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Terms of reference

In March 2004, Dr Andy Yates of the Sasol Advanced Fuels Laboratory at UCT initiated this
project. The Sasol research team has done extensive study in the area of chemical kinetics fuel
combustion modelling and engine modelling applications. Much experimental work is required to
confirm the results obtained from chemical kinetics based models. It was decided that a motored
engine would be able to provide test conditions for autoignition of gasoline fuels in a suitable
range in order to confirm a proposed autoignition model, developed as a result of Chemkin
modelling. Modification of a test engine for these experimental applications were required as part
of the thesis requirement. The fuel n-heptane was used for the commissioning of the device and
justification of the experimental technique.

The specific instructions of the Sasol Advanced Fuels Laboratory were to:

1. Modify an existing single cylinder engine with the capabilities for heated inlet manifold
air temperature to 600K and choked inlet air pressure to 0.4 bar. This would enable a
wide enough range in terms of engine peak conditions to effectively explore the
characteristic ignition delay curve.

2. Modify the engine inlet with a fuel injection system, in order for the device to have the
potential of adjustability for different fuels and equivalence ratios. The injection map
should be determined and tested over the experimental range of variable inlet air

densities through inlet air heating, inlet air choking and engine speed variation.

3. Insert the relevant transducers and equipment for engine test data acquisition. A
range of tests was required for a chosen fuel and compression ratio.

4. Build a dynamometer, consisting of a frame, driving element and load control system.
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Abstract

Development of a predictive octane model is a potentially useful tool for designing fuel blends for
meeting octane specifications. One of the approaches adopted is through chemical kinetic
modelling of the autoignition properties of constituent compounds. The results obtained from
models, however, are dependant on experimental data for validation. It was the intention of this
thesis to provide empirical data that could be used confirm a recently proposed autoignition model
based upon the resuits obtained from chemical kinetics modelling.

Motored engines have been used extensively for the investigation of autoignition properties of
fuels. They are useful in interpreting results from conventional ignition delay measuring systems
as well as giving practical insight into the process of autoignition in spark ignition engines. The
conditions required for autoignition reactions to take place are easily produced in a motored
engine with a suitable compression ratio.

A single cylinder engine was modified so that the inlet conditions could be adjusted and n-heptane
was tested in the device. Fuelling was controlied with an injection system which was calibrated for
n-heptane use in the engine. A range of inlet conditions were determined that would enable peak
conditions in the engine to result in autoignition of the fuel. The autoignition data was then used in
describing the ignition delay characteristics of the fuel and the range of interest, the so called
negative temperature coefficient region.

Autoignition experiments were performed in the engine and the data was analysed by the
comparison of measured autoignition reactions with predicted reaction times; the predictions were
calculated using the new empirical autoignition model. Direct analysis of the model resulted in
good correlation of measured and predicted overall autoignition reaction times, with improved
correlation of cool flame reaction times with initial temperature adjustment. Modification of initial
temperature values in the indirect model application (whereby traces were generated using an

engine model with autoignition prediction capabilities) resulted in similar observances.

These initial results led to the conclusion that the temperature and Arrhenius parameter
adjustments necessary to obtain a perfect fit in the autoignition model were indicative of errors
involved in the temperature measurement or in the fuel metering. Recommendations for further
work on the engine would be the investigation of a dynamometer system that would be free from
noise transmission during operation and that would enable experimentation with lower engine
speeds. Further work on the inlet system would be the installation of shielded thermocouples and
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a quicker acting heater controller. A fundamental change in fuel metering calibration is required. A
further recommendation is that a variable compression ratio engine should be used to enable the
attainment of a wider range of readings for fuel characterisation and possibly eradicate the
problems experienced with fuelling.
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Chapter 1: Introduction

1 Introduction

A predictive octane model for gasoline fuel blends is a potentially useful tool in designing fuel
blends so that they meet specifications in the ASTM octane rating test. Fuel blends are tested in
a standardized CFR engine, the compression ratio being adjusted until a standard knock
intensity is recorded. The octane rating is determined by blending two reference fuels to obtain
the same knock intensity at the same engine conditions. Knock is believed to be the result of the
autoignition of unburnt end-gas charge, which is subjected to compression via the piston motion
and the propagating flame front in a spark ignition engine. Since the octane number of a
gasoline blend is not equivalent to the proportional sum of the octane values of the individual
constituents by volume, a fundamentally based approach in investigating autoignition reaction
chemistry is necessary for the development of a predictive octane model.

One of the approaches taken is through chemical kinetic modelling of the autoignition chemistry
of constituent compounds. A study was undertaken by Viljoen et al. (2005) whereby
representative fuel compounds of a gasoline blend were modelled using reduced chemical
kinetics in order to investigate their respective ignition delay characteristics. A correlative model
for the fuel autoignition trends has been proposed by Yates et al. (2007), which can be used to
develop a comprehensive predictive octane model.

Chemical kinetics results are dependant on experimental data for verification. Experimental
devices for measuring ignition delay include: rapid compression machines, flow reactors and
shock tubes. Although the primary reference fuels have been extensively investigated through
various experimental and chemical modelling approaches, there remains a need for
experimental validation of the data from other classes of fuels such as olefins, aromatics and

alcohols.

1.1 Problem definition

The aim of this thesis was to confirm the validity of the chemical kinetic modelling results and
fuel autoignition model through experimentation using a motored engine. The adopted approach
was to induce autoignition in a modified engine, subjecting the charge to dynamic polytropic
conditions under which knock occurs. Analysis of the data included the incorporation of an
ignition delay model to obtain results which were intended to confirm the autoignition model
parameters derived from the chemical kinetics study.
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Included in the project requirements was the design, construction and commissioning of the
device for the characterization of the ignition delay properties of a fuel over an extended
pressure-temperature range. As a proof of concept for the technique, n-heptane was tested in
the device.

1.2 Objectives

1. Modify an existing single cylinder engine with the capabilities for heated inlet
manifold air temperature to 600 K and choked inlet air pressure to 0.4 bar. This
would enable a wide enough range in terms of engine peak conditions to effectively
explore the characteristic ignition delay curve.

2. Modify the inlet with a fuel injection system, in order for the device to have the
potential of adjustability for different fuels and equivalence ratios. The injection map
should be determined and tested over the experimental range of variable inlet air
densities through inlet air heating, inlet air choking and engine speed variation.

3. Insert the relevant transducers and equipment for engine test data acquisition. A
range of tests is required for a chosen fuel and compression ratio.

4. Build a dynamometer, consisting of a frame, driving element and load control
system.

A comprehensive engine model including autoignition thermodynamics was required for the
analysis of the data. Correlation of measured experimental results with the calculated values
based on chemical kinetics derived Arrhenius parameters, was required as a proof of concept of
the technique.

1.3 Layout of document

This document is structured as follows:

Chapter 2 is a review of the relevant literature and an introduction to the background theory of
fuel ignition delay. A general introduction to the octane rating test, autoignition chemistry,
autoignition modelling and experimental validation is given and then more specifically, the
chosen method of validation via the motored engine technique is introduced with the relevant
literature.
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Chapter 3 discusses the experimental method for data analysis.

Chapter 4 covers the practical modifications necessary for the commissioning of the apparatus
and the test procedure for data capture.

Chapter 5 gives the preliminary data correction methods required for further analysis.

Chapter 6 gives the results and discussion of data derived from testing.

Chapter 7 gives the conclusions of the study and recommendations for further work.
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2 Theoretical Background

2.1 Octane characterisation

2.1.1 Definition of spark knock

From the beginning of the internal combustion engine era, audible knock has been detected in
spark ignition engines, prohibiting power development and thermodynamic efficiency
improvements and usually leading to severe engine damage. During the compression stroke in
normal engine operation, the fuel-air mixture is compressed by the piston motion and is spark
ignited a few crank angle degrees before top dead centre (TDC). The resulting flame front
travels through the cylinder progressively, igniting the unburned gas and eventually becoming
extinguished at the end of its travel. Work is transferred to the piston via the expanding hot
gases, which are eventually expelled via the exhaust valve by the piston on its return stroke.

The occurrence of knock in abnormal engine operation is regarded to be the result of the
autoignition of unburnt end-gas subjected to compression via the piston motion and the
propagating flame front. The end gas, consisting of a fuel, air, and residual gas mixture ahead of
the flame front, is compressed to pressures and temperatures that result in the initiation of a
chemical reaction characterized by the rapid release of energy. Formation of high local
pressures and the propagation of the ensuing pressure waves across the combustion chamber
occurs, producing the characteristic noise attributed to knock. Severe knock can destroy the
engine via erosion damage of the piston and cylinder head, as well as general overheating.

Thus the autoignition behaviour of a fuel, responsible for ignition in a diesel engine and knock in
a spark ignition engine, is an important factor in engine design.

2.1.2 The octane rating method

Gasoline fuel is a blend of hundreds of organic species produced from oil refinery processes. As
is shown later, this presents a problem for chemists involved in numerical reaction simulation
studies for the purpose of characterizing fuels, since the complexity of the constituents of any
practical gasoline fuel are not easily simplified for fundamental reaction modelling. Gasoline
fuels are rated according to octane number (ON), which is a measure of their propensity to
knock. In the 1930s the standardized knock test was developed in a Cooperative Fuels
Research (CFR) engine in order to rate gasoline fuels. The CFR engine is a four-stroke,
carburetted, single cylinder, variable compression ratio engine. The test is run at a constant
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carburetted, single cylinder, variable compression ratio engine. The test is run at a constant
ﬂ speed with a fixed heated inlet air temperature according to the methods prescribed by the
ASTM D2699 and D2700 method. The test mixture is introduced and the compression ratio
increased until the engine knocks at a certain intensity measured by a pressure transducer, and

signal conditioned by the knock meter. The compression ratio attained at knocking is termed the
critical compression ratio (CCR). This measured compression ratio is then matched to the CCR
obtained for a primary reference fuel blend, which knocks at the same intensity. The volumetric
composition of the reference blend is used to give the octane value for the fuel. The primary
reference fuels are iso-octane (2,2,4 tri-methyl-pentane), defined as 100 octane and n-heptane,
defined with a zero octane value. These pure hydrocarbon fuels were originally chosen for the
octane test as they exhibit similar evaporative and boiling qualities, as well as being relatively
easily obtained at a high purity level.

ON = (vol%).iso-octane Equation 2-1

The original octane test research method, assigning a fuel a research octane number (RON),
was found to be inadequate in describing a fuel’'s knock propensity in a practical engine. A more
realistic test method was required. Thus the motor method was introduced, with test conditions
of higher inlet manifold temperature and engine speed, as well as variable spark timing
advancement and a shrouded valve for in-cylinder charge mixing. The RON was more often
used in academic research while the motor octane number (MON) was intended as a better
indication of a fuel’s knock susceptibility in a practical engine, undergoing higher loads and
speeds. However, a recent study by Yates et al. (2005) showed that for modern fuel injection
vehicles (as opposed to carburetted ones), the RON number is a better indicator of the fuel's
performance in the engine, This provides test conditions which result in a closer match of the
autoignition range that a fuel undergoes in the pressure and temperature conditions in modern
engines. The RON and MON engine test conditions are compared in Table 2-1.

As previously mentioned, a fuel’s knock propensity may vary under different engine conditions.
Fuel octane sensitivity is described as a measure of this difference and is defined as the
arithmetic difference of a fuel's RON and MON value. Thus for the reference fuels it is zero by
definition, resulting in most alkanes showing sensitivities close to zero (owing to their similarities
to the reference fuels in chemical structure and hence autoignition chemistry). At low octane
values, some alkanes reveal a lower RON than MON value, but for the range of octane
numbers used for commercial purposes the MON is usually the lower value. The reason for high
sensitivity values of some fuels is explored at a later stage in this chapter.
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Table 2-1: RON and MON test conditions

Parameter RON Test MON Test
Engine Speed 600 rpm 900 rpm
. 0 19° - 26° BTDC (function of
Spark Timing 13" BTDC compression ratio)
Inlet Air Temperature 52°C 38°C
inlet Mixture 0
Temperature Not controlled 149°C
Air-fuel Ratio Adjusted for maximum | Adjusted for maximum knock

knock intensity intensity

2.1.3 Effect of fuel structure on knock tendency (Heywood, 1988)

2.1.3.1 Paraffins

Increased length of the carbon chain results in increased knock tendency.

2. Side chains from the basic chain molecule results in decreased knock tendency.
Methyl groups added onto the basic chain in certain positions results in decreased
knock tendencies.

2.1.3.2 Olefins

1.  Two or three double bonds decrease knock tendency in most cases. (Also exhibits
higher RON-MON sensitivity.)

2.1.3.3 Napthenes and Aromatics

1. Napthenes generally have greater knock tendencies than corresponding aromatics
of the same size.
Two or three double bonds decrease knock tendency in most cases.
Lengthening the side chain on the basic ring structure increases knock tendency.
4. Branching of the side chain on the basic ring structure decreases knock tendency.
(Aromatics generally exhibit a significant RON-MON sensitivity.)

2.2 Limitations of the octane rating method

Unfortunately the octane rating method has its shortcomings. Spark knock is not only dependant
on the chemistry of the fuel, but also on the geometry of the combustion cylinder,
thermodynamic inlet conditions, equivalence ratio and other engine design factors (inasmuch as
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these parameters influence the pressure-temperature-time profile that is experienced by the end
gas in an engine). Thus for the octane test, the octane rating reflects not only the fuels’ chemical
properties, but also the thermodynamic test conditions and the geometry of the CFR engine. A
single standardized test is insufficient to accurately characterize the knock propensities of a
variety of fuels over a range of engine operation, especially those fuels that deviate in chemical
structure from the reference fuels.

In many studies related to the octane test and in particular the work of Leppard (1990), the
standardized test proved to be lacking in describing the fundamental ignition characteristics of
fuels. It was demonstrated in this study that fuels differing chemically from the reference fuels

(alkenes, olefins and aromatics) have higher sensitivities. This was attributed to the differences
in ignition delay temperature dependence. In this case, the problem is most certainly due to the
ignition characteristics of fuel being highly temperature dependant, but not all in a similar
fashion.

Another current issue relates to the mechanics of the autoignition process in the CFR engine.
The question raised is: are traditional octane rated knock conditions a true representation of that
which is measured by a modern knock sensor, as the associated pressure fluctuations in the
cylinder? This question challenges octane rating as a direct indicator of incipient autoignition
(Yates et al., 2005); the work of Swarts (2006) provides ample evidence that this is not the case.
At this point, therefore, it is appropriate to introduce the concept of a fuels ignition delay as a
more fundamental knock propensity property. .

2.3 Ignition delay

2.3.1 Definition of ignition delay

Autoignition delay or induction time is defined as the time elapsed from an instantaneous
increase in temperature to the spontaneous ignition of a hydrocarbon-air mixture through rapid
chain-branching chemistry in a suitably pressurized and heated environment. It is characterized
and usually measured by a rapid pressure increase in the system. Conventional devices used to
produce autoignition and measure ignition delays include rapid compression machines (RCM),
shock tubes, constant volume devices and flow reactors. A RCM consists of a piston-cylinder
arrangement that adiabatically compresses a homogenous test mixture of fuel and air in a very
short increment of time. The time taken for compression to render the required pressure and
temperature environment for autoignition is small with respect to the total ignition delay of the
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mixture under these conditions. An example of an ignition delay trace obtained in a RCM is
shown in Figure 2-1.

30 $
: 4— Visible light
25 : emissioh
2 : : -— Auto.ignition
] : reaction
g 15 Pressure rise
= m-._.........m..m,..,....* due to cool
4——— flame reaction
0.5 4 : Rapld
. compression
15 » 5 »
v

Figure 2-1: Pressure trace showing two-stage ignition in a RCM (supplemented by emitted visible
light measurement), courtesy of Griffiths et al. (1997)

For initial temperatures above approximately 850 K (the value being subject to post-
compression pressure conditions), single-stage ignition occurs; at initial temperatures below this
value, two-stage ignition is found to occur in certain fuels. The first stage culminates in the
formation of a cool flame and an associated pressure rise as a result of heat release during the
cool flame reaction. The second stage culminates with the characteristic rapid pressure rise
indicating combustion. Figure 2-2 shows the autoignition delay characteristics of a range of
hydrocarbon fuels over a range of temperatures. Hydrocarbon oxidation is usually categorized
into three main regions: low temperature (<700 K), intermediate temperature (700 -1100 K) and
high temperature (>1100 K). Typical alkane fuels exhibit a phenomenon known as the negative
temperature coefficient (NTC) region (typically 700 — 800 K). In this region, the overall ignition
delay is seen to increase with increasing temperature. This is associated with the cool flame
reaction; the NTC region reflects the temperature zone where the cool flame ceases to occur as
the initial temperature increases. The significance of this is that both the primary reference fuels
used for octane definition exhibit such behaviour, and thus this particular chemistry is
intrinsically associated with the octane value prescribed to a fuel. This therefore characterises

- blends of fuel which may or may not exhibit similar chemical kinetic characteristics.
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TJK

Figure 2-2: Ignition delay characteristics of hydrocarbons tested in a RCM at 0.65 — 0.75 MPa in
stoichiometric proportion in air, compliments of Griffiths J. F. and Mohamed C. (1997)

2.3.2 Measuring ignition delay (Griffiths J. F. and Mohamed C., 1997)

2.3.2.1 Constant volume devices (Combustion bombs)

Fuel is admitted into a vessel that is already pressurized and heated to prescribed test
conditions. Ignition occurs and is measured. Homogeneity and temperature uniformity of
reactants are usually not applicable and uncertainties in equivalence ratio and temperature
gradient restrict these results from zero dimensional modelling applications. Precise
measurement of experimental conditions is also difficult owing to heat loss from fuel
vaporization. Due to conditions in the combustion bomb being locally heterogeneous and non-
isothermal, it is difficult to characterize accurately the NTC region of a fuel, as local areas at
optimal temperature and equivalence ratio will autoignite first, initiating global autoignition. Many
experimental systems involve the use of a two-stage combustion process to simulate quiescent
compression ignition (i.e. TDC) conditions. This involves the combustion of lean premixed gases
in the first stage to yield products similar in composition to air and result in high pressure and
temperature conditions. (Siebers, 1985); (Agarwal et al., 1997)
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Figure 2-3; Constant valume bomb

2.3.2.2 Flow systems
Laminar or turbulent flow devices ¢an be used for studying hydrecarbon oxidation, usually via
the collection of products under fixed state conditions, then through product analysis and

1 theretyy reaction chemistry deduction. Reactants are metered. pre-heated and then introduced

into the reactor tube under constant pressure and flow rate conditions. The reactor is kept at
constant temperature or i varied in a stepped manner as developed by Koert et al {(1994). The
contrelled cool down (CCE) technigue involves stabilization of the reactor temperature, followed
by eystematically controlled temperature reduction. Thus, extracted gas samples may describe
an entire reactivity map in one experimeant. Canditions achieved in this device include operation
at pressures up to 2.0 MPa, temperatures in the range of 500 -1000 K and residence times

typically in the order of 200 ms.
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Figure 2-4: Pressurised flow reactor, courtesy of Koert et al. (1994)
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2.3.2.3 Shock tubes

In a shock tube apparatus, the sudden bursting of a diaphragm that separates a high pressure
section containing the driver gas from the low pressure test gas, results m the propagsation of a
supersonic shock front along the tube, This almaost instantansously heats and pressurises the
test gas to values determined by the pressure ratio across the shock front and the ratio of
specific heats of the gases used High temperature reactions are querched on the arrival of the
cold contact surface of the driver gas. travelling sub-sonically behind the shack front. Typical
shocked gas temperatures operate in the range 1500 - 2500 K, well into the high temperature
range of typical fusls. The near discontinuous temperature nise resulting fram the shock front
gives a well defined starting paint far the reaction fram which the ignition delay may be
measurad. Ignition delays that are long (in the order of several milliseconds) may result in

significant heat losses from the shock tube; this may cause uncertainties in the data
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Figure 2-5: Shock tube

2.3.2.4 Rapid compression machines

This device involves a mechanically driven piston, typically pneumatically actuated, which
adiabatically compresses an homogenous charge to reaction temperatures and pressures in a
significantly rapid fashicn, such that the compression time is small in compariscn to the ignitian
delay. Some designs incorparate the use of double acting opposed pistons (Fish et al., 1988}
The conditicns may typically compliment flow reactars. the heated gaseous charge being in the
range of 500 — 1000 K. with pressures reaching up to 5 MPa {compression ratio 10.1}). Ignition
delay timeas are usually less than 100 ms, which is much greater than in shock tubes The
ignition delay is usually measured by fast response pressure transducers which may be
supplemented by light detection (Griffiths J. F. et al.. 1997 Two stage igrition and the NTC
region are commaonly studied in RCM experimentation. Technical proklems experienced include
the production of significantly rapid compression and the arrest of the piston without vibration or
bounce The core gas temperature is usually the reference temperature. being the highest in
value: it is calculated from the initial and final pressure, initial temperature and the ratio of

specific heats of the reactant mixture.
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Flgure 2-6; Rapid compression machine. courtesy of Tanaka et al. {2003

2.3.2.5 Motored and fired engines

In this device, an enging is run with an electric motor {the induced charge not being spark
ignited in the motored application but purely by comprossion ignition). Metored engines are

'. typically used to study partial cxidation of hydrocarbons through compression of the charge to
autaignition temperatures and pressures. Intermediate species arg examined through rapid
sampling, probe samphng or exhaust gas analysis. The reaction time is governed by engine
speed. Unlike other devices for studying autoignition processes, the charge undergoes
constantly changing conditions. The pressure histery 1s usually measured and the temperature
history calculated from the pressure values. Overall conditions may be varied by adjustment of
the inlet temperature and pressure, engine speed and compression ratic. Extensive work in this
arena has beon conducted by Leppard (1920). Motored and fired engine data 1s useful in

| interpreting results from conventional ignition delay measuring systems as well as giving

practical insight into the praocess of autcignition In spark ignition engines.

‘ Table 2-2 gives a comparative overview of the various devices that have been discussed. From

these devices it may ke said that constant velume bombs function and may supply infarmaticn

I In the low-temperature reglon; this corresponds to higher ignition delays and therefore less error
in the assumption of homegeneity and isctharmal conditions. Motared and fired engines. flow

devices and rapid compression machines span the ow to intermediate tomperature region,

I ic 2%
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while shock tubes give access to the high temperature region of general hydrocarbon
autoignition curves. For modeliing purposes, it is assumed that the basic autoignition reaction
chemistry is not influenced or altered by the device’s geometric or mechanical properties, but
only by the prevailing pressure and temperature.

Table 2-2: Ignition delay device comparison

Tl B P
Sonstant Volume 600 - 1200 0.1-5 10 - 1000
Rapic Compression | 560 - 1000 05-5 4-100
Flow Reactor 600 - 1000 0.1-1 >100
ﬁ’;‘i’rﬁd and Fired | 540 - 1000 1-5 1-10
Shock Tube 1500 - 2500 g&;‘;&}’gg":{'}:;‘i%i{;e > 1

2.4 Hydrocarbon oxidation chemistry

2.4.1 Autoignition fundamentals

Depending on the pressure and temperature of the mixture, hydrocarbon oxidation can take
various forms:

Slow reactions involve low pressure and temperature (<200°C), not usually occurring within
engines.

Single or multiple cool flame reactions are low temperature reactions (300 — 400°C),
characterised by development of partial combustion accompanied by pale blue emission.
Reaction is halted after a fraction of reactants is used up; the accompanied heat release is
small.

Two-stage ignition involves a cool flame followed by a hot flame (high temperature autoignition
reaction).

Single-stage ignition is a result of the transition from two-stage to single-stage autoignition as
high temperature chemistry dominates with increasing initial temperatures.

-13 -
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The autoignition reaction of hydrocarbon fuels consists of hundreds of different possible
chemical chain reactions taking place; most of the reactions are sequential. The process can be
briefly described in three steps:

Initiation. Highly reactive intermediate species, both molecular and radical, are produced from
the more stable fuel and oxygen molecules.

Propagation. Reactant molecules and radicals form further radicals and other sequential
products, such that the concentration of reactive species increases rapidly and exponentially.
When the reaction rate of radical formation due to chain branching is sufficiently fast, it is
termed an autoignition reaction. This is characterized by a rapid increase in temperature and
pressure.

Termination. Chain propagation radicals are removed through the formation of more stable

species.

It is important to note that autoignition limits may be determined by 1) isothermal limits, in that it
is the kinetic features of the reaction that iead to rapid combustion (the reactions themselves
being generally exothermic) and 2) thermal limits, in that rapid combustion is brought about via
intermediate heat release, requiring intermediate exothermicity and overall activation energy;
heat capacity and thermal conductivity of the gases are factors (Walker R. W. and Morley C.,
1997).

Some hydrocarbon fuels do not exhibit cool flame or two-stage behaviour. In hydrocarbons that
do exhibit this behaviour, the transitions can be explained by the formation of metastable
intermediate species, which promote chain branching reactions and whose reactions of
formation are temperature dependant. These intermediates may react to form stable molecules
or form active radicals; rate and dominance are a function of temperature. Hydroperoxides,
intermediates having the form ROOH (R being an organic radical), are responsible for the chain
propagation process leading to autoignition in the low temperature ignition process. At
temperatures above approximately 950 K, hydrogen peroxide (H,O,) is responsible for chain
propagation. Below this temperature it is relatively stable, while beyond it the intermediate
species decomposes into two highly reactive OH radicals in a reaction known as homolysis. A
general oxidation scheme for heavy hydrocarbons is shown in Figure 2-7.
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2.4.2 Oxidation mechanisms and the NTC region

In order to explain the reason for NTC characteristics of certain hydrocarbons, an outline of
basic hydrocarbon oxidation was proposed in the work of Semenov (Heywood J. B., 1988):

RH + 0, —>i€+Hbz

Equation 2-2
R+0, & RO, Equation 2-3
R+ O, > Olefin+ H éz ) Equation 2-4
RO2+ RH —> ROOH + R Equation 2-5
RO: - RCHO+R"O Equation 2-6
HO:+RH - H,0, + R Equation 2-7
ROOH - RO+ OH Equation 2-8
RCHO+0, - RCO+HO; Equation 2-9
R (.)2 —> destruction Equation 2-10

H,0,+M —20H+M Equation 2-11

In the region 500 - 600 K, where the oxidation rate increases with temperature, the equilibrium
of Equation 2-3 is strongly rightward dominant. However, for hydrocarbons that exhibit NTC
behaviour a drop in reaction rate is observed, as the temperature is increased, usually in the
range of 570 — 630 K for most alkanes (measure at 1 bar). In this range, alternative reactions of
RO, occur besides Equation 2-5, with higher activation energies. At higher temperatures, the
equilibrium of Equation 2-3 lies increasingly to the left with the resuit that the yield of ROOH (the
radical responsible for rapid chain branching) decreases. Thus the oxidation rate decreases.

[R]

[z,

With further temperature increase, the concentration ratio rises further with increasing
leftward dominance of Equation 2-3; this results in oxidation being primarily caused by reactions
of R radicals rather than RO,, the most important being Equation 2-4. H,O, is
thermodynamically stable at these temperatures and is removed by Equation 2-7 to H,0,. The
homolysis of hydrogen peroxide in Equation 2-11 begins above 750 K at a pressure of 1 bar. At
higher pressures experienced in internal combustion engines decomposition of H,O, rapidly

occurs at temperatures (900-1000 K).
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Figure 2-7: General oxidation scheme for heavy hydrocarbons at low and high temperatures,
courtesy of Tanaka et al. (2003)

2.4.3 Significance of the cool flame

According to RCM data analysis by Fish et al. (1969), the cool flame occurs as the result of the
normal chemical course of the oxidation reaction and is not an insignificant side reaction. It is
suggested that primary propagation steps in the cool flame are responsible for isomerisation of
alkylperoxy radicals to hydroperoxyalkyl radicals. These are responsible for rapid chain
branching and the products necessary for hot ignition are formed by the cool flame.

Another study by Westbrook (1994) holds that the low temperature oxidation (cool flame) has
the role of providing heat release early in the reaction, enabling the oxidation process to reach
critical temperatures (decomposition temperature of intermediates) at an earlier time than
without such heat release. Thus it is proposed that the cool flame reaction is important primarily
for the physical conditions it produces, not for its reaction products. Both studies observed that
when the cool flame pressure rise is large, hot ignition results quickly, but when cool flame is
less intense, ignition is delayed. Thus both studies agree that the effect of the cool flame is

responsible for controlling the timing of the hot ignition process.

In the RCM data analysis of Tanaka et al. (2003), the importance of the cool flame effect on the
final induction time is recognised. It was noted that the pressure rise resulting from heat release
from the cool flame correlated well with the overall ignition delay. Fish et al. (1969), on the other
hand, attempted to correlate the pressure rise from the cool flame with the initial pressure in the
RCM for a certain fuel.
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Ap = kp, Equation 2-12
where m is fuel dependant.

2.4.4 Significance of chemical structure

The structure of the hydrocarbon affects the different regimes of chemistry quite significantly,
the influence being weaker at higher temperatures. Knock propensity, and therefore octane
number, is thus highly dependant on structure, owing to the structure’s dependence on low
temperature peroxy radical chemistry. Short-chain and branched paraffins have a high
resistance to autoignition, resulting in a high octane number. This is due to there being a lower
relative number of secondary carbon atoms within the structure available for hydrogen
abstraction. Similarly, the ring structure of aromatic fuels results in it being a relatively stable
molecule and more autoignition resistant (which means resistance to hydrogen abstraction).

2.5 Empirically derived correlations

Attempts at modelling the ignition process have involved the development of 1) empirically
derived ignition delay correlations involving global reaction rate equations or 2) chemical
mechanisms which use the full or reduced oxidation mechanisms (as described using
Semenov’s basic hydrocarbon oxidation process). No detailed models with real blended fuels

are currently available for use.

2.5.1 Arrhenius relations
Empirical relations for the ignition delay as a function of test conditions usually involve the

Arrhenius equation form:

2
T=Adp"e’ Equation 2-13

Where: 1 is in milliseconds (ms)
p is absolute pressure in bars
T is in Kelvin (K)
A, n, p are fuel dependant parameters
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Douaud and Eyzat (1978) have done an extensive study on this form of correlation, including
induction time as a function of fuel octane value, the following equation is valid for PRF fuels in
the range 100>ON>80:

3.402 2_82(_)_
T= 17.68(—0—]!) p‘”e( T ]

100 Equation 2-14

The equation is a derivation of the reaction rate governed Arrhenius equation and expresses the
ignition delay as a global reaction rate.

A study was undertaken by Yates et al. (2005) whereby representative fuel compounds of a
gasoline blend were modelled using reduced chemical kinetics in order to investigate their
respective ignition delay characteristics. The resulting ignition delay response in the pressure-
temperature domain was reduced to a simple system of three coupled Arrhenius equations,
effectively matching data in the low-intermediate and high temperature regions.

B 1)1
Tiotal = {(Tl +7,)" +(z3) 1} Equation 2-15

A, n; and 3; parameters for each of the three stages were calculated using a regression

technique, effectively fitting the data from chemical kinetics results.

All ignition delay data corrected to a pressure of 26 bar
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Figure 2-8: Three Arrhenius equation correlation results for various hydrocarbon fuels, courtesy
of Yates et al. (2005)
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2.5.2 Application for motored engine data

In a motored or a fired engine, such as the CFR octane rating engine, reactions of a
homogenous charge are occurring in a constantly changing physical environment. As a point of
note, the reaction time to autoignition in this case cannot be said to be an ignition delay, as this
definition is strictly for the special case whereby the physical state of the fuel-air mixture is
regarded as constant. Therefore it is necessary to devise a correlation scheme which will match
a global reaction to the state-time history in the engine. Livengood and Wu (1955) proposed
such a correlation in their motored engine research using a single-staged Arrhenius expression
whereby autoignition of the charge occurs when

Equation 2-16

(ter being the total time taken for autoignition of the mixture, 7 aywigniton.) The equation is derived
based on two main assumptions:
1. The rate of production of critical species for autoignition (for a certain mixture) is
dependant only on the gas state.
2. The concentration of critical species required for autoignition is constant (critical
concentration).

The three Arrhenius formulation given in Equation 2-15 was proposed purely as a numerical
correlation and was not meant to describe the underlying chemistry. To supplement this
deficiency, a new approach was attempted to incorporate the physical changes that occur in the
autoignition reaction history. The global reaction of autoignition was represented as two integral
steps describing the relatively stable intervals separated by the abrupt gas transition of the cool
flame, characteristic of two-stage ignition:

bodt % odt
—+ =1

hEW 4 L) Equation 2-17

where t, describes the time of the occurrence of the cool flame, and t, the hot flame ignition
(total ignition delay). The ignition delays 1; and t describe the principle autoignition chemistry,
characterized by the decomposition of peroxides evaluated at the initial conditions and post-cool
flame conditions respectively.
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If, in the preceding equation, the gas state is approximated as constant and solved for the total
ignition delay (t,) the integral reduces to:

T
(CF)
Ty

Equation 2-18

It was also discovered through detailed chemical kinetic modelling that the cool flame
temperature transition (AT) is strongly dependant on initial temperature and pressure. The
observance of pressure rise from heat release being a function of initial pressure (Equation 2-
12) was similarly discovered by Fish et al. (1969) through empirical analysis. The proposed
formulation by Yates et al. (2007) was:

AT =CT, +C,p, Equation 2-19

m

Ti < _£2_p i
for G Equation 2-20

The abrupt transition at AT = 0 was remedied by using an equation resulting in a rounded,
more realistic profile.

AT'= O.S(AT +(AT) +C, )

Equation 2-21

2.6 Motored and fired engines

2.6.1 Fuel studies involving motored engines

As previously mentioned in Section 2.2, Leppard undertook extensive research with motored
engines testing fuels including n-butane (Leppard, 1987), isobutane (Leppard, 1988) and a
variety of alkanes, alkenes and primary reference blends (Leppard, 1990). His method included
the variation of compression ratio in a CFR engine for a given engine speed, intake temperature
and pressure; this was for the measurement of intermediate species over a continuous range
starting from negligible fuel reaction up to the point of autoignition. These were attempts to
study the reaction chemistry up to autoignition in order to provide experimental data for the
development and validation of a knock model.
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Work conducted by Livengood and Wu (1955) provided important insight into correlating
transient motored and fired engine data with static RCM data. Experiments were done with n-
heptane and a PRF 55 blend and were performed in a CFR engine, varying compression ratio
to the threshold of knock. Good correlation resulted when using a single Arrhenius function,
although as the experimental range was insufficiently spread to characterize the entire fuel
autoignition model, the extent of success of the method and results is uncertain. Revisitation of
this study and useful insight is given by Yates et al. (2005). See Figure 2-9.

A similar study was performed by Rifkin and Walcutt (1957) using iso-octane in a motored
engine to reconcile data extracted from experiments with a RCM and from motored engine
ignition points. The study was unsuccessful in that correlation between the simple autoignition
model and their engine results was poor. The reason behind this, offered by Yates et al. (2005),
was due to the use of a single Arrhenius function derived from RCM data in the low temperature
region to describe both high and low temperature regions that were effectively covered in the
engine tests.

It was the intention of this study to reproduce autoignition in a motored engine under similar
experimental conditions and correlate this data to the new autoignition model for verification of
the numerically derived parameters. The primary objective was to obtain experimental points
straddling the NTC region and low and high temperature range of the fuel so that the scope of
the proposed fuel autoignition model is sufficiently met.

2.6.2 Representing motored engine data

A useful technique to represent the gas conditions and autoignition properties of the fuel
together for comparison was explored by Rifkin and Walcutt (1957) as well as by Livengood and
Wu (1955), whereby isodelay contours of the autoignition properties of the fuel were overlaid on
the pressure-temperature history of the in-cylinder gas under knock or autoignition limited
conditions. The value of the ignition delay was then practically explored in relation to peak
conditions of pressure and temperature of the gas mixture undergoing autoignition. Due to the
problem in the mismatch of time scales, Douad and Eyzat (1978) proposed the calculation of a
“mean effective” pressure and temperature, constrained to lie on the chosen isodelay curve.
The proximity of the data points to the theoretical contour line where threshold knock occurrs is
indicative of the accuracy of the autoignition model. For the current project application, this
procedure was used in conjunction with the integral technique in order to validate the fuel
autoignition model that was used.
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—— Theoretical 8 ms 1.D. contour
------- Livengood & Wu 8 ms 1.D. contour
e Engine P,T equivalent to 8 ms I.D.

N
o

-
(3]
i

Pressure (bar)
=3

500 600 700 800 900 1000
Temperature (K)

Figure 2-9: The representation of the Livengood and Wu engine data for n-heptane onto the
predicted ignition delay map, courtesy of Yates et al. (2005)

2.6.3 Explaining fuel sensitivity

A study by Leppard (1990) explains the fundamental physical causes of sensitivity. It is
explained that the first step in understanding fuel sensitivity lies in appreciating the comparison
of MON engine conditions with those of the RON method, namely: higher temperatures, slightly
lower pressures (due to pressure drop in the inlet system, owing to higher engine speed) and
lower reaction times (due to higher engine speed). Secondly, the octane scale is defined
according to the autoignition behaviour of the reference fuels, which exhibit NTC behaviour. It is
the combination of these factors which lend to result in what is known as fuel sensitivity (defined
as (RON - MON).

Paraffinic NTC behaviour becomes less pronounced as conditions change from RON to MON.
This equates to higher compression ratios being required to induce autoignition in the MON test
than would be required in a fuel displaying no NTC behaviour. Thus, fuels displaying NTC
behaviour are super-rated by the motor octane number. Since the reference fuels are paraffinic,
this behaviour is incorporated into the octane scale itself. Sensitive fuels not exhibiting NTC
behaviour will thus appear to be under-rated by their motor octane number.
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3 Experimental Method

3.1 Test point determination

In order to predict the required thermodynamic conditions for autoignition in the experimental
engine, a zero-dimensional autoignition model was developed. The engine conditions were
prepared so that the final range of autoignition points would provide sufficient information to
confirm the accuracy of the ignition delay model. Equations for ideal gases under polytropic
conditions were incorporated in the model using geometric and dynamic values specific to the
engine used. For the purpose of simplification, an averaged value for the ratio of specific heats
(o) for a stoichiometric mixture of n-heptane and air was used in the prediction model. An
ignition delay model for the fuel undergoing autoignition was incorporated, based on the three
Arrhenius equation with parameters specific to n-heptane; this was developed by Yates, et al
(2005) and was discussed in chapter 2.

_ )1
Tiotal = {(71 +7,)7 +(z;) 1} Equation 2-15

Lerig dt _
T

1

t=0

Equation 2-16

Using the conservation of ignition delay correlation developed by Livengood and Wu (1955) (as
mentioned in chapter 2), autoignition was designated as occurring when the integral, calculated
from the summation of the reaction rate for each time step, had reached a value of unity. The
results of the model were used to establish the points and likelihood of autoignition in the engine
cycle for varied thermodynamic inlet conditions and engine speeds. The conditions which would
best describe the region of interest on the ignition delay surface map, the NTC region, were also
determined. This then led to the determination of the design and modification criteria for inlet

conditions of the engine.
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Figure 3-1: The ignition delay characteristic map for n-heptane
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Figure 3-2: The representation of predicted autoignition points for design engine conditions on
isodelay curves of n-heptane

Possible autcignition points oceurring from between 0 — 157 ATDC {brought about by peak
conditions of temperature and pressure in the anging mode| according to adjusted inlet
conditions) were faund to lie mostly in the region between iscdelays of 2 and 5 ms (as

reprasented in Figure 3-Z). Practically, this means that at poirts of autoignition, conditions in the
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such as a rapid comgression maching, the mixture would autoignite in that time An isodelay of
£.5 ms was chosen to represent the autoignition points of the engine model on a fuel ignition
delay plot to gauge the effectiveness of the range of conditions in magping the ignition delay
characlenstic curve. The autoignition points were constrained to lie on the isodelay by

calculating a ‘mean effective” pressure and temperature point along the same polytropic curve

(as represented in Figure 3-3)

Autoignition Points on 2.5 ms lsodelay
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| I| & * = n=teptarne |
\ |
&) 4
= . —=— PRF 55
L
= 901 T |
& I- 3 —a— % -]
= 104 -4 \ |
g et =
=g | & T 4 ,"N 4 B ke fiect
b » | ®  Audcicndion Poirts |
Py
0 - ' . i . s
B0 o0 800 900 1000 1100 1200
Temperature (K)

Figure 3-3. The representation of autoignition points and mean effective autoignition points on an
isodelay curve of n-heptane for the purpose of determining optimal conditions for
characterisation purposes.
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3.2 Modelling results

By adjusting parameters such as compression ratio and inlet thermodynamic conditions, the
conditions for autoignition were determined for the fuel in study, n-heptane, as well as other
fuels. The current compression ratio in conjunction with obtainable variation in inlet conditions
was sufficient in describing the ignition characteristics of n-heptane in the required range. To
provide variation in the time constant, different engine speeds of 2000 rpm and 3000 rpm were
chosen. Inlet pressure choking to 0.4 bar was determined in conjunction with inlet air heating to
600 K as sufficient in reaching areas along the fuels ignition delay curve for confirmation of the
proposed autoignition algorithm.

3.3 Direct data analysis

This involved the incorporation of the autoignition algorithm using the pressure-temperature
data points recorded and calculated from the experiments, for the purpose of predicting the time
of autoignition. Proximity of the autoignition points viewed from the experimental traces and
those calculated from the autoignition algorithm were compared in order to evaluate the original
Arrhenius parameters derived from Chemkin simulations. The time coordinates for the
beginning of the cool flame reaction were also compared between the actual and theoretically
determined values.

3.4 Autoignition engine model

An engine model was set up in an attempt to match the pressure and temperature histories
measured from the engine experiments. The purpose of the model was twofold: firstly, the
model was used, in conjunction with the measured data, to investigate the effect of modification
of autoignition parameters describing the ignition delay characteristics of the fuel; secondly,
thermodynamic trends deduced from the model were used to expose experimental errors
associated with the study, as well as to investigate the effectiveness of the device in
characterising ignition delay. Initial pressure measurements were adjusted using the model,
owing to uncertainty existing between the value of the pressure measured upstream from the
inlet valve (proposed as the initial pressure) and the actual value at inlet valve closure; this was
as a result of the inlet manifold air dynamics for the experimental engine being unknown. The
method of data correction is described in chapter 5.
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For convenience, the equations constituting the autoignition algorithm are repeated below:

£
T=Ap"e’ Equation 2-13
T
 =Tcr) +t1(1_ ;_CF)J
) Equation 2-18
AT =C T, +C,yp, Equation 2-19

Thus it is seen that two sets of A, n, 3 are necessary to define the autoignition history profile.
The first set constitutes the reaction chemistry leading to overall autoignition and the second set
constitutes the reaction chemistry leading to the cool flame reaction. The Arrhenius parameters
A, n and B approximate the global reaction chemistry in both cases and were determined from
empirical data. The values of parameters n and 3, however, have a smaller error margin as they
are more strongly associated with fundamental reaction chemistry. The parameter A (although
also associated with fundamental reaction chemistry) represents the intercept of the ignition
delay curve and is determined from empirical data. This parameter in both cases was therefore
subject to modification to coerce correlation between the model and test data reaction times. In
calculating the temperature rise from the cool flame event, the parameter C, was modified for
correlation purposes. Originally this parameter was calculated using a function of initial
temperature versus temperature increase from Chemkin results; and since it is only a proposed
theoretical value, it may therefore be subjected to modification. Chemkin derived Arrhenius

coefficient values used in this thesis is given in Table 3-1.

Table 3-1: Table of Arrhenius coefficient values used

Model In(A1) N4 B, |n(A2) N, B, Co Cy C, m
n-Heptane | 18.89 | 0.066 | 14825 | 11.18 | 0.950 | 15041 | 3000 | 1.975 | 1642 | 0.046
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4 Experimental Setup

In this chapter, the commissioning of the experimental apparatus, test procedures and data
acquisition are discussed.

4.1 Experimental apparatus

The requirements of the project are reviewed here for the purpose of discussing the design and
modification of the experimental apparatus accordingly.

1. Modify an existing single cylinder engine with the capabilities for heated inlet
manifold air temperature to 600 K and choked inlet air pressure to 0.4 bar.

2. Modify the inlet system so that it can be operated with a fuel injection system, with
the potential of adjustability for different fuels, equivalence ratios and air densities
through heating and choking of the inlet air.

3. Insert the relevant transducers and equipment for engine test data acquisition and
analysis.

4. Build a dynamometer system, consisting of a frame, driving element and load

control system. The engine should have motoring speed variability from 600 —
3000 rpm.

An existing Briggs and Stratton engine-generator unit was provided by Sasol for the research
project. The rapid heat release characteristic of uncontrolled autoignition in engines results in a
corresponding rapid pressure rise of the in-cylinder gases. This usually results in severe engine
damage if allowed to continue over a prolonged period, so for the purposes of this project a
small, easily replaceable engine was chosen. A smaller engine with a reduced induction volume
also has the advantage of having a higher relative safety factor with regard to continual in-
cylinder pressure stresses when compared to an engine with larger capacity and thus was more
suited to the type of experimentation undertaken.

Table 4-1: Engine specifications

Specification Units Values

Bore mm 72

Stroke mm 26

Swept Volume cc 215

Compression ratio - 8.5:1

Power rating hp 75
-28 -
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4.2 Modifications and design of the inlet manifold

A new inlet manifold was designad for the purposes of exparimentation including;

1. Air-mass meter {feedback to the fuel measuring control unit)
Inlet air throttle device {contral of inlet air pressure)
Air plenum [dampening pulsations from single cylinder induction for pressure
measuremant in the air inlet)
Inline air heater (control of inlet air temperature)
5. Electromic fuel injection {control of the rate of fuel metening with accuracy)
B. Fuelinjgctor cooling

Dretails of design and specification are in Appendix B.

'-51 Ball Valve Choke
| A

. r Y .
e e
Laminar Flow Element

[ Air Plenum

. |
22kWinline s 0 G el s -
Air Heater 1 4 .

s . | c15 cc. single cylinder

b e amm| 7.5 hp engine :

Fuet njctor |

i
b :

2.2 kW AC
Induction Motor e 4 "

Figure 4-1: Engine dynamometer setup and inlet manifold modifications
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4.3 Experimental engine dynamometer system

An AC Induction motor with a vanable speed drive controller was specified for matoring the

engine at the desired speeds. Under firing or auteignition conditicns a locad contral system was

required for speed control via the generator. A resistor bank of 8 kKW, mounted in the extractor

system for safety purposes and a 10 KWWY maximum load dimmer were used to cantrel the power

shedding of the generater and thus the speed of the engine. A dynamometer frame was

censtructed to mount the machines The details of design and specification for the

dynamometer system are in Appendix A

8 kW Hesistor Bank

Generatar

Figure 4-2: Load control system

4.4 Fuel injection system

The first step for fuel metering under conditians using different fuels, equivalence ratios and
dynamic air density variation involved the replacement of the carturettor with a fuel injection
aystem. An electronic control unit consisting of a Matorala JK1 8-bit flash memary
microcontreller with onbeard ADC regulated the fuel injector pulse width and frequency
according to input signal values. The input signals, consisting of the revelution counter and
laminar flow element air mass flow, were compared with values arranged in a kookup table

stored on the chip before an autput signal was fed to the imjector (See Figure 4-3).

e
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INPUT ouTPUT
| Revolution Counter I————-l_
Injector Pulse
Ecu Width
rnir Ma ssMeter Signal |———I_
r
Digplay

Figure 4-3: Control loop for fuel delivery system

The lookup table contains values that may be altered and uploaded to the ECU memory via a
serial port to a computer. Linear interpolation between the values results in an output puise
width signal controlling the length of time that the injector solenoid remains open and therefore
the mass of fuel injected. The frequency of injection is regulated by the engine speed and the
injection event occurs once every two revolutions. Details for the workings of the fuel delivery
system may be found in Appendix C.

Since fuelling of the engine in autoignition mode was limited to small time intervals in order to
prevent engine damage, the calibration for a certain equivalence ratio had to be performed
under normal fired conditions; sufficient time was therefore given to fine tune the fuelling without
incurring damage to the engine. For purposes of commissioning the device, the lookup table
was calibrated under stoichiometric conditions for a locally obtained 95 octane commercial fuel
using the technique described below.

A lookup table was initially generated using simple airflow calculations involving a constant
volumetric efficiency and was hard-coded onto the chip as the default storage setting. Further
modification to this table for exact stoichiometric conditions was performed using empirical
results from fired engine tests. Under varying engine speeds, inlet temperature and pressure
conditions, the air fuel ratio was adjusted manually by overriding the air mass signal with a _
variable DC voltage source. The tests were performed under firing conditions with the use of a
spark plug to initiate burning. The speed of the engine was controlled using the load shedding
system during engine firing. Stoichiometric conditions were then adjusted using negative
feedback from a lamda sensor mounted in the exhaust stream.

The data collected from the tests was used to develop an empirical volumetric efficiency
function to calculate input values in the lookup table under stoichiometric conditions. The
injection duration function that best correlated the experimental with calculated values was
discovered to be of the form:
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A
ID= A, + p(4N+ A,N* + AN Y1+ 4,T)(1-———)
0 1 2 3 4" _P
am i Equation 4-1

where: ID is the injection duration value (corresponding to mass of fuel per cycle)
p is the air density (based on inlet temperatures and pressures)
N is the engine speed
T; is the inlet temperature
P is the inlet pressure

The volumetric efficiency function consisted of the product of a polynomial function of engine
speed, an initial temperature term and an initial pressure term. The last term in the equation
describes the change in pressure between inlet and exhaust, indicative of its effect on
volumetric efficiency. Details on the technique are described in Appendix C.

4.5 Transducers and data acquisition

For the purposes of the project, four measured inputs were required for simultaneous sampling
and capturing:

TDC marker
Inlet absolute pressure
Inlet temperature

PO N =

In-cylinder pressure

Other measurements (taken for control purposes) are labelled in Figure 4-4, and including the
thermocouples for control of the heater temperature.
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Absolute
‘ Pressure
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Pressuse ' Controller
Transducer —}—e=== Thenmocouple
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Figure 4-4: Schematic of inlet manifold modifications and attached transducers

4.5.1 TDC marker

The previously mentioned revolution counter consisted of an optical sensor that was triggered
every revolution by a disk attached to the engine flywheel. The signal was fed to the ECU which
regulated fuelling, as well as being a requirement for data acquisition for positioning of the in-
cylinder trace as a function of crank angle. A technique was used to caiculate the offset of the
signal marker to true TDC, which is described in Appendix D.

4.5.2 Inlet pressure

The inlet pressure was measured using a Huba Control (691.90000005) absolute pressure
transducer mounted in the air plenum.

4.5.3 Inlet temperature

The inlet temperature was measured using a thermocouple mounted directly above the inlet
valve.

4.5.4 In-cylinder pressure

A Kistler piezoelectric pressure transducer was mounted in the spark plug thread in the cylinder
head.
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4.6 Data acquisition

Data was recorded on a four-channel simultaneous sampling oscilloscope with capabillies of

storage onto USB drive. The data hles were imported and analysed using Microsoft Excel

Autoignition Capture Trace

—5'1
I e
B = .
& i i 1 (R . —
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- | | L | H — Initial Pregsure
g I I | I:'.L . _i_' l ~—— In-C.ylinder Fliessure
| .
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Figure 4-5: Progression of matoring to autoignition development in three successive cycles with
simultaneously logged inlet condition signals.

4.7 Experimental procedure

The auloignition experiments using n-heptane were performed within the parameters described
in Table 4-2 (chtainable with the device), the intention being that the variation of conditions
would provide sufficent information to describe the characteristic gniilon delay map, including
the NTC region

Table 4-2: Experimental operating parameters

, Parameter | Range

Inlet pressure range g4—1bar
Inlet temperature range { 300 - 550 K
Engine speed range | 1500 — 3000 rpm

Six autoignition test points were acquired as a means to confirm the proposed Archenius
parameters of the new autolgnition algorithm Fuel was injected after thermal conditions had
reached egquilibrium. Due to heat less from the inlet as a result of cocling of the injector, it was
not possible to reach the maximum design temperature at low flow rates {low engine speed)
without running the risk of damage to the heater.

Figure 4-6 shows a flowchart of the experimental procedure.
e
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Initial preparation

1. Turn on water cooling for pressure transducer and fuel injector.

2. Switch on motor controller, transducer power supply, ECU and oscilloscope.
3. Switch on fuel pump (return hose unblocked and in fuel tank).

A
Switch on temperature controller

y
Download lookup table into ECU

A

Set to required engine speed
(load dimmer in medium position)

v

Set target temperature (variac input to controller adjusted 100-220V.
Rate of heating control and limit voltage for heater protection)

Lower inlet pressure, ball valve [«

Run engine until equilibrium
temperature is reached.

A

Switch on fuel injector Switch off fuel injector
Y
Autoignition? YES
NO
Slowly adjust choke pressure WARNING: If motor trips
upwards until autoignition occurs at any stage it is imperative

that motor is restarted as

Y soon as possible to restore

air flow through heater,
Trigger oscilloscope. Switch off which may bum out if not
fuel injector. Record data. supplied with air.
New test
i DONE
YES point? NO

Figure 4-6: Experimental procedure flow chart
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5 Preliminary Data Correction

5.1 Initial pressure correction

The pressure at inlet valve closure was initially assigned the value measured upstream in the air

plenum. This assumption was rejected after discovering that a series of motored engine tests
under different inlet air choking conditions and speeds indicated otherwise. The pressure at the
inlet valve was different from that which was measured upstream due to air dynamics arising

from the conditions and geometry of the inlet system.

A motored engine model was prepared using ideal gas relations and a polytropic compression
coefficient of 1.4 for air. Initial pressures were adjusted in the model until the maximum pressure
correlated with the maximum compression pressure for each test. A correl-ation equation was
then developed to incorporate the pressure difference in the initial pressure value measured in
the autoignition experiments. The equation included initial pressure measured in the air plenum
and engine speed as variables. Initial temperature was found to have a negligible effect on this
normalised pressure value after investigating its effect in further motored air experiments. The

proposed equation was of the form:

Pi normalised — do t a1.Pi measured T a2/rpm Equation 5.1
IVC Initial Pressure Correlation = 0-984
120 -
- 100 |- -
()
b
L 804
3
a 60
3)
2 40
20 - o o -
0 L : i o |
0 20 40 60 80 100 120
IVC Measured

Figure 5-1: Graph showing inlet pressure correction correlation
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Table 5-1: Test points from motored tests with proposed inlet pressure corrections

Pi Pi

Speed measured | normalised
(rpm) {kPa) (kPa)
997 99.2 82.8
1003 81.0 64.2
1010 60.6 49.6
2013 98.6 100.9
2007 80.9 78.7
2013 60.3 59.5
3000 97.9 109.0
3008 80.3 88.0
3000 60.9 67.7
3000 40.0 47.0

5.2 Autoignition trace modelling

An engine model was developed for the purpose of establishing correlation with the autoignition
test data traces. The model included the incorporation of the autoignition algorithm, the effects
of which could be investigated and modified in a motored engine system. The effect on the
autoignition model as a result of modifying engine variables could also be studied. The model
could also be a useful tool in explaining possible sources of experimental error.

Compression of an ideal gas may be described using polytropic gas equations, where the
polytropic coefficient equals the ratio of specific heats under isentropic compression conditions.
Unfortunately, the exact values of these polytropic coefficients were not known from the
autoignition experiments. The coefficient is a function of the heat transfer and the constituents of
the gas mixture being compressed, which comprises of air, fuel and residual exhaust gas. Since
the exact proportion of each constituent as well as the heat transfer was not known, the
coefficient value could not be determined. The presence of residual exhaust gas was reduced
during experimentation by recording the first autoignition trace after slowly increasing inlet
pressure in the inlet under choked conditions. This, however, did not eliminate pre-reactions
from occurring in the preceding compression traces to autoignition. A single polytropic
coefficient was used in the model for each test to best approximate the compression portion of
the trace. These values, however, did not serve to strictly represent a particular path of heat
transfer in each case, but rather to validate a method that would best correlate the simplified
model with the test compression traces. It was necessary to investigate a specific value in each

case and two methods were devised.
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5.2.1 Method |

In each autoignition test trace a cool flame reaction was seen to occur before the autoignition
reaction. Polytropic coefficients were adjusted in the model in each case until the maximum
compression temperature value reached an extrapolated line from the compression portion of
the autoignition temperature trace just before the cool flame reaction. The heat transfer effect
was not explicitly included in the model using this method and it was discovered from
comparison between the model and test traces that significant heat gain appears to have
occurred in the compression stroke. The values derived from this method, however, are under
estimates of the isentropic values, indicating net heat loss. A heat transfer model could
therefore assist correlation with the actual test data traces in the use of this method.

5.2.2 Method I

The second method involved the use of compression pressure traces preceding the autoignition
trace. Polytropic coefficients were adjusted in the model in each case until the maximum
pressure of the test data compression trace was reached. These coefficients were then used to
derive an experimentally determined correlative equation, in order to assign a polytropic
coefficient for the model in each case. Upon investigating the test data temperature traces
derived from pressure, it was seen that in each case preceding reactions to global autoignition
(cool flame reactions) occurred; this was seen as a temperature rise in the trace. This did not
offset the dependency of this method, as the cool flame reaction in the test data helped to offset
the heat transfer effect which was not included in the model. For this reason, the second
method was preferred in the modelling application for obtaining and discussing resuilts. The
equation describing the value of the polytropic coefficient of the model for each test showed the
best correlation using the variable of initial temperature measured at IVC. Having achieved good
correlation in the determining equation gave credibility to this method as an empirically
justifiable means for the modelling of the autoignition data.

k=ap+a,.T; Equation 5-2
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between the model and test traces that significant heat gain accurred in the campressian stroke.
A heat loss model would therefore assist correlation with the actual test data traces in the use of

this methad, Far the present purposes, however,. the adiabatic approximation sufficed.
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Figure 5-2: Graph showing definition of value of polytropic coefficient defined according to
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Table 5-2: Polytropic coefficient values for auteignition model

Test Method | Method
Point | | I

g 11332 [1474 |
2 1316 | 1.389

3 1315 1356

4 1336 | 1.302

5 1320 | 1346

6 1286 1280

5.3 Definition of cool flame and autoignition reaction time

It was necessary to define correctly the time of the initiation of both cocl flame and autoignition
reactions in the test data temperature traces. This was achieved through the calculation of the
derivative of the tamperature data trace The cool flame and autoignition reactions are defined

as instantaneous in comparison with the time delay leading up to the event. Thus the derivative
of the temperature trace indicates areas of heat release associated with the cool flame and
autoignition reactions. The points of maximum rate of heat release were defined as points in the

time scale of the (nitiation of reaction The temperature rise in the cool flame was defined as the

temperature difference between the two points on either side of the protrusion in the

temperature differential graphs, examples of which are Figure 5-7 and Figure 5-9.
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Figure 5-7: Definition of cool flame reaction time and extent of temperature rise using derivative
function of test data temperature values
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Figure 5-8: Position of cool flame reaction time and extent of temperature rise as shown on

temperature trace
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6 Results and Discussion

6.1 Interpretation of test points

Six autoignition tests were performed using n-heptane under varying inlet conditions and engine
speeds. The strategy was that six points at widely differing operating pressures, temperatures
and speeds would be sufficient to confirm the proposed shape of the ignition delay characteristic
curve. Two points would be needed to characterise the gradient of the low-intermediate
temperature domain of the fuel ignition delay curve, two points for the NTC region and two for
the high temperature region. These test points along with their inlet conditions are in Table 6-1.

Unfortunately, the n-heptane mixture failed to ignite in the engine below an inlet air temperature
of 100°C or using the original injector which was used for calibration of the lookup table with the
commercial 95 octane fuel. It was suspected that differences in viscosity between the fuels
(which were initially assumed to be negligible in effecting fuel metering) caused the mixture to
be too rich for combustion. This injector was then replaced by one with a slightly lower flow rate,
which resulted in autoignition of n-heptane under variable inlet conditions as well as being run
constantly for a fixed load under homogenous charge compression ignition (HCCI) conditions. It
was assumed that the slight deviation from a stoichiometric equivalence ratio would not upset
the results from modelling the autoignition tests using the stoichiometric autoignition algorithm.
Since the deviation in equivalence ratio would be constant, this would result in consistent results
and an error that could possibly be corrected through an adjustment factor in the model.

Table 6-1: Autoignition test conditions

Initial Initial Autoignition
Ig.st (Sr::e::)d Temperature | Pressure Angleg
(K) (kPa) (ATDC)
1 2056 356 95 19.9°
2 2107 408 95 10.9°
3 2070 424 87 15.8°
4 3151 402 107 13.1°
5 3132 435 107 5.4°
6 3076 482 84 0.7°

Figure 6-1 shows an isodelay curve of 2.5 ms for the fuel n-heptane generated by the three-
Arrhenius equation (Equation 2-15) mentioned in chapter 2. This reveals the pressure and
temperature domain for which an ignition delay of 2.5 ms would occur in a rapid compression
machine or any such measuring device under those constant conditions. As a practical feature,
the test points are represented on this curve, so that the conditions that the fuel experiences in
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the engine may be compared with the properties of the fuel itself. To abtain these paints, the
actual pressure and temperature values at which autoignition accured were transfarmed into
“mean effective” pressure and temperature values, These values represent the points in the
enhgine’s compression cycle that would render a measured ignition delay of 2.5 ms in an igniticn
delay measuring device under these conditions, yet in a statically controlled environment. The
ignition delay values were caloulated by applying the three-Arrhenius autoignition delay
algorithm derived from Chemkin results directly to the measured temperature and pressure

histary of the engine. The Arrhenius parameters were nat adjusted to carrelate exactly with the

| measure ignition delay time from the tast data, since firstly: the predicted autgignition reaction
time was observed to be close encugh 1o the time measured and secondly; this was not
required for the purpase of showing the general pasition of the test paints in relation the

charactenstic ignition delay curve of the fuel

It is seen fram Figure 6-1 that tour of the paints lig in the high temperature region and two points
fram the lower engine speed lie in the high temperature region of the isodelay curve. No paints

indicate having been mapped in the NTC region.

Test Points Represented on a 2.5 ms Isodelay Curve
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| Figure 6-1: Test points transformed and represented on a 2.5 ms isodelay for n-heptane

Figure B-2 shows the interception of a compression trace with an isodelay curve of n-heptane It
is seen that the NTC regicn is difficult to characterise as its gradient and the gradient of the
campression trace are very similar. A small shift in any direction results in the NTC region being
missed, which explains why no paints were mapped in the NTC regions despite having raised

the temperature in small increments. Therefore, despite the possibilities of paints in the NTC

region shown in Figure 3-3 no points were mapped in the expenments.
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Engine Conditions Represented on an Isodelay of n-heptane
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Figure 6-2: Typical compression trace of tesl engine represented on an isodelay curve of n-
heptane

6.2 Direct data analysis

Ag an imtial test, the naw autoignition model was applied directly to the prassure-temparature
data points of each tes!, using parameters calculated from Chemkin results. This was done in
order to investigate the proximity between the calculated points of autoignition and cool flame

reactions and the actual measured time in each case.

Figure €-4 shows the time difference in milliseconds betwean the algorithm's prediction of
autoignition and the actual occurrence of the event. A positive value displays a predicted time of
auteignition occurring before the actual time. Figure 6-5, however reveals that even though
prediction of final autoignition was within 0.1 ms in all cases, the arror difference in the cool
flame timing is significantly larger, the predicted time was much later than the actual event. An
example of a trace where the prediction model has been directly applied is shown in Figure 6-3
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Figure 6-5: Time difference between predicted and measured cool flame reaction

The model temperatures al inlet valve closure (assumed to be equal to the measured manifold
ternperature) wera Incraased until the differences betweean calculated and measurad values of
cool flame reaction times colncided, using the Arrhenius parameters determined from detailed
Chemkin models. This brought both cool flame and autaignition reaction peints in line in each
sat, which seemed to indicate the possibility of error in the assumed values of the temperature
used for the engine model The results are shown below in Figure 6-6 to Figure 6-11, as well as
a graph showing the change In temperature that is required for allgnment of the measured and
calculated points in Figure 6-12 A trendline on the points indicates consistent correlation

between initial temperature and the required change in temperature.
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Figure 6-6: Resulis of adjusted initlal temperature for cool flame coincidence of prediction model,
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Figure 6-7: Results of adjusted inifial temperature for cool flame coincidence of prediction model,
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Figure 6-9: Results of adjusted initial temperature for cool flame coincidence of prediction model,
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Figure 6-10: Results of adjusted initial temperature for cool flame coincidence of prediction
model, test point 5
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Temperature Trace
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Figure 6-11. Results of adjusted nitial temperature for ceol flame coincidence of prediction
model, test point 6

Figure 6-12 shows the temperature offset required for a hest fit between model and test data
reaction times as a function of the initial temperature. The average temperature offset was in the
region of 70 K, which is a significant deviation frorm the measured values. The discrepancy
could be explained by an efrar in temperature measurement assumed far inlet conditions at VO
ar in fuel metering. Convective heat transfer to the cylinder gas during the induction stroke was
not included In the model. The value of the temperature at IVO in the mode| was designated as
the termperature measured above the inlet valve An induction oycle was modelled using a
convection correlation develaped by Woschni {Heywoaod, 1983). An engine speed of 3000 rpm
under amhbient inlet conditions and a cylinder wall temperature of 400 K resulted in a
temperature increase of approximately 30 K at the end of the induction stroke. This indicates
that the deviation in the autoignition paints could in part be attributed to the error in the assumed
initial temperature at IVC as a result of this convective heating effect, as heat loss comrection
was nol applied to the data. The discrepancy could also be attributed to fuel droplets landing an
the thermocouple. This would result in readings being lower than actual manifold temperatures,

which would be consistent with the findings of Figure 6-12.

Another passihbility of error exists if the fuelling conditions were leansr than stoichiometric, A
richer mixture would autcignite guicker, which explains the need far the inferred temperature to
be increased in order for the model to coincide with the expernimental data. A linear correlation
further supparts this abservation. The fusl metering system was calibrated for a stoichiometric

air-fuel ratio using a standard 95 octane fuel, which means that any systermatic discrepancy in

the air-fuel ratio as a result of an error in fuel metering would explain a constant error offset
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Figure 6-12: Initial temperature versus adjusted initial temperature for cool flame coincidence of
prediction model

6.3 Autoignition engine model

Further investigation of the test data was canducted through the construction of a model trace
with autoignition prediction capabilities for the purpose of correlation alang with the test data
traces, Two approaches were devised to obtain realistic polytropic coefficient approximations for
use in the model. The first method Involved the adjustment of the coefficient untll the mode!
compression trace reached the linear extrapolation of the test data temperature curve before
cool flame reaction In a similar manner, the second method involved the use of compression

traces n each test ccouwmng before ihe aulowgninon trace. A correlative equation dependant on

wmitial temperature was then used to define the polytropic coefficient. These methods are
explained in more detail in chapter &
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6.3.1 Method | results
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Figure 6-13: Model and test data correlation with modified Arrhenius parameters (A, Cy, A,}, test
paint 4

Figure 6-14 shows the percentage difference that each Arrhenius parameter set (A, C,, Ay)
would have to be modified 1n order for the positions of cool flame and autolgnition reaction times
of the madel to coincide with values measured from the test data (an example of which |s
represented in Figure 68-13} These results were capiured using a model with polytropic
coefficients defined according to the first method discussed. Figure B-14 reveals that, except for
the obvious outlier being the first data set, the rest of the tests exhibit an Arrhenius set change
of very similar proportions. This may again indicate deviance in temperature readings recorded
from the thermocouple and the actual inlet temperature condition at IVC. In this case, the fairly
consistent madification to Arrhenius values that was required indicates either a consistent error
value in the temperature readings or a fuelling error, wheraby the fuslling in the test cases were
consistently either too rich or too lean
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Arrhenius Parameter Modification
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Figure 6-14: Arrhenius parameter madification required for coincidence of cool flame and
autoignition reaction time; and cool flame temperature rise using polytropic coefflcients derived
fram Method |

6.3.2 Method Il results

When the second method was employed to define a maodel poiytropic coefficient, the following
results were collected as shown in Figure 6-15. The graph shows the resulls to be strongly
temperature dependent (as the test data are arranged in two speed sets of increasing Inital
temperature) This is expected, as the polytropic coefficients were defined by initial temperature
in the correlative equation. This may also indicate. however. the effect of radiation heat loss on

the temperature readings, as the reguired Arrhenius parameter modification is greater when the
inital temperature is higher, A higher initial temperature means higher radiation heat losses
from the thermaocouple. which was not shielded In the experiments.
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Arrhenius Parameter Madification
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Figure 6-15: Arrhenius parameter modification required for coincidence of cool flame and
autoignition reaction time, and cool flame temperature rise using polytropic coefficients derived
from Method ||

The following graphs. Figure 6-16 to Figure 6-18, represent plots of the modifications made to
the Arrhenius parameters as a function of initial temperaturs, the obvious trend being that the

required parameter modification increases with increased initial temperature.
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Figure 6-17: Initial temperature versus Arrhenius parameter (C,) modification
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Figure 6-18: Initial temperature versus Arrhenius parameter {A;) modification

The following graphs, Figure 6-15 to Figure 6-24, represent the correlation between model and
test data: the parameters adjusted were nitial temperature and the Arrhenius parameter
describing the temperalure rise from heat released during the cool flame reaclion. Initial
temperature was increased until the cool flame reaction temes coincided and parameter value C,
was adjusted until total autoignition reaction times coincided.
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Figure 6-21: Modei and test data correlation with modified initial temperature and Arrhenius
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Figure 6-23: Model and test data correlation with modified initial temperature and Arrhenius
parameter (C,), test point 5

Temperature Trace

. 2600 i l—.- b
< i
g 2100
& — Tast
& 600 Modal
& I
E 1100 e &
b= ____,...._.-P—'—'_'_'_'_'_
_,_-—-—-"_‘_‘_-_.‘J
200 K
0.061 0063 0065 0.D67 0063
Time (s)

Figure 6-24: Mode| and test data correlation with maodified initial temperature and Arrhenius
parameter (C,), test point 6

Flgure 6-25 shows the modification of the initial temperature from the original value to secure
carrelation of the mode! and test traces. This graph is consistent with Figure 6-16 to
Figure 6-18, which show that an increase in initial temperature results in an increase In required

Arrhenius parameter modification
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Figure 6-25: Initial temgeralure versus adjusted Initlal temperature for cool flame colncidence of
prediction mode!

Figure 8-26 shows a proposed correlation for the initial temperature modifications required. The
equation is of the form:

T, mod fied = Ao ¥ a'l-Ti ez e T a:'frpm + al-P ronmisieed E".'iLJEItiIDf"I 6-1

Correlation for Initial Temperature Modification F =096
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B
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Flgure 6-26: Graph showing correlation for equation developed to describe temperature
i adjustment for cool flame coincidence of prediction model

Figure 6-27 shows the madification of the Arrhenius parameter {C,) from the original value to
secure correlahon of the model and test lraces. The adjusted values caused an exaggerated

cool flame reaction temperature rise in all cases. Generally, in the previous figures (Figure 6-19
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to Figure 6-24) the shape of the polytropic madel curve is seen to lie below the test data curve
before the cool flame reaction. indicating heal gain of the cylinder air during the compression
stroke. Although the definition of the polytropic coefficient included some reprasentation of heat
transfer, it is possible that further attention to heat loss in the model could serve o represent
this heat transfer and thereby result in greater accuracy of the autoigniton model An increase
in heat gain in the temperature-time history would serve to decrease the ime required for both
tool flame and autoignition reactions to oceur, thus reducing the error in percentage difference
to original Arrhenius values.

Arrhenius Parameter Modification
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4% |
| I .
%% =
1 2 3 4 5 ]

Test Points
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Figure 6-27: Required modification to Arrhenius parmeter C, for overall autoignition coincidence
of prediction model.

The next set of results involved the modification of initial temperature in order to mateh cool
Hame reaction times between model and tests and the modification of parameter C, in order to
match the temperature rize in the test data (defined in chapter 5): parameter A, was also
modified in order to mateh the final autoignition reaction time. After initial temperature
adjusiment it was found, according to Figure 6-28, that except for the first data set, Arrhenius
modification was within 7% of the original proposed values. This result further indicates the
possibility of an underlying temperature error. as temperature adjustment resulls in a smaller

error range of Arrhenius parameter differences
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Arrhenius Parameter Modification
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Figure 6-28: Results of modification to Arrhenius parameters (C, and A;) for overall autoignition
coincidence of prediction model after adjustment of initial temperature for cool! flame reaction
coincidence
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7 Conclusions and Recommendations

7.1 Experimental conditions

- Referring to Figure 6-1 and Table 6-1, it was concluded that a wider range of operating
conditions needed to be employed in the device in order to explore a larger portion of the
isodelay curve of n-heptane. Also, in the interests of testing other fuels in the engine, a larger

operating range of thermodynamic conditions for fuel autoignition is imperative.

The heating range for n-heptane was restricted by both the fuel and the heater capabilities. At
initial temperatures lower than approximately 100°C, the fuel could not be caused to autoignite
in the engine with the current compression ratio. At low engine speeds, the maximum usage of
the heater was also limited. At speeds beyond 3000 rpm the heater's maximum temperature
was not restricted, but for lower engine speeds, where air flow over the heater was less, care
had to be taken that the surface temperature of the heater did not exceed 600 °C or damage to
the ceramic sheath would occur. Since the heater control device was not fast-acting enough for
limiting the temperature, the maximum power usage of the heater was limited manually,
perhaps too safely below the maximum operating temperature of the heater. A recommendation
therefore would be the inclusion of a fast-acting control device that would enable the operator to
increase the initial temperature in the lower engine speed experiments.

Another experimental restriction was on the lower speed operation of the engine, which was
2000 rpm. The engine could not be accurately calibrated due to the generator not being able to
operate effectively for load control below this speed. A lower engine speed would allow more
time for the autoignition of the fuel over the compression cycle. This would therefore allow for
operation of the engine at lower initial temperatures, and thus would also allow an extension of
the operable range in the lower temperature regions of the isodelay curve.

Greater variability in engine operation could also be achieved through the variation of the
compression ratio without having to extend the capabilities of the heater. It was initially intended
that a wide variety of fuels would be tested for the commissioning of the device by using
different compression ratios. Changing of the compression ratio would be achieved by using
spacers on the cylinder block after the machining of the cylinder head to its minimum allowable
thickness. This method would only allow one compression ratio to be experimented with at a

. time, where a more desirable feature would be the variability of the compression ratio during
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engine operation. Greater variability in engine operation could also be achieved through
supercharging the inlet.

7.2 Ignition delay characterisation

From a previous discussion of Figure 6-2 the NTC region proves difficult to characterise as a
small shift in any direction results in the region being missed, despite attempts to raise the
temperature in small increments. Possibly the best method to reach the NTC region would be to
use a variable compression ratio test engine; this would allow for controlled incremental
variation of thermodynamic properties without having to be concerned with controlling
thermodynamic equilibrium of the inlet air through modification of inlet pressure as in the
experiments undertaken.

7.3 Experimental results from direct modelling

Results from modelling the test data with an Arrhenius based autoignition prediction model
indicated good correlation of overall autoignition when applied directly to the engine
thermodynamic test data. Correlation with cool flame reaction times was improved significantly
by artificially increasing initial temperature values. The increase of initial temperature did not
adversely affect overall autoignition times, which seemed to indicate that the points were close
to the confines of the NTC region (where overall ignition delay becomes independent of initial
temperature). It was interesting to observe that the increment of the temperature increase for
correlation was similar in all cases, indicating a constant offset of error. From these results, it
was concluded that either an error in the equivalence ratio of the test mixture or an error in
temperature measurement existed from the experiments (or both). A discrepancy could be
explained by an error in the temperature measurement assumed for inlet conditions at IVC,
which was consequently incorporated in the model. It was discussed that the deviation in the
autoignition results could in part be attributed in part to the convective heating effect of the
cylinder gases during the induction stroke. An induction model could be used to adjust the
measured temperature at the inlet valve. Another explanation given was that fuel spray droplets
landing on the thermocouple would explain the discrepancy in the measured to expected
manifold temperatures.

Temperature measurement was calibrated from a signal largely isolated from the electronic
noise source, although it is possible that aerial transmission of electronic noise affected the
temperature readout of the calibration device. It is therefore in the best interests of further usage
of the test device to calibrate the initial temperature signal under varying inlet conditions where
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no noise is present or where the calibration device is ensured against picking up a transmitted
noise signal.

The errors involved in the reaction time correlation could also be explained as a result of
metering an equivalence ratio that was different from a stoichiometric fuel mixture. Calibration
for stoichiometry was performed for a 95 octane commercial fuel, but autoignition tests were

performed on n-heptane and with a different fuel injector, as the original injector flow rate was
concluded to result in too rich a mixture for autoignition. Any deviation in metering would
therefore be a constant offset of equivalence ratio, which would seem to explain the similar
amount of modification required for correlation with the stoichiometric autoignition model. It

e e

would therefore be advisable to retest the fuel metering system. Preferably, the fuel to be tested
should be calibrated to stoichiometry. This would require testing to occur either under firing or '
autoignition HCCI conditions. Occurrence of damage to the piezoelectric pressure transducer is "
possible if the autoignition conditions are not controlled. This is why this method was not

attempted in this project. Another possible method includes calibrating the test fuel metering

under firing conditions, which implies the use of a test engine with variable compression ratio.

Feedback for calibration would be achieved by the use of an oxygen sensor in the exhaust

stream.

7.4 Experimental results from indirect modelling

Results from the modelling of the autoignition traces were presented according to two methods,
which described the definition of a model polytropic coefficient. Results using the first method
led to conclusions very similar to those proposed from direct analysis of the data. Direct data
analysis using the new Arrhenius model and initial temperature modification led to a conclusion
of experimental errors existing in either temperature measurement or fuel metering or both.
Modification of Arrhenius parameters in the second set required for correlation of the model was
very similar in most cases, which led to the conclusion that a constant error offset must be
present in either fuelling or temperature measurement. Results from the model using a
polytropic coefficient defined by the second method gave a slightly different indication.
Modification to Arrhenius parameters required for correlation was strongly temperature
dependent, with increased error difference with a required increase in initial temperature. This
led to the conclusion that if a temperature measuring error exists, it may be due to radiation heat
loss from the thermocouple, as the thermocouple used was not shielded against radiation. A
recommendation therefore would be to use a shielded thermocouple and to improve insulation j
at the inlet valve in order to prevent heat loss.
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7.5 Further work

A summary of recommendations for further work include:

A greater range of operating conditions is required for testing other fuels. This
invariably implies the use of different compression ratios of the engine to reach
thermodynamic conditions capable of causing the higher octane fuels to autoignite.
With the current setup, changing the compression ratio on the engine is a large
undertaking if many iterations are required. The best approach would be either to
modify the current engine for compression ratio variability during engine operation,
or the use of an already existing variable compression ratio test engine.

To increase the range of experimental conditions, it is recommended that a system
be investigated that will allow tests to be run at lower speeds than those limited by
the generator operation. A DC motor regenerative drive system would be more
effective in controlling speed, as well as load, in a dynamometer setup, rather than
one where separate elements are required to control these aspects. A system that
would completely eliminate any generation of noise would doubtlessly avoid many
unnecessary signal cleaning and precautions that may have compromised an easier
attainment of data in this project.

A heater controller with greater capabilities than the one in current use wouid be
necessary if the engine were to run at lower engine speeds. Another option would
be the use of a cartridge heater with capabilities of use at lower flow rates. It is
recommended that if the current setup is used, the thermocouples installed should
be shielded. This will allow for correct readings at the heater outlet and inlet valve,
where the effect of radiation is most prominent. In addition, calibration of the
thermocouples should be performed with a meter that will not be affected by noise
transmission as a result of motor controller operation.

The problem of calibration of the fuelling system proved to be more compiicated an
undertaking than originally foreseen. Each fuel needs to be calibrated separately for
reliable results to be acquired. This may only be possible with a variable
compression ratio engine, where the fuel may be calibrated under autoignition and
not under firing conditions. The best method would be through obtaining results
where the equivalence ratio could be certified through negative feedback from an
oxygen sensor in the exhaust stream. Care obviously would have to be taken that
transducers under these conditions would not be damaged.
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Appendix A Dynamometer Setup

A.1 Engine specification

A Briggs and Stratton engine-generator unit was provided by the Sasol Advanced Fuels Laboratory for

the research project. The engine had previously been used for valve deposit tests for a range of fuels
and fuel additives.

Table A-1: Engine specifications

Hardware 215cc, 7 hp overhead valve 4-stroke engine
Model 138432 (OHV)
Company Briggs and Stratton Corp.

Table A-2: Engine mechanical specifications

Displaced volume 215 cc
Power rating 7.5hp
Crank throw 26 mm
Conrod length 90 mm
Cylinder bore 72 mm
Compression ratio 8.5

Valve diameter 24 mm
Maximum valve lift 5.5 mm
Inlet valve opening angle 17° BTDC
Inlet valve closing angle 225° ATDC
Exhaust valve opening angle 135° ATDC
Exhaust valve closing angle 17° BTDC
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Power Curve
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Figure A-2: Engine maximum torque curve

A.2 Generator specification

The coupled generator was used to load the engine durning testing. The unloaded potential difference
produced for different motered speeds of the generator is recorded in Figure A-3 From experimentation
it was deduced that the minimum usable engine speed for loading purposes was 1800 rpm (including
the effect of hysteresis which is not shown on the graph) Constant loading of the engine (and thus
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speed control) was required for fuelling calibration under engine firing conditions whereas for the actual

autoignition lests loading was only required to prevent ‘runaway” of the engine once the fuel had begun
to autoignite

Tahle A-2: Generator specifications

Hardware [ Single-phase synchronous brushlass altarmator
Made| ES100D
| Company | NS
Voltage 230V at &0 Hz (3000 rom)
Current | 12A
Generator Characteristics
250 3
- t
w
| § 0
K 150 &
*
E a0 *
3 .
Ll
ne * * P
500 BO0 1000 1200 1400 1600 1800 2000 P L 2400 2800 2800 3000
L Engine speed [rpm)

Figurs A-3: Generalor voltage output at varied engine speed

A.3 Motor specification

A separate driving element was required for motoring the engine at set speads. A 2 2 kW AC
asynchronous Induction motor with a variable speed inverter controller was used.

The desired engine operating parameters under motared conditions included:

1. The option of increasing compression ratio up te 20:1
2.  Maximum engine speed of 3000 rpm

S
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Theoretically, the net work done in a motoring cycle for compression and expansion of the gases
(excluding pumping losses and friction) is zero units. Equations were used from Cengal A. Y. and
Boles, A. B; Thermodynamics — An Engineering Approach (1994) and Heywood J. B; Internal
Combustion Engine Fundamentals (1988).

bmep (brake) = imep (indicated) — tfmep (total friction) (I.C. Engine Fundamentals, pg 715)

tfmep (bar) = 0.97 + 0.15(N/1000) + 0.05(N/1000)* (1.C. Engine Fundamentals, pg 722) !
tfmep = 1.87 bar (using fired engine approximation at maximum 3000 rpm)

bmep = 0 (motored cycle)

imep = bmep + tfmep = 187 kPa

Puotai(kW) = imep(kPa) x V4(dm®) x N(rev/s)/ns/1000 (I.C. Engine Fundamentals, pg 50)
Piota = 187 x 0.215 x 3000/60 /2/1000 = 1.01 kW
Therefore 2.2 kW is sufficient for motoring the engine.

Calculating the momentary speed loss over the compression cycle under adiabatic conditions...
Maximum pressure

P./P, = cr®

P,=20"*=66.3 bar

Maximum temperature

T, = (Py/Py) " .T,

T.=994 K

Required power at 3000 rpm

3000 rpm... 6.3(10)" kg/s (air)

W, (kW) = mC\@AT

C, at 650 K (average temp) =0.776

W, =6.3(10)° x 0.776 x (994 - 300) = 3.4 kW
Difference =34 -2.2=1.2 kW

Energy from flywheel

For the 200mm diameter, 3 kg flywheel:
Ex=%1l (W -wp), I=%mr
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The power required over the compression cycle for a compression ratio of 20:1 results in a deceleration

in engine speed by 7 rpm converted from the energy “stored” in the flywheel. The motor is sufficient to
maintain the engine speed over the other cycles.

Table A-4: Motor specifications

Hardware 3-phase induction motor
Model LS100L T

Company Leroy Somer

Power rating 2.2 kW

Synchronous speed | 1425 rpm

A.1.1 Motor controller

The motor controller used was a 2.2 kW Digidrive Inverter which generated the 3-phase frequency for
governing the speed of the motor. The motor operated at 50 Hz brought the engine over 3000 rpm.

Table A-5: Motor controller specifications

Hardware Variable speed inverter drive
Model SE2D200220

Company Leroy Somer

Power rating | 2.2kW

A.1.2 Pulley specification

The synchronous speed of the motor is 1425 rpm while the design maximum motoring speed is
3000 rpm. Thus the speeding up ratio required for the belt drive is 1425/3000 = 0.48:1. A 95 mm
diameter aluminium pulley was used, mounted on a transmission hub which was located centrally on
the engine flywheel. A 200 mm diameter taper lock pulley was specified for the motor shaft.
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A.1.3 Belt specification

Calculations taken from specification catalogue for “Wraxall belts and pulleys catalogue”
Load factor
Light duty (compressor), no idler, speeding up, 10 hrs and under operation...
(1+0.1) x 1.25 x 1 x 2.2 kW = 2.75 kW (Table F86)
Belt type
3000 rpm and 2.75 kW... 90 x 1 SPA (Table F7)
Speed ratio
3000/1440 = 2.08... F52,sr=2.1
driven d = 95 mm, driver D = 200 mm... 4.6 kW (1 belt)
Max bore (driver/driven)... 28/50
Centre distance, belt length
C=2xsqrt [(D+d) x d] = 335 mm
L=2C + (D-d)2 /AC + 1.57 (D+d) = 1141 mm
Power rating
3000 rpm and d = 95 mm... 3.55 kW / belt (Table F12)
Additional power rating
For sr = 2.1 and 3000 rpm increase... 1.17 kW/ belt (Table F13)
Power correction factor
SPA and L = 1120 (1141)... 0.88 (Table F8)
k. Arc of contact
(D-d)/C = 0.31...163° wrap angle and 0.96 correction (Table F8)
Power calculation
(3.55+1.17) x 0.88 x 0.96 = 3.99...4
No of belts
4/2.75 = 1.4... 1 belt required (90 x1 SPA), standard belt length = 1180 mm

A.4 Dynamometer frame

The frame was welded together from 1.5 mm mild steel rectangular and square tubing. The motor was
- located underneath the engine and mounted on pivoting arms, its weight being used to tension the belt.
7: The single-cylinder engine produced significant vibration when run at speeds of 1000 and 2000 rpm.

-A6-
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" The vibration was reduced at these speeds by clamping the frame to the test cell rail (and not on rubber
mounts as previously supported). This helped to stiffen the overall spring constant and thereby dampen
the vibration significantly.

GENERATOR ENGINE D @
[ 1 ] [ 1 ]

]

| [

. L L | L

Figure A-4: Dynamometer setup schematic

A.5 Load control system

A resistor bank was constructed for converting the power generated by the engine under firing
conditions into waste heat. The maximum power produced by the engine is 6 kW. The 8 kW resistor
bank consisted of 4 2kW elements (25 Q each) which were mounted in the extractor system air stream
for heat removal and as a safety precaution. A 10 kW (maximum power output) dimmer was purchased
to control the power shedding and thus speed of the engine under fired and autoignition conditions. The
system enabled speed control under fired conditions for fuel calibration purposes and speed limiting
control under autoignition conditions of the engine.

%}:{:}: GENERATOR

8 kW Resistor Bank 10 KW Dimmet Unit
mounted in

air extractor system

Figure A-5: Load shedding system schematic
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Appendix B Inlet Manifold Design Modifications

In order to meet the requirements for varying and measuring inlet conditions, the air inlet system of the
engine needed to be modified and the following components incorporated:

1. Air-mass meter (feedback to the fuel metering control unit)
Inlet air throttle device (experimental control of inlet air pressure)
Air plenum (dampening pulsations from single cylinder induction for pressure measurement
in the air inlet)
Inline air heater (experimental control of inlet air temperature)
5. Fuel injector (experimental control of fuelling) with water cooling facility.

Laminar
Flow Throttle “
Element D
AIR P i
INDUCTION ———+| ¢ o ] _
Air
i Plenum
Heater
EXHAUST 4—— | ] «——— rFUEL
| D _!_ INJECTION

Figure B-1: Inlet manifold modification schematic

B.1 Air plenum

The induction stroke in a 4—-stroke engine occurs once every two revolutions of the engine, resulting in
one induction pulse in a single cylinder engine. The purpose of the air plenum was to reduce pulsation
so that the pressure sensor readings would not fluctuate. The combined effect of an increased volume
and surface area from the inlet tube to the plenum through tapering of the pipe was designed to buffer
this pulsation effect.

Volume = (rD%4).L = 7 x (80)? x 120/4 = 603 cc (approx. 3 times the swept volume)

-B.1-
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Absolute
pressure
sensor

Thermocouple

From r—-
astmosphere

7|T

To engine

Figure B-2: Air plenum

B.2 Air mass-meter design

An air mass meter was required for signal feedback to the electronic control unit in order to inject the
correct required amount of fuel into the inlet. Initially, a Bosch hot film mass-meter (0 280 217 110) (a
BMW component) was considered for use. When this device was mounted in the inlet, however, the
effects of pulsation were clearly seen and resulted in non repeatable readings. Linear correlation of
averaged readings (after attaching a 200 | drum in series as a buffer tank situated before the mass-
meter) was fairly good after about 1400 rpm, although the impracticality of the set up and the original
desire for operating below 1400 rpm led to the consideration of an alternative measuring device, a
laminar flow element.

Figure B-3 below shows the calculated versus actual results of the engine speed tests, when using the

BMW massmeter and the 200 | drum. The straight lines are devised from the correlative data of
calibration tests performed on the massmeter using a Horiba flow system.

-B.2-
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Expected versus Experimental Flow
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Figure B-3: Results of tests using BMW massmeter

A laminar flow elemenl was designed and constructed te measure the air mass flow rate through the
inlet manifold. It consists of several layers of closely arranged parallel plates through which the flow of
the induced air is laminar. Since the flow characteristics are steady and uniform. the pressure drop
across two paints in the laminar air stream is a linear function of the flow rate

-B.3 -
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Figure B-4: Laminar flow element schematic

The equation for the pressure drop between two points situated in a laminar air stream between parallel
plates is given as:

b’ _ (Pao, H. F., Fluid Mechanics, pg 176)
A differential pressure transducer was purchased with an operating pressure range of 0 ~ 1 psi (0 —
6.9 kPa) and the laminar flow element dimensions were designed for the pressure drop to be within that

range.

Table B-1: Design parameters of laminar flow element

Number of plates (N) 19
Distance between plates (b) | 0.5 mm
Width (h) 43 mm

When the flow element was connected in the inlet and tests were performed, the pressure transducer
attached across the flow element showed unsteady pulsating flow readings. Electronic noise was also
present in the signal as a result of the operation of the motor controller inverter. It was discovered that
the average value of the pressure trace was a linear function of engine speed (and thus flow rate) over
the design range for unchoked inlet conditions. This meant that the device could be used as a flow

-B.4 -
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meter despite the presence of a pulsating signal over the test range. To average the signal a rectifier
circuit was built and connecied on the signal output The signal was also adjusted for the input range of
the ADC input for the ECU {0 — 1.5 V) and filtered o that the error in reading would not exceed 7 mY

Flow Meter Calibration y =0.225x + 534
R-=1.00

| 450
S
E 1200
ekl -
-1 "
'E -~ ’fﬂf‘. '
-] Lt
s 1000 = e
2 o S
£ L

BoG = e

_:-"-F'.-FFFF'-F
=
£00
BOO 1 GO0 1400 1800 230 200 A0
Flaw rate (rpm)

Figure B-5: Laminar flow element calibration curve

B.3 Throttling device

A %" stainless steel ball valve was used to adjust the inlet pressure from 1 to 0.4 bar. The expenmental
method used during autcignition testing was to choke the inlet airflow while motoring the engine, then
inject the test fuel under heated inlet conditions and then finally. slowly adjust the inlet pressure until
autoignition ocourred. The inlet pressure was measured using an absolute pressure sensor mounted in
the air plenum, the operating range for the transducer was 0 — 1 bar and the output 0 - 5 V. Due to
interference noise from the inverter drive, the signal had to be calibrated according to its normal output
in addition to an offset voltage. Details of transducers and signal processing are discussed in

Appendix D

Takle B-2: Ball valve specifications

Hardware | Stainless stee| pall valve

Type ! 1" stainless, nylon ball
Company | Cape Valve

- 3.5 -
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B.4 Inline air heater

The design temperature range for the inlet air was from 300 — 600 K. For this purpose a convection
heater was sourced from Leister, a company specialising in process heat and plastic welding
applications. Formulae and engineering constants are taken from Chapman, A. J; Heat Transfer (1967)
and Cengal A. Y. and Boles, A. B; Thermodynamics — An Engineering Approach (1994).

The maximum required temperature for the inlet air is 600 K at the maximum specified engine speed
3000 rpm, giving a total mass flow rate of 6.3(1 0)* kg/m?®, which is about 320 I/min. The energy rate
required to heat air from ambient temperature at this flow rate is given as:

O = hAh W)
Ar=C (T2—Tl)

psave

(kJ/kg)
Ah = 1,03 x 300 = 309 kJ/kg

Therefore Q =309 x 6.3(10)-3 = 1.95 kW (excluding heat loss)
Taking heat loss into account, forced convection heat loss calculations are required.

Thermal conductivity constants (k, in W/m.K) of the following substances were used: air (0.026), steel
(80.2) and glass fibre (0.043) (Thermodynamics — An Engineering Approach, pg 95).

Heat loss from a multilayered cylinder by conduction and convection is given as:

q._ 272(1, - 1Ty)
L
ln(ﬁ—] ln[—ri]
N r, N r,
rh, ky, ks, AN

(Heat Transfer, pg 59)

-B.6-
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Figure B-6: Schematic for heater calculations

The Reynolds number calculated for air flow within the pipe indicated turbulent flow (Re * 10000). A

Nusselt number approximation for forced turbulent convection, with temperature differences greater
than 100°F is given as

0.14
Nu,, =0.027(Re)"™® (Pr)‘”(isJ
H (Heat Transfer, pg 336)

Pr = HC, o Nuk

Using k  and convective heat transfer coefficient d results in a convective heat transfer

coefficient of 26, for inner diameter 25 mm.

For free convection around the outer cylinder the Grashoff-Pranti product is considered with:

3 .2
=8P zﬂAT
H
arriving at constants C = 0.525 and m = % for Nu = C(Gr.Pr)™ (Heat Transfer, pg 361).
The resulting free convective coefficient was calculated as 9. Total heat loss over 300 mm of pipe

assuming a minimal lagging instance results in 165 W over the length.

The cartridge heater sourced was 2.2 kW heater, providing an immediate outlet temperature of 600°C
at 300 I/min. The minimum flow rate for full constant supply of 220 V is 200 I/min, thus a heater
controller was required to prevent overheating of the cartridge. The control thermocouple was placed

-B.7-
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50 mm downstream from the heater and other thermocouples for measurement were mounted over the

inlet and exhaust ports respectively

Table B-3: Heater element specifications

Hardware | Cartridge element convection air heater
Model | Typ 32A

Company Leistar

Powerrating | 2.2 kW

Voltage 230V

Temperature 600"C maximum

Flow rate 200 ¥min minimum

B.5 Fuel injector

The carburetter system was upgraded to a fuel injection system for the purpose of exacting control of
fuelling for experiments vath different fuels and inlet air density conditions [n arder to pravent haat
damage to the fuel injector, a water cooling jacket was machined in the injector mounts.
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Figure B-7: Injector cooling

Two Bosch injector types were used in the course of the project {0280 150 727, 0280 150 208). The
injection system was calibrated using type 0280 150 208 and a commmercial 95 octane fuel It was
intended that this injector would serve to meter the test fuel n-heptane in the autoignition experiments.

-B8-
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It was found, however, that after the calibration process n-heptane could not be caused to autoignite in
the engine. It was suspected that differences in viscosity between the fuels (which were initially
assumed to be negligible in effecting fuel metering) caused the mixture to be too rich for combustion.
This injector was then replaced by one with a slighter lower flow rate, type 0280 150 727, which
resulted in autoignition of n-heptane under variable inlet conditions as well as in being run constantly for
a fixed load under homogenous charge compression ignition (HCCI) conditions. It was hoped that any
deviation from a stoichiometric equivalence ratio would not upset the results from modelling the
autoignition tests using a stoichiometric autoignition algorithm. Since the deviation in equivalence ratio
would be constant, this would result in consistent results and an error that could possibly be corrected
through an adjustment factor in the model.

Table B-4: Injector specifications

Hardware Fuel injectors

Model 0280 150 727, 0280 150 208
Company Bosch

Power supply 12VDC

Injection duration at | 146 mi/min, 156 ml/min
100% duty ratio




Appendix C - Fuzl Delivery Svstam

L Appendix C Fuel Delivery System

C.1 Mechanical fuel delivery system

The fuel delivery system consisted of a fuel tank. low pressure filter (GUD), fuel pump (Boschy. high
pressure filter {Fram), pressure gauge. fuel ijecior (Bosch), vacuum adjusted pressure gauge (the
vacuum adjustment tube of which was connected o the air plenum; and return pipe. The system was
pressurised from 3 — 3.5 bars by the fuel pump.

AIRINDUCTION
SYSTEM

Aur plenum

Fusl ireector

Wacuum adjusted
pressure regulator

Fuel pump
—  Fuel filter
FITE. DELIVERY
SYRTEM
Fuel tark

Figure C-1: Mechanical fuel delivery system

C.2 Electronic control

An electronic contral unit consisting of a Motorsla JK1 8-bit flash memaery microcontroller with onboard

ADC regulated the fuel injector pulse width and frequency according Yo the input signal values. The
inputs, consisting of the revelution counter and laminar flow element air mass flow, were compared with

values arranged in a lookup table stored on the chip. The lookup table contains values which may be
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altered by values uploaded to the ECU memory through a RS 423 serial port connection. Linear
interpolation between the values results in an output pulse width signal which controls the length of time
that the injector solenoid remains open, and therefore the amount of fuel injected. The frequency of
injection is regulated by the engine speed and occurs once every two revolutions.

INPUT QUTPUT
l Revolution Counter
injector Pulse
ECY Width

l Air MassMeter Signal

.
I Display l

Figure C-2: Schematic of electronic control of fuel delivery

[(600 1000 1400 1800 2200 2600 3000 ——— (1)

ENGINE
SPEED CP™

1.8 618 643 667 691 716 740 764
2.0 623 650 677 704 731 7358 785
2.2 627 656 686 716 745 775 805
2.4 631 663 695 728 760 793 82 [ @

2.6 635 670 705 740 775 810 845 AIRMASS  (uv)
- 2.8 639 677 714 732 790 828 866 FLOW RATE

3.0 643 683 724 764 B80S B45 886
3.2 647 690 733 777 820 863 906
3.4 651 697 743 789 835 881 926 . @

36 655 704 752 801 849 898 947 INJECTION

38 659 710 762 813 864 916 967 DURATION (ms)
4.0 663 717 771 825 879 933 987
; 4.2 667 724 781 837 894 951 1008
4.4 671 731 790 849 909 968 1028
4.6 675 737 799 862 924 986 1048
4.8 679 744 809 874 939 1003 1068
5.0 683 751 818 886 953 1021 1089
5.2 687 758 828 898 968 1039 1109
5.4 691 764 837 910 983 1056 1129
3.6 695 771 B847 922 998 1074 1149

Figure C-3: Lookup table explanation
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An engine speed of 2000 rpm and an air mass flow reading of 830 mV is given as an example

The chip reads the speed and produces the interpolated air flow matrix
[TO4 717 731 744 758 771 785 758 §12 825 839 552 866 875 833 906 920 933 947 B60]
The mass flow signal lies between the values B25 - 839 in the air flow matnx. resulting in the linaar

interpolation of the corresponding values 3.6 — 2.8 of the injection duration matrix and finally sending
the autput pulse width as 3.67 ms to the injector solenold.

Injection Calibration Curve

12

0

Displayed Injection Duration
(ms)
oy

-]
rJ
Y

en

8 13 12

Measured Injection Duration (msj}

L

Figure C-4: Calibration of displayed injection duration values to actual injection duration for injector type
D280 150 727

The control unit, including 2 display of engine speed, air mass signal and injechion duration, was

gesigred and built by 2 4th year electrical engineering student. Aaran Wetzler. The design and coding
specifications are nol included in this thesis appendix.

C.3 Calibrating the lookup table for a constant equivalence ratio

For the purposes of commissioning the device, a lookup table was designed for a stoichiometric airffuel
fatio using a commercial 95 octane fuel This table was then used in the autoignition tests using n-

heptare
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9 Mheoret‘lca\\y based lookup table was initially generated using simple airflow calculations. The table
‘ represented the air density limiting conditions at designed inlet air heating and choking, as well as

I engine speed limits.

Table C-1: Experimental design parameters

inlet pressure range 0.2-1bar
Inlet temperature range 300 —600 K
Engine speed range 600 — 3000 rpm

For the control volume of the inlet system, the mass flow rate through the mass meter must be the
same as that entering the cylinder through the inlet.

M yier = M

It is known that the displaced volume is 215 cc, therefore the volume flow rate through the massmeter
was calculated for any air density or air speed entering the cylinder, using an appropriate volumetric
efficiency (in this case 85%). Using the calibrated output voltage of the massmeter as a function of flow
rate, the correlating voltage value was substituted for the volume flow rate value. Using an appropriate
air-fuel ratio the corresponding fuel injection durations were calculated for the air density conditions,
based on the rated flow of the injector.

Further modification of this table for exact stoichiometric conditions was achieved by using empirical
data from fired engine tests. Under varying engine speeds, inlet temperature and pressure conditions,
the air fuel ratio was adjusted manually by overriding the air mass signal using a variable DC voltage
source. The tests were performed under firing conditions using a spark plug to initiate burning. The

speed of the engine was controlled using the load control system. Fuelling was adjusted to
stoichiometric conditions using negative feedback from a lamda sensor mounted in the exhaust stream.
The data collected from the tests were used to develop an empirically derived volumetric function in
order to adjust the values in the lookup table. The correlation was derived using the following method. f

By definition:
L
PV, N/2
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where: ", is mass flow rate of air
p is the air density
V, is the displaced volume
N is engine speed.

" —Fi4

m

a

where F/A is the mass based fuel to air ratio

=F/ 0, pV
Therefore... /A WPl (per cycle)

Assuming that:
1. Injection duration (ID) a m¢ + offset (based on fuel injector calibration tests)

F
— = const
2. 4

3 fv =f(N9N29N39-T;9Pi)

where N is engine speed (rpm)
T, is inlet temperature (°C)
P; is inlet pressure (remaining as V)

The injection duration function that best correlated the experimental to calculated values was
discovered to be that of the form:

ID=A,+ p(4N + A4,N* + A,N*)(1+ A,T)(1- ——ﬁ——)
am ~ R (ms)

The air mass flow values were then filled into the table by correlating experimental and calculated
values with an equation of the form:

iy = Ay + AUDN) (1

-C5-
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Table C-Z: Numerically solved constants for lookup tzble value calcuiation
Injection duration Air mass flow

7]
E
g
1]
&,
o
o
@
=
=
-
2
o

correlation {(ms)

correlation [(mV]

Ac | D744 A; | 582.024
A, | 14418 A, | 33770
A; _-119B4 4{
Ay l 4 549
Ay -[) 584
A; 0002 B
Ay 0.005
Injection Duration Function R*=100
55 —_
| L
LA -3
4.5
A0 ;
o
a5 il
an i
-
»
25 £
.
20 2
24 25 3o 35 40 45 540 55

Figure C-5: Correlation for injection duration numencal solution

Experimental Injection (ms)
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Air Mass Values Prediction

1160
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Predicted Air Mass Flow (mV)
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.
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| TH AL RS ann 5 103000 FETH ARIHH 11560

Experimental Air Mass Flow {mV)

Figure C-6: Carrelaticn for air mass flow rate numerical solution
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Appendix D Transducers and Signal Processing

The following simultaneously logged signals were required for data analysis:

1.

2.
3.
4

Inlet temperature
Inlet pressure
In-cylinder pressure
Engine speed

Other transducers used for control purposes:

1.

Differential pressure transducer (laminar flow element)

2. Heater controller and control thermocouple

3. Other thermocouples (exhaust, ambient temperature)

Differential Absalute
Pressure Pressure
Transducer ———— Sensor
| I D Ambient
AIR $ 4 | Temperature
INDUCTION = J) / Thermocouple
Exhaust Inlet
Thermocouple Thermocouple
Piezoelectric
Pressure gzntroller 1
Transducer — somocouple
EXHAUST 4— [ ] «—— FUEL
| D | INJECTION
.

Figure D-1: Schematic of transducers used on the experimental rig

D.1 Signal noise

Signal traces were initially disrupted by high frequency electronic noise generated by the inverter motor
controller. Electronic noise was induced in the signal wires despite attempts to prevent emission by
using screened cable on signal wires; and motor and controller cables. Finally the problem was

-D.1-
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diminished threugh the: installation of low pass filters an the transducer outpul signals, the design cut off
frequency for the filters being around 100 Hz

S msecidiv, Freq = 112 - 118 Hz

Z.0 ‘
o 10! .
2
a
=
E -3 B-02 1L.E02 000 JE02
- .0
]
20
Time (s}
Figure D-2; Signal noise measured at § ms/division
10 microsec/div, Freg = 12 kHz
30
20
=Y
= 10
=]
(=]
= g
S 2E0s o 2ED5 4E05 G6E05 BE IEM  1E04
=10
=20

Time (&)
Figure D-3: Signal noise measured at 10 psidivision

The circults were designed acocording electronic precepts and equations in (pg 526-530, Hughes. E
Hughes — Electrical Technolegy). For low pass filter design:

3 2aRf
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Therefore, using a resistor of 1 k( for a cut off frequency of 100 Hz, gives a capacitance of 1.6 uF. It

was found, however, that larger capacitors provided better eradication of noise on the signal

D.2 Absolute pressure transducer

Pressure (V)

Table D-1: Absolule pressure sensor specifications

Hardware Aba‘.ﬂluie pressure transducer
Mode| B91 90000005
Company Huba Control
Pressure range 0 - 1 bar (absolutel:
max pressure 2 bar

Qutput 0-sV
Supply | 11 =33 VDC

"

‘,‘Fl

OrIro: : INFTI
; ——]

Figure D-4: Absolute pressure signal low pass filter

-z

Absclute Pressure Reading

530
526
5.20
313
Lnf itored
410 s
Filterad
508

I't'-- li'\-l *. fbrd 1', A= o -lr 5‘*' S O
5 b Wﬂ“ﬂﬁ#ﬂ%ﬂﬂﬁ«#% W%HW
& 64
i O L -
G &30 o437 D&% D433 s D35 O 4%

Time {s}

Figure D-5: Filiered and unfiltered signals of absolute pressure sensor
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D.3 Inlet temperature measurement

The inlet temperature signal was logged using the oscilloscope. Due to the presence of electranic
noise, the signal required filtering. High amplification of the EMF generated by the thermocouple and an
intended high sampling rate for logging purposes required the construction of a8 more complex filtering
device. Graeme McPhillips designed and built the filter on the output of the AD 595 operational
amplifier for the K-type thermocouple used,

[ —— e —

| Thermocouple signal

=
e 023
5 AR s g AR U Mo o iy
= 0
= Unfilterad
2 016
5
= D17

g5

[ 428 (.430 432 d4°%4 1.4% {14718
Time (s)
Figure D-&: Unfiltered thermocouple signal
Thermocouple signal
I . o

=

0.8
E L
2 noe
E : e e e e e e s B Filtered
o i
E
2 oz

oo |

0428 b430 1432 044 1436 R
Time (s}

Figure D-7: Filtered thermocouple signal
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The heater system was tested and the circuit thermocouple signal was calibrated using data from

A

motored engine experiments. The results of the calibration tests are in Figure 0-8

| i = nAx -}
Temperature Calibration Chart HE= 1
250
.-"'H'.
-’_:" 1
" |
z:‘: 200 / |
o ; |
(. -
E A |
- -
] ;
2 P ‘
E 5
[+ ] i
b—. -
100 e
r"‘.
L
5¢1 /
" 18a 20 360 400 500 (={4]4] fod

Thermaoboard Output (my)

Figure D-8: Calibration chart of temperature value for measured voltage cutpul
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Figure D-9: Processing circuit of thermocouple signal for data acquisition
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D.4 In-cylinder pressure

A piezoelecinic differential pressure transducer was used to measure in-cylinder pressures The

ressure transcducer was calibrated using a dead walght tester
i g

Tablg D-2: In-cylindar prassure transducer specifications

| Hardware | Pigzoelsctric pressurs transducer '
| Model
| Company | Kistler
Fressure range 120 bar
Output 44.88 pClbar i
- Pressure Tranducer Calibration Chart y= 0 106x
12 v O
10 // £ "
g /
> =
‘5' (] - .
2
&
4 -
.--"---'-'-'
.-'.-.-.
0 =~
10 i &l 50 5l
| Dead Weight Mass (har)
L

Figure D-10: Calibration of pressure transducer using a dead weight tester, charge amplifier setting 44 .88
pCibarinput sensitivity and 5 barfvolt

D.5 Engine speed measurement

Imtially, an nductive pickup was used to measure engine speed from a cut out on 3 sleel disk altached

to the fiywheel When the engine was run in spark ignition mode for air-fuel ratio calibration, it was

found that the signal was disturbed by the electromagnetic pulse generated by the magneto as a result
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of sparking. This resulted in the ECU not being able to process the engine speed correctly. This led to
the use of an optical pickup based measuring system; the disk with reflective tape being the stimulus.
The circuit with required filtering was designed and built by Graeme McPhillips.

D.6 CAD encoder

The signal produced by the optical sensor every cycle was used to calibrate the position of the test data
according to top dead centre. Using motored engine traces at 2000 rpm, the offset from the signal
marker to TDC was determined. The TDC point is not simply the position of peak pressure in a motored
engine, but due to heat loss the TDC point occurs slightly after the point of maximum pressure. By
calculating the ratio of specific heat as a function of time in the motoring traces the exact location of

TDC was determined.

P
log—
P2
k=
lo 5
%,
For:
1. isothermal position (constant T), k=0, accepted value of around 0.6° from TDC.
2. isobaric position (constant P), k=1, accepted value of around 1.2 — 1.6° from TDC.
3. TDC point (constant V), k— ®
4. Polytropic compression of air, k = 1.4

-D.8-
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Evaluation of TDC Point

i
E 3
[X] e oo !l
= Mﬂ‘wmm-ﬁwm“‘ﬂﬁﬂfnv‘*ﬂ" Vel oe i
2 o eniee I8
5 0 a5 | 28 0 .5 A0 0.5 ' 100
a -
3 3

. |

Actwal CAD (degraes)
Figure D-11: Investigation of TDC point

Thus the offset from the position of TODC to the signal marker was determined as 41.2", which is about
i

) 3" from peak pressure in the motored evele at that speed.

D.7 Differential pressure transducer

Table D-3: Specificaticns of differential pressure transducer of laminar flow element

Hardware Signal conditinned differential
i pressure transducer
Model | 142 PCOID __
| Company | Honeywell Producls
| Pressure range 0-1ps (0—69kPa)
Cutput 0-5V

The fluctuating pressure drop signal from the differential pressure transducer for the laminar flow

alemant was averaged with a rectifier circuit

o LY
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bl o |2
o ol S

Figure D-12. Rectifier and filter circuit for flow rate signal

Laminar Flow Element Voitage Cutput

a0

30
: Drilerential pressure |
— Racifiod and filerad

Air mass flow (V)

02 01 0a (1%} 02

Figure D-13; Actual to rectified flow rate signal
D.8 Heater controller

A solid state relay and REX 100 k-type thermocouple controller were used to control the air heater
temperalure. The temperature of the heater needed o be kept below around 650°C to prevent melting
of the ceramic. thus the design flow rate of the device is 200 limin. The engine, however. was required
to be motored with resulting flow rates lower than this (the minimum being 120 I'min) Precautions were

- D10 -
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therefore made in limiting the surface temperature of the heater by setting an upper limit of 400°C on
the controller thermocouple setting.

D.9 Oscilloscope

An oscilloscope served as the data capture device for the experiments. The Agilent 6000 series has
simultaneous sampling capabilities for four channels with a maximum sampling rate of 4 GSa/s. Data
files may be transferred to a USB storage device. The disadvantage of the system is that only 1000
points are stored from the screen to disk, providing some difficulty in capturing and reorganising the
data in a single stream. A data capture card was previously tried (and is preferred), but with the
presence of transmitted noise, the card was rendered ineffective in giving reliable output. The
oscilloscope however provided a useful data averaging tool which smoothed the signal output and
eradicated significant amounts of residual noise from the signals.

-D.11 -
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Appendix E - Orawngs
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Appendix E - Grawings
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Appendix E  Drawngs
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Thermocouple Mount Lamda Mount Pressure Sensor Mount
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Matetial: Mild Steel Material: Stainless Steel Material: Mild Steel
Quantity: 1 off Quantity: 1 off Quantity: 1 off
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Appendia E - Drawings
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