pressures between normalized biodiesel and ULSD are relatively similar to
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slightly lower. Howeverabove 50% loadFigure62d and &, the peak cylinder pressures for normalized
biodiesel drop significantly below that of ULSD. This is likely due toitioeeased viscosity of biodiesel
inhibiting fuel breakup and promoting diffusion burn as a greater level of fuel flow rate is needed to
achieve these higher loads. Interestingly, unlike prior resultseriterature[5, 19], at 100% load the
normalized biodiesel test requires an advanced injection timing in comparison to-hermatized case.
Reviewing thesealier efforts finds that they:
a) employ a higher compression ratio engine (21.2:1 for the Yanmar L100V compared to 17.1:1
for the AVL 5402);
b) the peak pressure for combustion happens sooner;
9 Yanmar L100V ignition occurs at8 °CA ATDC with peak pressure 20 °CA ATDC;
9 AVL 5402 ignition occurs 780 °CA ATDC and peak pressure at 12.5 °CA ATDC or later;
c) while the Yanmar L100V has been upgraded to a common rail electronic injection system, it
operates at a respectively lower pressure of 45 MPa as oppad@dO for the AVL 5402.
Here, the set base calibration of the AVL 5402 engine was supplied by the engine manufacturer
and not determined as per the maximum thermal efficiency as agsloeapfor the previous workKi 6].
Therefore, biodiesel fuel is injected ia relatively less favorable environment for atomization and
vaporization. Furthermore, this is compounded by a respectively lower compression ratio that results in a
reduced pressure and temperature seen by the fuel as it enters the cylinder. Giees liddid s hi g he
viscosity, lower volatility, and reduced energy content, it has a more difficult time achieving the 100%

load setting, subsequently requiring an earlier and longer injection event.
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Figure 64: Calculated Rate of Heat Release at (a) 0% Load, (b) 25% Load, (c) 50% Load, (d) 75%
Load, and (e) 100% Load for AVL 5402 engine.

Two dissimilar kinds of behavior are seen for the Rate of Heat ReRE$®:(one for loads at or

below 50%Figure64a, b, and §; and one for above 50%-iure64d and . Distinctively, below50%
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load, the normalized biodiesel encounters a higher peak RHR with apparently a shorter period of
premixed energy liberation. As a result, the process indicates a strong proclidtgsaenstant volume
combustion. Nonetheless, even with this seemingly more energetic and quicker heat release event, the in
cylinder pressures do not exceed that of ULBRestigatingFigure63 demonstratethat, except for the
100% load case, all normalized biodiesel injection events begin closer to TDC. Therefore, the fuel
injection process is seeing a greatexcytinder pressurand temperature initially; hence, this should
result in a lower spray penetration length (compared to thenowonalized case) but a more spread
fuel spray that vaporizes quicker. Furthermore, engine coolant temperatures were found to be slightly
highe during the biodiesel tests since combustion happens sooner and there is more time for heat transfer
(80.4 / 80.6 °C for WCO compared to 78.29/(& °C for ULSD; seen in"2Law analysis discussed later).
Thus, this will additionally promote a slightly lesinced vaporization of the fuel. As a result, there appears
to be a better mi xi ng of fuel and air at t he
Combining this with its higher CN, more embedded oxygen (i.e., greater level of equivalenda tatos
flammability zone) and a greater adiabatic flame temperature results in a quicker and apparently more
vigorous heat release. However, since significantly more biodiesel fuel must be added because of its
reduced energy content, this grows the enéaggn away from the working fluid via the latent heat of
vaporization. As a resulthe incylinder pressure and temperaturég(re65) drops below thiaof ULSD
even as combustion is beginnirgiqure 62). Therefore, the biodieséliel added towards the end of the
injection process sees slightly worsenditions while mixing and vaporizing less well (compounded by
its greater viscosity), subsequently showing up as a less efficient diftusinr(seen irFigure64), and
increasing fuel consumption. Overall, while initially biodiesel burns more effectively, this is not sufficient
to overcome a growth in diffusion burn resulting in lowecytinder pressures and temperatures. This
discussion will be reviged when presenting the second law heat release analysis for further clarification.
After 50% load, the onset of diffusion burn behavior begins and there will be a reduction in
efficiency proportional to the increase in pressure trace width. This is due to a combination of a larger
fuel mass injected and a poorer mixing of biodiesel Withair inside the combustion chamber, which
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leads to a greater amount of fuel that cannot be burnt during the premixed phase. Here, ULSD appears to
remain largely pranixed because of its respectively lower viscosity and longer ignition delay resulting in

an enhanced mixing process. As a result, the trend now switches with ULSD having eRikighand

shorter combustion event. Some diffusion burn is seen with ULSD at 100% load, but the amount is

significantly less than biodiesel.
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Figure 65: Calculated In-Cylinder T emperatures at (a) 0% Load, (b) 25% Load, (c) 50% Load, (d)
75% Load, and (e) 100% Load for AVL 5402 engine.
In Figure 65, the globalin-cylindertemperatures highlight that WCO biodiesel burns at a lower

temperature than ULSD after combustion normalization for this engine. This trend of temperature largely
follows that of pressure and its associated discussion since they are related throughltbasidaw.
Interestingly, at 50% load, the normalized pressure for the WCO biodiesel process is less than the non
normalized case; whereas, the temperature is slightly higher. In this case, it appears that the longer
ignition delay Eigure 63) resulting from a lateinjection helps to prepare slightly more fuel for a
premixed burn event that would hawéherwise resulted in a diffusion burn. Hence, teakRHR is

similar along with the temperatures. This greater level of premixed burn from a longer ignition delay is
also seen at 75% load when comparing the normalized andonoralized cases. However, since the
normalized case is burning later in the leywith more diffusion burn required to hit the load condition,

the global incylinder conditions are less a function of the more energetic premixed spike. Therefore, both
the temperature and pressure of the normalized case fall below tmemaglized cae. Finally, at 100%

load, since the normalized case injects fuel before thenaonalized case, this ignition delay trend is
reversed, and the peak normaliZRHR is smaller. Overall, the significantly lengthened fuel injection

process that adds the rega amount of fuel at this load results in equivalent temperatures.
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