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Abstract

This research is based on a functional global reaction-rate-based auto-ignition model (FGAM)
developed at the Sasol Advanced Fuels Laboratory (SAFL). During the development of the
model, its performance had been validated against a detailed kinetic auto-ignition mecha-
nism in regions of lean to stoichiometric air-fuel ratio for n-heptane, iso-octane, 1-hexene,
toluene, methanol and a quaternary gasoline surrogate blend of iso-octane, toluene, n-
heptane and n-hexane. Subsequent to the publication of the model, sets of reaction coeffi-
cients for PRF (Primary Reference Fuel) and TSF (Toluene Standardisation Fuel) blends
had been developed and published. In its original form, however, the model could not be
implemented in typical engine and chemical kinetic model simulation software.

In this work, an investigation was made into the form and stiffness limitations of the FGAM
which prevented implementation into standard engine and chemical kinetic codes. Changes
made to the form of the model that allowed implementation into these codes without
significantly altering the behavioural functions of the model were investigated. Subsequent
to the investigation, a modification was introduced to the FGAM in the form of a second
pseudo-QSSA (quasi-steady-state assumption) which eliminated the need for calculation
of the transient concentration of one of the model species. The resulting reduction in
numerical stiffness allowed for the revised model to be implemented as a descriptor for
combustions kinetics in engine simulations in GT-Suite.

A robust method of calibrating the model to reference data was also developed in this work.
The range of conditions under which the calibration was performed included temperatures
from 600 K to 1200 K, pressures between 20 and 60 bar, equivalence ratios from 0.8 to
1.5 and EGR (exhaust gas recirculation) rates from 0 to 45%. The calibration routine was
able to reduce the average error across the ignition delay timing, cool flame ignition delay
timing and cool flame temperature rise by 6% over existing coefficients for n-heptane and
iso-octane. Additionally, a comparatively accurate set of coefficients was developed for
PRF50.

However, through further investigation of the conditions where the model performed weak-
est subsequent to the calibration, it was found that the FGAM does not display correct
sensitivity to equivalence ratio and EGR effects. The FGAM’s lack of sensitivity to these
effects was again displayed when the model was implemented in engine simulations. Major
modification to the structure of the model is required in order to correct this behaviour
and recommendations have been made in this regard.
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Chapter 1

Introduction

1.1 Background

The use of computational models in design has become increasingly popular in recent
history due to their repeatability of results and their versatility with regard to application.
Physical models or prototypes often require large capital expenditure to construct and can
have a limited range of applicability due to their design. However, where physical models
are able to recreate the required conditions for a specific experiment, a computational
model is based on mathematical concepts. Consequently, the main challenge encountered
in computational modelling is to align mathematical concepts to the physical ideas that
they represent. Mathematical models of complex systems often make use of abstract ideas
and assumptions in order to capture the event to be modelled. Validation is therefore
necessary in order to determine whether or not the model is producing useful data.

Outright accuracy is not the only factor to consider when creating a model for a particular
application. In order for a model to make a meaningful contribution to knowledge in
a certain area, it first needs to be adopted for use in the research. Issues relating to
the implementation and stability of the model can become barriers which discourage its
adoption. A highly accurate model that is plagued by numerical instability issues is not
as useful as a less accurate, but more robust model. In addition, due to the fact that most
models are based on a set of assumptions, each model has a limited range of applicability
which often correlates to the accuracy of the assumptions. Determination of these operating
limits is required in order to ensure that the model is not used in areas in which it is not
valid.

Auto-ignition modelling in essence tries to capture the heat release behaviour of a fuel-air
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mixture as it ignites through auto-ignition. Accurate prediction of auto-ignition behaviour
for a fuel in terms of ignition delay and heat release rates is essential for improving com-
bustion efficiency through engine and fuel design. Auto-ignition modelling can aid in the
formation of new fuel blends as well as new engine operating cycles.

1.2 Context

A global reaction-rate-based auto-ignition model, herein referred to as the FGAM (func-
tional global auto-ignition model), has been developed at the Sasol Advanced Fuels Lab-
oratory (SAFL) [I] [2]. The global nature of the model means that it should be less
computationally expensive to solve compared to more detailed auto-ignition mechanisms.
The model is of the form of a set of differential equations. Each equation contains param-
eters that can be modified to change the predicted auto-ignition behaviour of the model.
In this way, the model can be calibrated to the auto-ignition characteristics of different
fuels. The FGAM is a global auto-ignition mechanism which targets accuracy in prediction
of cool flame heat release and NTC (negative temperature coefficient) behaviour in con-
junction with accuracy in overall ignition delay. Other global auto-ignition models which
existed during the development of the FGAM [21] [22] [20] [18] were identified as displaying
incorrect or inaccurate behaviour with regard to the cool flame heat release and ignition
delay timing in the NTC region.

GT-Suite is a virtual engine/power train platform, for integrated simulations of engines
and vehicles. It is most widely used by vehicle manufacturers as well as other engine
researchers in their design process. Demonstrating that the FGAM can be successfully
integrated into GT-Suite software can increase the adoption rate of the model amongst
its users. However, the system of differential equations that describe the model are very
stiff, meaning that difficulty is encountered in both implementation and optimisation of the
system. The stiffness, which is a common trait amongst reaction rate based auto-ignition
models, is a consequence of the fact that certain reactions in the model take place quickly,
whilst others take place comparatively slowly. The different speeds of the reactions rates
is required in order for the model to exhibit the correct auto-ignition behaviour. However,
the stiffness of the model still needs to be addressed if the model is to become widely
adopted by researchers in the field of auto-ignition.

During the development of the model [1] [2], its performance was validated against the
detailed kinetic mechanism (DKM) of Mehl et al. [3] in regions of lean to stoichiometric
air-fuel ratio for n-heptane, iso-octane, 1-hexene, toluene, methanol and a quaternary
gasoline surrogate of iso-octane, toluene, n-heptane and n-hexane in the ratio 44/30/18/8%
by moles. The average ignition delay error achieved by the model ranged from 11% to
23%. Subsequent to the publication of the model, sets of coefficients were developed for



1.3. RESEARCH OBJECTIVES 3

PRF (Primary Reference Fuel) and TSF (Toluene Standardisation Fuel) blends [1]. The
average ignition delay error achieved for these blends ranged from 6% to 15%. The models
performance for rich fuel air mixtures has not previously been documented.

1.3 Research Objectives

The main work encompassed in this project will be to improve upon this existing model
by:

e Developing a calibration methodology which can be used to fit the model to the
auto-ignition behaviour of fuels.

e Determining the operating limits of the model by investigating its performance in
previously untested regions.

e Addressing the stiffness in the model, through possible minor modification to its
structure, in order to facilitate easier and faster solving of the model.

e Integrating the model into engine simulations in GT-Suite software.

The calibration methodology will allow for improvement of the accuracy of the model, as
well as simpler and faster characterisation of future fuels. The uncovering of the operating
limits will indicate the useful range of the model. In order for the model to gain wider
adoption, it is important that the operating limits of the model includes prominent regions
being investigated in contemporary fuel and combustion research by vehicle manufactur-
ers and research groups alike. Addressing the stiffness of the model will also increase the
probability of widespread adoption of the model, and allow for easier implementation of
the model with different numerical solvers and software packages. Integrating the model
into GT-Suite will serve to demonstrate that the stiffness of the model has been success-
fully addressed, and that the model is capable of describing combustion kinetics in engine
simulations.

1.4 Thesis Outline

The format of the thesis is as follows:

e A review of relevant literature, covering the following topics:
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— Auto-ignition and ignition delay principles
— Detailed description of the FGAM

— Numerical optimisation and validation techniques

An investigation into the causes of the FGAM’s stiffness and challenges with solving
the FGAM using standard techniques

Formulation of the calibration methodology for the FGAM
Integration of the model into GT-Suite software
Conclusions

Recommendations

Appendices containing;:

— Calibrated coefficients for the FGAM.
— Additional mathematical derivations.
— Additional graphs displaying the performance of the calibrated FGAM.

— User manuals for the calibration code and implementation of FGAM into GT-
Suite.



Chapter 2

Literature Review

This literature review begins by defining auto-ignition and ignition delay, two topics of
relevance to this research. Following this, a detailed explanation regarding the structure
of the FGAM is presented. Thereafter, the mathematical techniques that can be used to
calibrate the reaction coefficients will be described, along with the methods of validation.

2.1 Auto-ignition of Fuels

Heywood [5] describes auto-ignition as an event whereby a fuel-air mixture ignites purely
due to the temperature and pressure conditions to which it is exposed, without the aid
of an ignition source. Auto-ignition is a multi-step process, comprised of several reactions
between interdependent species, ultimately resulting in heat release. The following three
reaction types are dominant during an auto-ignition event:

1. Initiating Reactions: highly reactive radicals are formed from stable molecules in the
fuel and oxygen.

2. Propagation Reactions: the radicals formed in the initiating reactions react with the
original stable reactants to form other products and radicals.

3. Terminating Reactions: these reactions serve to control the heat release rate and the
overall speed of the auto-ignition event by removing the chain propagating radicals
from circulation.
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The need for accurate auto-ignition prediction is necessitated by the effect this phenomenon
has on both spark and compression ignition engines.

2.1.1 Auto-ignition in Spark Ignition Engines

Knock is the auto-ignition of the unburnt mixture in the cylinder before it is consumed
by the spark initiated flame front. It is an unwanted event in spark ignition (SI) engines
where combustion is controlled by an ignition source, conventionally a spark plug. Gasoline,
the traditional fuel of SI engines, is designed to be highly resistant to auto-ignition; the
measure of this resistance is known as the octane number [6]. Knock disrupts the thermal
boundary layer that exists in the vicinity of the cylinder wall, by creating shock waves which
are reflected along in-cylinder surfaces [7]. This thermal boundary layer normally ensures
that the engine components do not reach their respective melting points even though
the temperatures experienced during combustion are considerably higher than the melting
points of materials used. Without this protection, the heat released from combustion would
raise the temperature of the engine components until such a point where catastrophic engine
failure can occur. The shock waves also directly damage engine components through erosive
wear [8].

2.1.2 Auto-ignition in Compression Ignition Engines

In contrast to SI engines, auto-ignition is the means used to facilitate combustion in com-
pression ignition (CI) engines, which operate without the aid of an external ignition source.
Improved understanding of auto-ignition for the fuels used in these engines allows for
greater engine efficiency and reduced emissions to be obtained during the design process.

Diesel Cycle

As mentioned previously, engines operating on a CI cycle, such as the diesel cycle, are
reliant on auto-ignition for proper operation. Whereas in a SI engine, the combustion
timing can be controlled by the spark plug, there is no means of directly initiating com-
bustion in a diesel engine. Diesel fuel is designed to readily auto-ignite; the measure of
a fuels propensity to auto-ignite is known as the cetane number [9]. In addition, diesel
engines have comparatively higher compression ratios compared to SI engines in order to
create an environment more conducive to auto-ignition [10]. Auto-ignition produces a dis-
tinct audible noise which gives CI engines operating on the Diesel cycle their characteristic
sound [11].
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Homogeneous Charge Compression Ignition (HCCI) Cycle

HCCIT engine technology is focused on reducing the regulated emissions of soot and NOx
(nitrogen oxides) compared to the emissions output of contemporary internal combus-
tion engines. Soot and NOx are regulated emissions according to the European and U.S.
Emissions Standards [12] [13]. Figure 2.1, shows the two regions in which soot and NOx
emissions are most prominent during engine operation. Soot forms at high temperatures
and for equivalence ratios (denoted by ¢) greater than 2, whilst NOx is formed at high
temperatures and equivalence ratio ranging from 0 to 2. NOx formation is the result of the
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Figure 2.1: The regions in which Soot and NOx emissions occur during operation of an internal
combustion engine. Adapted from [1/]

In order to avoid the soot and NOx islands, the desired HCCI engine cycle operates with
a homogeneous, lean and/or diluted (by way of exhaust gas) fuel-air charge [15]. The ho-
mogeneity of the charge will reduce soot emissions by ensuring no localised regions of high
equivalence ratio occur. Exhaust products have higher specific heat capacity compared
to the fuel-air charge, thus diluting the inlet charge with exhaust gas will serve to lower
the peak combustion temperature. A leaner mixture, which has an equivalence ratio less
than 1 (i.e. ¢ less than 1), will mean that the charge has less chemical potential energy,
resulting in lower heat release during combustion, further reducing peak in-cylinder tem-
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perature. Lower in-cylinder temperatures should serve to reduce NOx production. The
main design challenge regarding this new engine technology is finding a fuel that mixes
well in the limited time during the intake and compression stroke of the engine cycle, which
also has the required ignition characteristics in order for the engine to operate, i.e. low
temperature, lean combustion [16] [2]. Therefore, a means to accurately study the auto-
ignition behaviour, especially the capturing of the heat release, of current and future fuels
is needed.

2.2 Ignition Delay

Ignition delay is the time taken for the fuel to auto-ignite after it has been introduced into
the high temperature and pressure conditions of the combustion chamber [17]. There are
two different behaviours which can be exhibited by the fuel-air mixture during the ignition
delay [2], namely single-stage and two-stage, both of which are dependent on the chemical
composition of the fuel, temperature, pressure, dilution rate and equivalence (fuel-air)
ratio. Higher temperatures and pressures are generally associated with shorter ignition
delay periods, except in regions where two-stage fuels exhibit NTC (negative temperature
co-efficient) behaviour. NTC behaviour is explained in more detail in section 2.2.2. In this
section there are two types of graph that are used in the description of ignition delay. The
first type is a temperature-time trace, as shown in Figure 2.2, which shows the temperature
history of a single experiment throughout its ignition delay period.

The second type of graph, an example of which is given in Figure 2.3, is a plot of ignition
delay versus the initial temperature of the experiment. For reasons that will become clearer
later on, ignition delay is plotted on a logarithmic scale on the primary y-axis and the
inverse of temperature is plotted on the x-axis. For this plotting scheme, low temperature
experiments occur on the right, and high temperature experiments on the left. In order to
simplify the reading of the graph, initial temperature is sometimes plotted on the secondary
y-axis against its corresponding inverse on the x-axis. These ignition delay plots can be
used to clearly display the effect of changing temperature and other variables on ignition
delay when different experiments are plotted on the same set of axis.

2.2.1 Single-Stage Ignition Delay

This type of auto-ignition event is characterised by one main heat release event as shown in
Figure 2.2. The main heat release can be defined as having occurred when the temperature
of the mixture becomes sufficiently high or once the concentration of one of the combustion
products has reached a critical value. The temperature of the mixture remains relatively
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constant until auto-ignition occurs. Associated with single-stage ignition delays are single
stage fuels. Single-stage fuels display straight line Arrhenius behaviour, meaning that as the
initial temperature is increased, so the ignition delay shortens. Figure 2.3 , adapted from
Floweday [1], displays the ignition behaviour of the single-stage fuel toluene. It should
be noted that although two-stage fuels (section 2.2.2) may exhibit single-stage ignition
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Figure 2.2: Temperature-time trace for auto-ignition of iso-octane at 600 K, 20 bar, ® = 1. This
is an example of single-stage auto-ignition behaviour. Data obtained using the Mehl DKM [3].

2.2.2 Two-Stage Ignition Delay

Two-stage ignition delay describes an auto-ignition event whereby an initial smaller heat
release occurs, followed by the main heat release. A temperature time trace of a two stage
auto-ignition event is shown in Figure 2.4. The smaller heat release is known as the cool
flame heat release [18]. The period of time which elapses between the initial conditions
and the onset of the cool flame is known as the cool flame ignition delay.

The Cool Flame & NTC (Negative Temperature Coefficient) Behaviour

During the cool flame event, very little heat is released, rather, reactive molecules recombine
to form a variety of stable compounds. After the cool flame has occurred, the mixture
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Figure 2.3: Toluene, a single-stage fuel, displaying straight line Arrhenius behaviour at 20 bar,
® =1, 0% EGR. The graph has been plotted using a logarithmic time scale for ignition delay
against the inverse of temperature. This figure is adapted from Floweday [1]. The secondary
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Figure 2.4: Two-stage ignition delay behaviour of iso-octane at 748 K, 20 bar, ® = 1. The
annotations show the cool flame ignition delay, the region of cool flame occurrence, the ceiling
temperature, the post cool flame ignition delay as well as the overall ignition delay. Data obtained
using the Mehl DKM [3].
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exists at a marginally elevated temperature known as the cool flame ceiling temperature.
According to Halstead et al. [18], the temperature rise due to the cool flame cannot be
greater than a maximum of 200 K. However, this is not always true as the cool flame heat
release can be higher under certain conditions, as shown in Figure 2.5. The post cool-flame
ignition delay is measured from the end of the cool flame event to the main heat release.
Floweday [2] noticed that the post cool flame ignition delay starting at the elevated ceiling
temperature is shorter compared to an ignition delay which begins at a temperature equal
to that of the elevated ceiling temperature. It was therefore deduced that the cool flame
also increases the reactivity of the chemical species present during the post cool flame
ignition delay.

Associated with two-stage ignition delay are two-stage fuels [19]. Two-stage fuels initially
follow the trend of decreasing ignition delay with increasing temperature in the low temper-
ature region until the critical temperature associated with the commencement of the NTC
behaviour for the fuel is reached. At this point the ignition delay increases for increasing
temperature, as shown in Figure 2.6. Once the temperature has become sufficiently high,
straight line Arrhenius behaviour is resumed (i.e. decreasing ignition delay with increasing
temperature). From Figure 2.6, it can also be seen that the cool flame heat release de-
creases as the initial temperature increases, resulting in all of the two-stage auto-ignition
traces shown in the figure having similar ceiling temperatures. This convergence of ceiling
temperature is a common trait of two-stage fuels at a given condition [18] [2]. An igni-
tion delay curve, shown in Figure 2.7, demonstrates the deviation from the straight line
Arrhenius behaviour in the NTC region, producing an “S”-shaped ignition delay curve.

The cool flame ignition delay is also plotted alongside the overall ignition delay in Figure
2.7 . Starting from the low temperatures on the right, the two curves lie on top of each
other as there is no discernible difference between cool flame ignition delay and overall
ignition delay in this region. As the initial temperature increases, the two curves diverge
as noticeable delay between the cool flame event and overall ignition delay is observed. As
the initial temperature is increased further, the cool flame ignition delay also begins to
increase slightly. Floweday refers to this as the cool flame hook. At this stage, the heat
released from the cool flame is small, and further increase of the initial temperature results
in the disappearance of the cool flame altogether.

Conventionally, NTC behaviour is defined as an increasing ignition delay for increasing
initial temperature. However, NTC behaviour is also used to describe a slowing of the
rate of increasing ignition delay with increasing temperature, which is recognised by a
reduction in the steepness of the slope. An example of this displayed in Figure 2.8. In
the high temperature region, straight line Arrhenius behaviour is resumed, offset by the
effect of the NTC behaviour. Due to this NTC behaviour, a two-stage fuel which has
the same high temperature behaviour as a single-stage fuel will not exhibit the same low
temperature ignition behaviour as the single-stage fuel, as displayed in Figure 2.8. The
maroon trace in this figure is a projection of the fuel’s low temperature behaviour based
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Figure 2.5: Two-stage ignition delay behaviour of n-heptane at 750 K, 30 bar, ® = 1. Notice the
cool flame ceiling temperature is over 1000 K, indicating that the cool flame temperature rise is
greater than 250 K. This demonstrates that the assumption made by Halstead et al. [15] regarding
mazximum cool flame heat release does not hold true under all conditions. Data obtained using
the Mehl DKM [5].

2.2.3 Effect of Pressure, Equivalence Ratio and Exhaust Gas Di-
lution on Ignition Delay

In this section, observations made by Floweday prior to his development of the model [2]
regarding the effect of pressure, EGR and equivalence ratio on various auto-ignition events
were examined with reference to data produced by the Mehl DKM [3] for n-heptane. This
is the same reference data used by Floweday for his auto-ignition behavioural study prior
to development of the FGAM.

Pressure

As mentioned previously, increasing pressure results in a decreasing overall ignition delay
period, evidence of which is displayed in Figure 2.9. However, pressure has little effect on
auto-ignition behaviour in the low temperature region, as shown in Figure 2.10. Floweday
noticed that the that the cool flame hook was delayed with increasing pressure (i.e. shorter
cool flame ignition delays at high pressure), as well as increased cool flame ceiling temper-
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Figure 2.7: An ignition delay curve of iso-octane at 20 bar displaying the ignition delay behaviour
of the two-stage fuel. A plot of the cool flame ignition delay (green) for the region in which it
1s relevant has been included. The additional temperature axis correlates with the grey line for
easier reading of the graph. Data obtained using the Mehl DKM [3].
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Figure 2.8: An ignition delay curve of iso-octane at 40 bar which illustrates the difference
between the two-stage auto-ignition behaviour and projected single stage ignition behaviour for
the fuel. With regard to the NTC region of the two-stage curve, notice that although the slope

does not change sign in this region, the magnitude of the slope is decreased. Data obtained using
the Mehl DKM [3].

atures at higher pressures, as seen in Figure 2.10. The higher heat release and shorter cool
flame ignition delay are responsible for the shorter overall ignition delay periods at higher
pressures for the affected temperature zones.

EGR

Decreasing EGR rates have the same effect on auto-ignition behaviour as increasing pres-
sures, i.e. decreased ignition delay, decreased cool flame ignition delay and increased cool
flame ceiling temperatures in the intermediate to high temperature region, as evidenced
by Figures 2.11 and 2.12. As with pressure effects, EGR does not impact auto-ignition
behaviour in the low temperature region.

Equivalence Ratio

Increasing equivalence ratio has the same effect on the auto-ignition behaviour as decreasing
EGR or increasing pressure, as shown in Figures 2.13 and 2.14, i.e. decreased ignition
delay, decreased cool flame ignition delay and increased cool flame ceiling temperature in
the intermediate to high temperature region.
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Figure 2.14: Temperature-time traces of the auto-ignition of n-heptane at 830 K, 20 bar and 0%
EGR with varying equivalence ratios. Notice that as the equivalence ratio increases, the ignition
delay, cool flame ignition delay and post cool flame ignition delay decrease. Data obtained using

the Mehl DKM [3].
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Figure 2.10: The effect of pressure on the ignition delay, cool flame ignition delay and cool flame
ceiling temperature of n-heptane at stoichiometric conditions with 0% EGR. Notice the delayed
cool flame hook, greater cool flame ceiling temperatures and shorter overall ignition delay period
for high pressures in the intermediate to high temperature regions. Pressure effects are not as
pronounced in the low temperature region. Data obtained using the Mehl DKM [3].

2.3 Functional Global Auto-ignition Model (FGAM)

This section details the structure of the FGAM, including the method used in solving for the
kinetic rate parameters, as well as previous calibration and computational implementation
of the model. A brief background to the development of the model has also been included.

2.3.1 Background

The FGAM, developed at Sasol Advanced Fuels Laboratory (SAFL), is a global reaction-
rate-based model. The different classifications of reaction-rate-based auto-ignition mecha-
nisms according to the conventions described by Zheng et al. [20] are presented in Table
2.1. A global reaction-rate-based model is described as having less than 10 species and less
than 10 reactions. Of all the reaction-rate-based models, a global model has the potential
to be the most computationally efficient as it has the least number of species and reactions.
On the other end of the scale, a detailed model which includes 100s of species and 1000s of
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Figure 2.12: Temperature-time traces of the auto-ignition of n-heptane at 830 K, 20 bar and
stoichiometric conditions with varying EGR rates. Notice that as the percentage of EGR decreases,

the ignition delay, cool flame ignition delay and post cool flame ignition delay decrease. Data
obtained using the Mehl DKM [3].
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Figure 2.13: The effect of equivalence ratio on ignition delay, cool flame ignition delay and cool
flame ceiling temperature of n-heptane at 20 bar with 0% EGR. Data obtained using the Mehl
DKM [3].

reactions has the potential to be the most accurate. The reactions which take place during
auto-ignition events are highly complex and equally numerous. A detailed mechanism is
focused on achieving the greatest accuracy by accounting for as many of the reactions and
species of a real auto-ignition events as possible. However, this added complexity makes
detailed models computationally expensive and therefore slow to solve. The philosophy
used in the development of reduced mechanisms is to condense the number of species and
reactions by heaping similar side reaction pathways together, making the model faster to
solve, whilst compromising on the accuracy achieved. The decreased computational ex-
pense makes reduced mechanisms more useful for a wider range of applications compared
to detailed mechanisms. Nevertheless, if the desired outcome is to capture the highest
possible accuracy with regard to the behavioural characteristics of auto-ignition events
without conducting physical experiments, the use of detailed mechanisms are the most
appropriate means by which this can be accomplished.

The FGAM was developed as part of an investigation into HCCI combustion. A major
motivation for the FGAM was to have a model that could be fitted to experimental data
of commercial boiling range fuels. Floweday [1] identified a lack of accuracy of the existing
global reaction-rate-based auto-ignition models, specifically in the area of capturing both
cool flame and the NTC behaviour, which is characteristic of two-stage fuels [2]. The
models referred to by Floweday specifically are those formulated by Schreiber et al. [21],
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Table 2.1: Classification of Reaction-Rate-Based Auto-ignition Models according to Zheng
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Category Species Reactions
Detailed 100’s 1000’s
Lumped 100’s 1000’s
Reduced 10’s 10’s-100’s
Skeletal 10’s 10’s
Global < 10 <10
Miiller et al. [22], Zheng et al. [20], all of which were derived from the well-known Shell
model by Halstead et al. [18]. In order to ensure that the FGAM performed better than

existing reduced mechanisms in the aforementioned areas, Floweday identified the following
nine key guidelines regarding auto-ignition prediction of reaction-rate-based models:

1. During the cool flame ignition delay period, the heat released is relatively small,
especially when compared to the main heat release.

2. The formation of intermediate species which exist in the region of the cool flame needs
to be diminished in the high temperature zone to create the hook-like behaviour seen
in Figure 2.7.

3. The reaction which causes the cool flame heat release must be dependent on the
concentration of the low intermediate temperature species as well as temperature in
order to ensure that the cool flame heat release stops at high temperatures.

4. The point at which the cool flame heat release stops, namely the intermediate ceiling
temperature, indicated the need for the inclusion of at least one reverse reaction in
the model.

5. During a single ignition delay period, the lack of cool flame behaviour indicated at
least one high temperature intermediate species was needed to control the ignition
delay timing. Without this intermediate species, fuel and oxygen would immediately
release heat at the beginning of the auto-ignition event, without a delay period.

6. The reaction which causes the high temperature heat release must be dependent on
the concentration of the high temperature intermediate species as well as temperature
to ensure that it is not triggered at low temperature.

7. Post cool flame, the reactivity of the species present is increased.

8. During combustion, the fuel is not completely consumed. Rather, the unburned fuel
forms dissociated products to maintain chemical equilibrium. As such, the model
should take this into account by limiting the fuel-air reaction in order to prevent an
over prediction of the heat release.
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9. In order to determine the constants appropriate for the reaction rates describing a
two-stage auto-ignition fuel, the following five factors have priority:

(a) The cool flame ignition delay at low temperature is not dependent on pressure,
equivalence ratio or inert dilution.

(b) The reverse reaction responsible for the cool flame hook is dependent on pres-
sure, equivalence ratio and inert dilution.

(c) The cool flame ceiling temperature is dependent on pressure, equivalence ratio
and inert dilution.

(d) The post cool flame ignition delay is not dependent on pressure, equivalence
ratio or inert dilution.

(e) The high temperature ignition delay, which occurs in the absence of cool flame
activity, is dependent on pressure, equivalence ratio and inert dilution.

The structure of the FGAM, detailed in the next section, was based on the these guidelines.

2.3.2 Structure of FGAM

The reaction pathways present in the FGAM are displayed in Figure 2.15. In Floweday’s
development of the model, he attempted to have the mechanism represent the underlying
chemistry of the reacting system as far as possible. Table 2.2 illustrates the chemical and
radical species thought to be embodied by each of the intermediate species in the FGAM.
However, of highest priority was that the model replicated the observed auto-ignition
behaviour, specifically the temperature development. As such, the species and reactions in
the FGAM should be considered to be purely mathematical constructs, whose form may
differ from what might normally be expected in the chemistry.
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Figure 2.15: FGAM reaction pathways, adapted from Floweday [?]. The low and high tempera-
ture pathways have been highlighted in blue and red respectively.

Table 2.2: FGAM Legend

Species Representation
F fuel, oxygen and the alkyl radical pool
J alkylperoxyl radical pool
I hydroperoxyalkyl radical pool
Q hydroperoxyalkylperoxyl and subsequent
alkylhydroperoxide and/or ketohydroperoxide radical
pools
Y hydrogen peroxide, carbonyl radicals, lighter alkenes
and ethers
CO carbon monoxide and water
CO, carbon dioxide

An example of this is the pooling of species and reactions to achieve the very minimal
number in the FGAM. This has resulted in the concentration terms in the reaction rate
equation having non-integer exponents, which would not have been the case for elementary
chemical reactions. Additionally, some reaction rate equations include species which are
not involved in the chemistry purely because it was necessary in order for the reaction
pathway to exhibit the correct response to changes in air-fuel ratio, EGR, etc.. These
additional species may be thought of as catalyst for their respective reactions, though this
may not strictly be the case.

Another case where the equation is not true to the underlying chemistry is the CO and C'O,
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equilibrium of reactions 8 and 9. Usually this equilibrium is governed by constants derived
from entropy considerations, however, in this case, the forward reaction may be thought of
as including other reactants besides CO and O, to produce C'O,. This approach of using
the CO—C'O5 equilibrium in a very loose way to replicate high temperature dissociation
behaviour is based on the similar approach adopted by Zheng’s 7—step model [20]. The
resulting reaction rates would then not conform to the usual CO-COs equilibrium reactions.
Again, it must be noted that the purpose of these reactions is to match the auto-ignition
behaviour of the system and not the specific species concentration.

This approach may be criticised from a rigorous chemical kinetic thermodynamics per-
spective, but global models typically use such simplifications in order to optimise their
simplicity of structure. The previous success of the model in fitting auto-ignition data [!]
and engine models [1] could have been thought to justify the model’s structure. Indeed,
some previous reduced mechanisms, such as the original Shell model [15], had not con-
served mass and energy. For the purposes of this work, the model is accepted as is and no
attempt will be made to change its underlying structure and dependencies. Any changes
made will be aimed at making the model easier to solve and therefore, easier to implement.

For the purpose of the explanation of the working of a reaction-rate-based auto-ignition
model, activation of a reaction is defined as the point at which the magnitude of the
reaction rate becomes large enough to impact on the heat release predicted by the model.

The low temperature pathway is displayed in blue in Figure 2.15. This pathway is respon-
sible for low temperature heat release, i.e. the cool flame timing and the cool flame heat
release. The heat release for the low temperature pathway is achieved through the oxida-
tion of species @ to C'O via reaction 6. At low temperature, the conversion of CO to C O,
will be negligible. This indicates a correlation between the concentration of () and the low
temperature/cool flame heat release, i.e. when species ) is at maximum concentration,
the low temperature heat release will be at maximum [19]. This correlation is based on
standard reaction rate kinetics where:

Reaction Rate 6 = [Q]%[0.]" K6
where,
b6 and d6 are constants with d6 >> b6,
K6 is an Arrhenius term of the form Ae/T,
Reaction 3 is responsible for controlling the cool flame ceiling temperature [19]. This

is achieved through the redirection of ) back to I, which is subsequently moved to the
high temperature pathway via reaction 4. The concentration of ) will reach a maximum
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approaching the middle of the cool flame heat release event (based on the standard reac-
tion rate kinetics described previously), before reaction 3 joins reaction 6 in depleting the
concentration of () in order to ensure that the correct ceiling temperature is attained.

During normal low temperature operation, species I acts in a bridging capacity, joining
reaction 1 to 2, due to the fact that only reactions 1b and 6 control the low temperature
fuel consumption [19]. Species I will only be able to reach significant concentration value
once reaction rate 3 is activated. Therefore, it is observed that the peak concentration of
I will occur after the cool flame heat release has ended.

Whilst reaction 3 controls the extent of the cool flame heat release, reaction 1b controls
the occurrence of the cool flame through its impact on the low temperature pathway fuel
consumption. Reaction 1b is also responsible for creating the hook behaviour of the cool
flame ignition delay curve, observed in Figure 2.7 [1]. The high temperature pathway,
shown in red in Figure 2.15, is governed by reactions 5 and 7. This pathway is responsible
for the main heat release event. The bridge which controls the transfer species from the
low and high temperature pathway in the case of a two-stage auto-ignition is reaction 4.
The enhanced post cool flame reactivity is achieved by making the magnitude of reaction
4 significantly larger than all other reactions in the model once it is activated [I]. The
increased speed of reaction rate 4 will boost the accumulation of intermediate species Y,
which will in turn activate reaction rate 7 faster than if Y was only being fed by reaction 5.
Finally, reactions 8 and 9 control adiabatic flame temperature. The forward reaction 8 is
exothermic and will increase peak temperatures when activated, whilst the reverse reaction
9 will serve to reduce the final temperature. For these reactions, the CO and C' O, terms
are mathematical species and not representative of their namesake chemical species.

The reactions encompassed by the FGAM are:

F — I (2.1)

I — @ (2.2)

Q - I (2.3)

I = Y (2.4)

F - Y (2.5)

Q+ ((x+y/2)/2)0y — xCO+ (y/2)H0O (2.6)
Y+ ((z+y/2)/2)0, — zCO+ (y/2)H20 (2.7)
CO+0.50, — CO, (2.8)

COy — CO+0.50 (2.9)

where x and y are the number of C and H atoms in the hydrocarbon fuel respectively.
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The corresponding reaction rate equations for the FGAM are:

RR1
RR2
RR3 =
RR4 =
RR5
RR6
RRT7
RRS
RR9

Where the Arrhenius K terms are defined:

Kla =
K1b =
K2 =
K3 =
K4 =
K5 =
K6 =
K7 =
K8 =
K9 =
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The species not directly involved in a specific reaction, but included in reaction rate equa-
tion (e.g. the F term in RR2), act as catalysts for their respective reactions. The units
for temperature, pressure and concentration used in the reaction rates above are Kelvin,
bar and moles per metre cubed respectively. The inclusion of a pressure dependency in
the Arrhenius K terms was based on point number 9 from Floweday’s guidelines used in
the development of the FGAM, presented in section 2.3.1. From the equations presented
above, it is noticed that all except for the first reaction rate expression have a standard
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form. The first reaction rate was formed by combining reactions la, 1b and the fast reac-
tion from F' to J through a quasi steady-state assumption (QSSA) [23]. The need for the
QSSA arose due to the fact that the equilibrium between I’ and J occurs at a much faster
rate compared to reaction la between J and I. The difference in reaction speed allows for
the faster reaction to dominate the slower one. In order to address this problem, the entire
set of reactions between F', J and I were reduced under the QSSA such that the change in
concentration of species J with respect to time is zero. This allows solvers to avoid having
to deal with the complex issue of calculating the instantaneous concentration of species
J, by simply accounting for the quantity of J consumed to the quantity of J produced.
However, it should be noted that although the form of RR1 is stated to be based upon
the QSSA [1], it is not strictly a QSSA reduction. This can be demonstrated through the
following derivation of the QSSA form of the reaction set concerning F', J and I according

to the method prescribed in [24]. Consider the following reactions:
RRL = [F][O:]K,
RR2 = [JIK,
RR3 = [J]K;

For QSSA, d[J]/dt = 0, therefore:

RR1 = RR2+ RR3
[FlOa]Ky = [J](Ka + K3)
Jl = [FllO] Ky /(K + K3)

Substituting for [J], RR3 becomes:

RR3 = [F|[O)K K3/ (K + K)
(2.29)

Which can be expressed as:

RR3 = [F][Oo]/(K2/ K1 K3+ 1/K1)

Making the following substitutions:
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Kla = Kl
Ky = Ky/KiKs
(2.30)
The expression simplifies to:
RR3 = [F][O2]/(1/K1la+ K1b)
RR3 = 1/(1/K1a[F][O9] + K1b/[F][O2)) (2.31)
Compared to the FGAM’s expression for RR1:
RR1 = 1/(1/Kla+ [F]"[O) K1b) (2.32)

It is seen that the two forms of the QSSA are not equivalent. The FGAM’s QSSA includes
indices on the concentration terms whereas the correct QSSA does not. Additionally, the
concentration terms in the denominator of the FGAM’s QSSA should occur in both terms,
yet they are only included in one. Due to these differences, the reduction used in the model
can only be classified as a pseudo-QSSA.

The rates of change of the FGAM’s species with respect to time are formed through the
adding of the reaction rates where the species are products and subtracting the reaction
rates where the species are reactants, whilst adhering to chemical balance relations. This
results in the following equations for hydrocarbon fuels:
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d[F)/dt = —RR1—RR5
d[Oy]/dt = —(z+y/2)RR6/2 — (x +1y/2)RR7/2
— 0.5RR8 + 0.5RR9
d[No]/dt = 0
d[COs)/dt = RR8— RR9
d[H,0]/dt = (y/2)RR6+ (y/2)RR7
d[CO]/dt = xRR6+ xRR7— RR8+ RRY
d[Il/dt = RR1— RR2+ RR3— RRA
d[Q]/dt = RR2— RR3— RR6
d[Y]/dt = RR4+ RR5— RR7

where x and y are the number of C and H atoms in the fuel respectively.
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An important aspect of the implementation of a heat release model is the solving of the
temperature. For the FGAM, the determination of the temperature at the next time-step
based on the conservation of internal energy. In this system, the ideal gas law is assumed.
For this application, internal energy is defined as a function of temperature and the number

of moles present in the mixture:

U(T,n)

Taking the derivative of internal energy with respect to time yields:

v a_UdT Z U dn;
dt 0T dt on; dt

For internal energy to be conserved, the rate of change must equal zero:

(’9U dT oU dn;

(2.42)

(2.43)

(2.44)

Rearranging to make the rate of change of temperature with respect to time the subject

of the formula:



28 CHAPTER 2. LITERATURE REVIEW

dI'" —1 <= 0U dn;

— = — 2.45)
il (
Recall the derivative of internal energy with respect to temperature is:
dUu
d_T = ntothfmi:r (246)
Therefore, it follows:
dT ~1 = IU dn;

- = - -— 2.4
dt ntoth—miaz ZZI anz dt ( 7)

This differential equation for temperature solving together with the given differential equa-
tions for species solving encapsulate the FGAM. Solving this system of differential equations

for the specified initial conditions determines the temperature-time trace predicted by the
FGAM.

2.3.3 Solving for Kinetic Rate Parameters

In order to deduce the rate parameters used for describing a particular fuel without any
prior knowledge, the following method has been suggested by Floweday as part of his
doctoral thesis [19]:

Phase 1
The following steps must be completed sequentially:

1. Solve for the low temperature cool flame timing and low temperature pathway fuel
consumption by adjusting the kinetic parameters of reactions 1b and 6. Make the
speed of reactions la and 2 fast enough so that they do not hinder the function of
1b and 6. Close off pathways 3, 4, 5 and 7 by making the reaction rates small since
these pathways are not relevant in this sub-phase.
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2. Fit the cool flame hook behaviour by further adjusting the parameters of reaction
rate 1b.

3. Fit the cool flame ceiling temperature by adjusting parameters in reaction rate 3.

4. The high temperature pathway will then be calibrated using parameters in reaction
rate 5 and 7.

5. The post cool flame enhanced reactivity is achieved by adjusting parameters in re-
action rate 4.

6. The parameters for reactions 8 and 9 are to be taken from literature.

Phase 2

Subsequent to phase 1, all of the Arrhenius A and B parameters are optimised in order to
fit the behavioural characteristics relevant to the reactions.

Phase 3

The parameters for each equation are re-solved sequentially in order to optimise a fitness
function.

Discussion of Solving Method

The method listed above is laborious, as all of the adjustments performed in the first two
phases are to be performed manually. In addition, the final phase’s sequential solving
of each reaction is more computationally expensive compared to a multi-variable solver.
Floweday acknowledged the computational expense of the sequential solving routine, but
found it to be the most stable and robust method of solving for the kinetic rate parameters.

From the explanation as to the detailed workings of the model provided in section 2.3.2, it is
clear that it is not possible to generate a coefficient set by simply initiating a multi-variable
solver on a broad domain. The two main pathways are competing against each other with
regard to reactant consumption. For example, by not halting the high temperature pathway
at low temperatures, some of the reactants will be consumed by the high temperature
pathway, hindering the ability of the low temperature pathway in achieving the required
behaviour. In order for a multi-variable solver to be successful, it would need to be seeded
with values nearby the optimal solution. For previously undefined fuels, this would require
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working through the first two phases prescribed by Floweday. However, since it is likely that
these “new” fuels will relate to existing ones, combinations of kinetic rate parameters for
the known fuels can be used under these circumstances. For the purposes of this research,
kinetic constants for many of the fuel surrogates most commonly used auto-ignition research
have already been derived in previous work.

Table 2.3 shows the experimental design used by Floweday in the solving for the kinetic
rate parameters. The temperature used in this experimental design ranged between 600
K and 1200 K. As mentioned previously, the model has not been validated in regions of
rich equivalence ratio, as evidenced by the table. Interestingly, only one EGR (exhaust gas
recirculation) containing experiment was used in the solving of the coefficients. This would
indicate that the solved coefficients are weighted more towards conditions not containing
EGR. As such, the model could be expected to perform weakly under conditions involving
EGR.

Table 2.3: Floweday’s Frperimental Design

Case No. | Pressure(bar) EGR (%) Phi
1 30 0 0.75
2 20 0 1
3 20 0 0.5
4 40 0 0.5
5 40 0 1
6 20 40 1

2.3.4 Implementation

Currently , it has been found that most robust implementation of the FGAM is achieved by
using forward Euler numerical integration with an adaptive time-stepping procedure [25].
The forward Euler method is an example of an explicit numerical integration scheme,
meaning that it is only conditionally stable. Due to the stiffness of the FGAM’s system
of differential equations, the stability of the forward Euler integration was dependent on
the size of the time-step taken, hence an adaptive time step sizing algorithm was included
in the method. The adaptive time-stepping algorithm reduces the size of the time-step
taken if the projected concentration of any species is negative, such that the minimum
concentration of any species is zero. The size of the reduced time-step for each species is
found via the following calculation:
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S+05Sxdt=0
08 x ot = =S
-5

where,
S is the concentration of the species,
0S is the rate of change of concentration of the species,
0t is the time step.

The time-step used in the integration is the smallest one from those calculated for all of
the species. An investigation was performed in previous work in trying to implement the
FGAM using implicit (unconditionally stable for any time-step size) numerical integration
methods such as the backward Euler [25]. Using an unconditionally stable method of nu-
merical integration is desired for applications of previously untested fuels and in-cylinder
conditions. The implicit methods were implemented without the adaptive time-step sizing
algorithm. It was found that the time step size required for maintaining stability of the im-
plicit method for fuels at conditions validated by Floweday resulted in significantly longer
running times than those of the forward Euler method. One of the reasons behind the
failure of the implicit integration methods is the non-integer nature of the concentration
indices, some of which had magnitudes less than 1. Although it is not physically correct,
the concentration of certain species in the FGAM may become negative before feedback
from the solving routine shuts down the reaction depleting the species. This is an exam-
ple of the use of abstract concepts in mathematical models. The adaptive time-stepping
procedure avoided the possibility of negative concentrations entirely by reducing time-step
size. Implicit methods cannot be implemented with the adaptive time-stepping procedure
as they require information from a fixed future point (e.g. the future rate of change) in
order to converge to a suitable solution. The adaptive time-stepping routine would contin-
ually shift this future point, increasing the convergence time. Since the implicit methods
were implemented without the time-stepping procedure, at some point, the concentrations
were allowed to become negative due to difficulties encountered in converging to a suitable
solution (a suitable solution being one where all of the concentrations have real values). A
negative concentration raised to a non-integer index results in complex numbers which can
cause many solvers to become unstable. Other more accurate explicit integration meth-
ods such as the Runge-Kutta 4th order, which used multiple minor time-steps, were also
investigated. However, these methods proved unsuccessful as they were incompatible with
the adaptive time-stepping procedure due to their requirement for information at multiple
points along the time domain.

Although the temperature at each time step can be solved implicitly according to the
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derivation given in section 2.3.2, it can also be solved explicitly using the conservation of
internal energy. For internal energy to be conserved, the difference between the starting
value and the current value must equal zero:

0=U(T) - Uy (2.48)

where,
U(T) is the internal energy at the new time step,
Uy is internal energy of the system at the start.

The roots of the above equation can be found using Newton’s iterative scheme, remember-
ing that:

dU

77 =1C. (2.49)

This results in the following explicit equation for temperature solving:

o U(rh=u
o - ) =t (2.50)

J J
Niotal Cvfmim

where,
T]? is the temperature at the current time-step and current iteration,
T;_I is the temperature at the current time-step and previous iteration,
U; (Tj_l) is the internal energy of the mixture at the current time-step,
evaluated at the temperature of the current time-step
and previous iteration,
Uy is the initial internal energy of the mixture.

The ideal gas law is used for the derivation of pressure:

PV =nR,T (2.51)
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2.3.5 Calibration of Kinetic Rate Parameters

The first instance of optimisation of the reaction rate parameters was performed by Flowe-
day during his development of the FGAM. This calibration was performed against the
DKM (detailed kinetic mechanism) of Mehl et al. [3], for constant volume experiments of
n-heptane, iso-octane, 1-hexene, toluene, methanol and a quaternary gasoline surrogate
of iso-octane, toluene, hexane, and n-heptane in the ratio 44/30/18/8% by moles. The
average ignition delay error between the FGAM and the DKM for these fuel surrogates
ranged from 11% to 23%. The error was calculated as the relative difference between the
ignition delay predicted by the FGAM and the DKM.

Perumal [1] developed further sets of reaction constants using the particle swarm optimi-
sation technique for a range of PRF (Primary Reference Fuel) and TSF (Toluene Stan-
dardisation Fuel) blends. The calibration was also performed against the Mehl DKM at a
constant EGR rate and equivalence ratio. The average ignition delay error of the calibrated
coefficients was between 6% and 12% for the PRF blends and between 6% and 15% for
the TSF blends. The error was once again calculated as the relative difference between the
ignition delay predicted by the FGAM and the DKM.

2.4 Multi-Variable Optimisation Techniques

The FGAM can be fitted to fuels through the minimisation of an error function by adjust-
ment of the kinetic coefficients. Due to the stiffness and complexity of the FGAM, it is
possible for the error function to have multiple local minimums as shown in Figure 2.16,
especially given the number of coefficients that can be adjusted.

A conventional gradient based solver (a root finding solver which makes use of the derivative
of the function, e.g. Newtons method) solver will be able to find the global minimum C
if it is initiated in the region around C. If a gradient based solved is initiated around and
A or B, it will converge to a solution at one of the two local minimum values. However,
this is not to say that gradient based solvers are entirely unsuitable for this problem. If
it was possible to ensure that the domain of the root finding function was always nearest
to the global minimum, or perhaps the problem was broken into pieces such that only one
global minimum existed, gradient based solvers could possibly prove more useful due to
their simplicity. In fact, Floweday chose this approach to solve for the kinetic parameters
using a standard secant solver by sequentially optimising each equation of the FGAM. The
main disadvantage of this approach is additional computational expense encountered when
breaking the problem in pieces. A multi-variable solver would be inherently faster due to
the effective parallelisation of the optimisation process when compared to a sequential
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f(x)

X

Figure 2.16: Error function with 2 local minimums (A,B) and 1 global minimum (C)

solving strategy.

One of the aims of this work is to find a method of robustly calibrating the FGAM which
improves upon previously conducted work. The following sections will look at the two
most commonly found heuristic (learning) methods that have found application in the
optimisation of reaction rate constants in auto-ignition models.

2.4.1 Particle Swarm Optimisation

The basic method of the PSO algorithm as prescribed by Hassan et al. [20] is presented
below:

Firstly, a set of possible solutions, called a swarm, is generated on the domain of the error
function. Each of these solutions (called particles) in the swarm has knowledge of its
position and velocity data. The following loop is then initiated to update the position of
the particles:

1. Firstly, the fitness function is evaluated for each particle. This function grades par-
ticles closer to the global minimum of the error function as having a higher fitness
value.

2. The velocities of the particles are updated so that the particles move toward the
current best position in the swarm.

3. The position of the particles are updated according to the new velocities. Following
this, the next iteration of the loop is initiated.
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Figure 2.17: A wisualisation of Particle Swarm Optimisation (PSO), adapted from [27]. In
frame 1, a set of random points is generated on the chosen domain. Frames 2 to 6 display the
movement of the swarm as the particles as the fitness of each particle and the swarm as a whole is
evaluated. The number of particles in the first frames is lower than that of the subsequent frames
as some particles are outside of the chosen domain range. Note that for the PSO method, it is
possible for the all of the points in the swarm to converge on a single solution.

The loop is exited when either the points converge to a global minimum of the error
function, or the chosen number of iterations has been exceeded. A visualisation of the
process is given in Figure 2.17 adapted from [27]. The size of the swarm used is most
commonly between 20 and 50 points according to Hassan et al. [20] and Poli et al. [23].
Poli states that dynamic problems which have fitness functions that change with time
can prove difficult to solve with PSO due to the nullification of the previous generation
characteristics of the particle. In addition, it is mentioned that PSO algorithms tend to
converge to optima within the initialisation region, especially if this regions is smaller than
that of the search space. Genetic algorithms, which are presented in the next section,
overcome this limitation through a step called mutation.

The equation which governs the new velocity of the particle as found in Hassan et al. [20]
is:
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—

U/i+1 = woi + 17 (1;’2 — 2%) /At + cara(p] — xb) /At (2.52)

where,

v,z;l is the new velocity of the particle,
w is the inertia of the particle,

v_,é is the original velocity of the particle,
r1, 7o are random numbers between 0 and 1,
pt is the best position found by the particle at the time,

p?gf is the best position found by the swarm at the time,

x! is the current position of the particle,
c1, ¢ are the constants which relate the confidence that the particle
has in itself to the confidence that the particle has in the swarm.

The three constants terms in the equation above, namely ¢y, ¢o and w usually range between
0.4-1.4, 1.5-2 and 2-2.5 respectively. Venter et al. [29] states that the parameters ¢, ¢y and
w are largely problem dependent, and that, for example, the modification of the inertia
parameter w can significantly impact the convergence speed of the algorithm. Both Venter
and Hassan had to modify these parameters from suggested /commonly used values in order
to suit their individual problem.

As mentioned previously, this optimisation technique was implemented successfully for
the FGAM by Perumal [1] for PRF and TSF blends. The model was optimised against
auto-ignition behaviour predicted by the detailed kinetic mechanism developed by Mehl
et al. [3], by minimising the area between the temperature time traces of the DKM and
FGAM simulations. The conditions under which the calibration was performed included
pressures from 10 bar to 40 bar and temperatures from 600 K to 1200 K. The equivalence
ratio and exhaust gas dilution ratio were kept constant at 1 and 15% respectively. The
average error margin of the FGAM using the optimised kinetic parameters lay between
6-15%. This is an improvement upon the Flowedays average error between the FGAM and
DKM of 11-23%. However, it should be noted that this optimisation was performed for a
single equivalence ratio and EGR rate, and such an improvement should not be expected
when calibrating the model for a wider range of conditions. No mention is made as to the
weightings used for the particle velocity calculation.

2.4.2 Genetic Algorithms

Genetic algorithms appear similar to particle swarm optimisation; however, they have
fundamental differences with regard to data selected by the solver for each iteration. This
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can be illustrated through the basic method given in [30]:

As with particle swarm optimisation, a set of solutions, called a generation, is generated
in the domain of the error function. Each solution (called a parent) of the generation has
knowledge only of its location. The following routine is then initiated to converge to a
solution:

1. The fitness of the parents is evaluated.

2. A selection process takes place which chooses the parent which will breed in order to
form the children of the new generation. There are a number of different methods by
which this selection process can take place. Three common selection methods, taken
from [31], have been given below:

e Elitist: the parents with the best fitness value are guaranteed to be chosen.

e Roulette wheel: the fitness of the population is summed until its value exceeds
that of a randomly generated limit, at which point the prevailing parent is chosen
for breeding. The parents with better fitness have a higher likelihood of being
chosen, but it is not guaranteed.

e Tournament: a subgroup is selected from the population, of which, the fittest
member is chosen for reproduction.

3. In an attempt to ensure that the parents of the next generation of the cycle have
a better fitness value than the current parents, crossover is initiated. Crossover
facilitates combination of the best characteristics of the current set of solutions so
as to propagate the features of good surviving designs in the next generation. At
its simplest, crossover combines the characteristics of the parents on either side of a
crossover point in order to create a child as shown in Figure 2.18:
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Figure 2.18: A simple crossover process which combines the different characteristics of each
parent on either side of the crossover point in order to create a child. Adapted from [37]

4. The final process is called mutation. This process allows for searching of the global
space of the error function in order to ensure that this solver is not converging to a
local minimum. This can be achieved by either introducing a randomly generated
solution set, or by modifying specific parameters of the newly formed children. The
choice in this regard is problem dependent.
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5. The newly formed offspring then either replace those parents in the current generation
who have poor fitness, or can be used to form an entirely new generation.

As with PSO, this iterative process is completed when either the population converges
to a solution or the maximum number of iterations is reached. This heuristic method
is most commonly used in work of the same nature as this research, i.e. optimisation of
kinetic parameters of reaction rate based auto-ignition models. Hamosfakidis and Reitz [33]
successfully used this method to improve the useful temperature and pressure range of the
Shell model. This optimisation was performed as part of an investigation into combustion
in diesel engine environments. As such, the kinetic parameters of the model were only
optimised for n-heptane and tetradecane, two diesel surrogate fuels. The conditions under
which the optimisation was performed ranged from an equivalence ratio of between 0.5
and 4.0, a pressure from 40 to 120 bar and a temperature between 650 K and 1175 K. In
addition, dilution from recycled exhaust gas ranged between 0-75%. The authors made
changes to the structure of the Shell mechanism before initiating the optimisation process.
The model was optimised against curve fits of CHEMKIN® predictions at constant pressure
and enthalpy of the n-heptane mechanism developed by Curran et al. [34]. The error
bound of the Shell model prior to the optimisation was as high as 56% in under certain
conditions. The optimisation process decreased the average error to just 11%. This is
however a comparison of a peak error value to an average error value - and it is therefore
possible that one of the error values used in the calculation of the average error could have
been as large of the peak values prior to optimisation. No description is given as to the
specific operations used in the genetic algorithm.

Toulson et al. [35] also used genetic algorithm searching to optimise the twenty-six reac-
tion parameters of the Shell model whilst modelling the auto-ignition of dimethyl ether
(DME) in a rapid compression machine. DME is an alternative to petroleum based fuels,
specifically diesel, as DME has a high cetane number. The conditions under which the
optimisation was performed ranged from an equivalence ratio of between 0.43 and 1.5, a
pressure between 10 and 20 bar and a temperature between 615 and 735 K. The range of
investigation for this research is considerably smaller than that of Hamosfakidis and Reitz;
the chosen upper pressure bound is only 20 bar when modern diesel engine vehicles can
have compression ratios approaching 20 [36]. The chosen temperature range is also rela-
tively low, below the point at which DME begins to exhibit NTC behaviour. The model
was optimised against experimental data obtained from rapid compression machine (RCM)
experiments. RCMs have limited operating ranges, which explains the narrow tempera-
ture and pressure range used in this optimisation. Toulson made use of modifications to
the original Shell model presented by Hamosfakidis and Reitz [33] and Schapertons and
Lee [37]. The modelling took into account heat loss as well as the compression stoke of
the RCM. The average error between the experimental data and the optimised model was
less than 30%. No description is given as to the specific operations used in the genetic
algorithm solving strategy.
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Kim et al. [30] implemented genetic algorithm optimisation for a detailed kinetic model
for gasoline HCCI combustion consisting of 101 species and 592 reactions, as well as a
reduced mechanism consisting of 28 species and 45 reactions for DME. The pressure and
temperature conditions under which the optimisation took place were not clearly stated
although the temperature can be inferred from one of the ignition delay curves as ranging
between 600 K and 1200 K. The DME simulations were performed at an equivalence
ratio ranging between 0.07 and 0.26, whilst the gasoline simulations used an equivalence
ratio between 0.5 and 1.9. Although improvement was made to the accuracy of these
mechanisms which is visible in the various plots presented in the paper, the improvement
was not quantifiably stated. The detailed mechanism against which the optimisations were
performed was poorly referenced and unable to be investigated further. However, Kim did
present insight into the methods behind the GA. At each step, an entirely new population
was created from the parents of the old generation.

Of all of the papers mentioned above, only one gave minor insight into the workings
behind the genetic algorithm used. The other researchers made use of pre-existing genetic
algorithm software. Even so, very little mention is made as to areas of difficulty encountered
when implementing a genetic algorithm to solve a reaction-rate-based chemical mechanism.
This is of particular concern for the FGAM system as the set of differential equations
describing the model is stiff.

In a paper by Whitley [35], the following common pitfalls among genetic algorithms were
highlighted:

e The solution space can become dominated by a few members of the population who
have good fitness early on. This problem can be addressed with implementation of
a selection method that is not fitness based, such as roulette-wheel selection.

e Stagnation of the searching function can occur after multiple iterations as the points
converge on the optimum values. This is due to a decrease in variation of the fitness
of the points in the population.

Both of these areas of concern highlight the need for an element of randomness in the
three main operations of the genetic algorithm. Without the randomisation, dominance
and stagnation will occur which can prevent the algorithm from finding better solutions.

It is mentioned by Hassan et al. [26] that genetic algorithms are potentially more com-
putationally expensive when compared to particle swarm optimisation, although this is
dependent not only on the problem itself, but also the different methods used to execute
the selection, crossover and mutation operations in the case of the genetic algorithm. For
example, a tournament selection may help to avoid dominance of a particular solution
occurring early on, but the additional computational effort required to rank the members
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of the population means that it will be slower than an elitist based selection which chooses
only the best members of the population for breeding. A PSO is comparable to an elitist
GA as it is only concerned with the particle which has the best position in the swarm, and
speculatively, could therefore be viewed as less computationally expensive compared to a
tournament selection GA.

2.5 Validation of the FGAM

One of the advantages of the FGAM is supposed to be its ability to fit the auto-ignition
behaviour of any given fuel over a wide-range of operating conditions. This is to be achieved
through the optimisation of model calibration coefficients. It is therefore important to
understand which range of operating conditions is of interest, what type of data is available
and what is required in order to fit the model to this data.

2.5.1 Regions of Interest

This section determines which ranges of fuels, temperature, pressure, equivalence ratio and
exhaust gas recirculation are most applicable for use in the calibration of the FGAM.

Fuel

Due to the fact that in this work, the FGAM will be tested in regions not previously vali-
dated, it would be sensible to use fuels for which auto-ignition data is readily available. In
fact, in order to conduct error analysis in the development of the calibration methodology,
it is preferable to use fuels for which the model has been partially validated. These fuels
are listed below:

n-Heptane

iso-Octane

PRF blends

TSF blends

1-Hexene
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e Toluene
e Methanol

e Quaternary gasoline surrogate of iso-octane, toluene, hexane, and n-heptane in the
ratio 44/30/18/8% by moles

Temperature

The temperature region chosen for validation needs to allow the fuel to exhibit high tem-
perature, low temperature and NTC behaviour. This will allow for the two-stage fuels to
form the characteristic S-curve when plotted on an inverse temperature versus a logarith-
mic ignition delay curve as shown in Figure 2.7. From the previous literature discussed of
section 2.4.1, all of the fuels for which the FGAM has been partially validated display all
of the required auto-ignition behaviour in a temperature range between 600 K to 1200 K.
In order to further motivate this choice of temperature range, an isentropic relation can be
used to estimate the end of compression temperature for spark ignition and diesel engines:

Heywood [39] states that compression ratios range between 8 to 12 for spark ignition
engines and 12 to 24 for compression ignition engines. However, the peak compression ratio
of 24 is decreasing for diesel engines due to the increased cost of components designed to
withstand high peak pressures over components designed for lower pressures. Nevertheless,
modern diesel engines still have compressions ratios approaching 20, an example of which
is given in [36]. In order to ensure that the temperatures used in the calibration are
representative of end of compression temperatures experienced in contemporary internal
combustion engines, the lower and upper compression ratios of 8 and 20 will be used in the
isentropic relation. Assuming a start of compression temperature of 300K, the maximum
possible end of compression temperature for an internal combustion engine is:

Terpoc/Ti = (Vi/Va)' ™t
Toreoc/300 = (20)4471
Terpoc = 994.3K

where,
Tcr eoc is mixture temperature in a compression ignition
engine at the end of compression,
T is the starting temperature,
V) is the displacement volume,
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V5 is the clearance volume.

Using the same start of compression temperature, the lowest possible end of compression
temperature in a spark ignition engine is:

Tsrroc/Th = (VifVa)' ™!
Tsipoc/300 = (8)"*!
Tsrpoc = 689.2K

where,
Tsr poc is mixture temperature in a spark ignition
engine at the end of compression.

Since hydrocarbons have lower specific heat ratios compared to pure air, the final temper-
atures actually achieved will be slightly lower than these estimations. However, it can be
seen that the chosen temperature range of 600 K to 1200 K includes both of the tempera-
tures derived above.

Experimental devices have limitations regarding their range of use, as seen the research
conducted by Toulson et al. [35], where the end of compression temperatures achieved by
their RCM ranged between 615 K and 735 K. This is considerably lower than the estimated
end of compression temperature for compression ignition engines. As such, Toulson could
only validate the low temperature behaviour of DME. Nevertheless, the FGAM can still
be validated in regions outside of the testing range of experimental devices using detailed
kinetic auto-ignition mechanisms.

Pressure

In order to determine the pressure regions to be investigated, another simple isentropic
calculation of the compression of pure air was used. This calculation overestimates the
final pressure as it does not take into account heat loss of the specific heat capacity of
the fuel. For the upper pressure bound, a calculation will be performed based on the
compression ratio of a diesel engine. The same compression ratio values of 8 and 20, used
in the temperature calculations, will be used for the pressure calculation. Assuming pure
air enters the combustion chamber at atmospheric conditions:
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Perpoc/Pr = (Vi/Va)?
Poipoc/l = (20)**
PCI,EOC = 066.3bar

Considering that this calculation is idealised and does not take into account any inefficien-
cies or heat loss in the compression process, a upper pressure bound of 60 bar was chosen
for this research. Calculation of the lower pressure bound was performed in a similar man-
ner, using a compression ratio of 8 instead of 20. The lower pressure bound for this work
was chosen to be 20 bar.

Recycled Exhaust Gas
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Figure 2.19: Ezhaust gas dilution effects on emissions in diesel engines. Adapted from [/]1]

Exhaust gas recirculation is aimed at reducing emissions through the lowering of peak
combustion temperatures [10]. The components of the exhaust gas mixture have a higher
specific heat capacity compared to the fuel air mixture. This means that more heat is
required to raise the temperature of the exhaust gas compared to the fresh charge. The
heat released during combustion will therefore results in a lower peak temperature when the
air-fuel charge is diluted with exhaust products. Recall from section 2.1.2, the regulated
soot and NOx emissions form under high temperatures. The optimum ratio of exhaust
gas dilution for spark ignition engines lies between 15 and 30% [10], depending upon the
engine’s operating characteristics. For diesel engines, an investigation was performed by
Wagner et al. [11] into extending the exhaust gas recirculation limits of diesel engines.
Figure 2.19 shows the optimum reduction in both hydrocarbon and NOx emissions occurs
at just over 40% dilution.
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To include ranges in which EGR is beneficial to the emissions characteristics of for both
spark and compression ignition engines, a dilution range of between 0-50% will be used for
this validation.

Equivalence Ratio

The FGAM has previously not been validated for rich equivalence ratios. Hamosfakidis and
Reitz [33] investigated the Shell model for equivalence ratios ranging from a lean value of 0.5
to a super-rich value of 4. The super-rich validation was necessary due to implementation
of the Shell model into a CFD code where localised rich regions can occur. This range of
equivalence ratios encompasses the upper (UFL) and lower (LFL) flammability limits of
the most common fuel surrogates as seen in Table 2.4 [12] [13]. If the FGAM is to become
widely adopted so that it may also be implemented into CED code, validation of the model
for this range of equivalence ratios may also be necessary.

Table 2.4: Fquivalence Ratios at the Flammability Limits of Common Surrogate Fuels.

Fuel LFL(%vol) | ¢ LFL | UFL(%vol) | ¢ UFL
n-heptane 1.05 0.56 6.7 3.77
iso-octane 1.1 0.66 5.64 3.13
toluene 1.2 0.52 7.1 3.57

2.5.2 Experimental Validation

The following sub-section discusses two machines available at SAFL able to provide ex-
perimental auto-ignition data, namely the RCM and Shock Tube. Note that in this work,
experimental validation of the model has not been performed. This section aims to illus-
trate the approach that needs to be taken when calibrating the FGAM to experimental
data.

It should be noted that for real fuels, the only way to obtain accurate auto-ignition data
is through experimental techniques - DKM’s are not usually a feasible option for real fuel
applications. Surrogates can be used in a DKM, but these would first need to be validated
experimentally against there real world equivalent to hold proper value.

Rapid Compression Machine (RCM)

The RCM is similar in nature to an engine which operates for one four-stroke cycle. The
combustion chamber is filled with the desired fuel-air mixture, a piston is rapidly ac-
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celerated, compressing the mixture, until it comes finally to rest, through the use of a
momentum trap. The temperature and pressure seen at the end of compression can be
controlled by adjusting the initial temperature of the mixture, introducing dilutants to the
mixture or by adjusting the compression ratio of the machine. A schematic of the SAFL
RCM that was designed and developed by Everzard [11] is given in Figure 2.20.

Driving Combustion
piston piston

Combustion
Chamber

Air delivery Combustion Momentum Damping
system System trap unit

Figure 2.20: A schematic of the SAFL RCM adapted from [//]. The air delivery system builds
pressure to move the driving piston which compresses the mizture in the combustion chamber.
The kinetic energy of the combustion piston is transferred to the damping unit via the momentum
trap, causing it to come to a standstill.

The machine requires a fuel with high volatility, with a boiling point in the gasoline range
in order to operate. The high volatility of the fuel is needed to keep it suspended in the
air, ensuring a consistent fuel-air mixture. This requirement could be circumvented by
heating the fuel, but the maximum allowable temperature of the initial mixture is 130 °C.
Therefore, fuels with higher boiling points compared to gasoline, such as diesel, cannot
currently be used in this RCM. The maximum testing capability of parameters of the
machine are given in Table 2.5.

Table 2.5: Maximum Testing Capability of SAFL RCM

Parameter Maximum Value
Initial Temperature of 403 K
Mixture
Initial Pressure of Mixture 1 atm
Compression Ratio 18

Figure 2.21, is an example of the type of data recorded during rapid compression machine
experiments. The experiment was performed at a compression ratio of 16, with a distinct
ignition delay, occurring between the end of compression and the main heat release. From
Figure 2.21, it can be seen that the pressure trace from the end of compression until ignition,
i.e. the ignition delay, contains noise. The pressure trace from the RCM would need to
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Figure 2.21: Pressure trace obtained from RCM experiment for n-heptane at 1 bar, 318 K and
& = 0.4, adapted from [/5]. EOC indicates end of compression. The compression ratio used was
16:1 and the ignition delay recorded was 0.7 milliseconds.

be smoothed prior to the commencement of the calibration process in order to allow for
recognition of key low temperature auto-ignition behaviour. When trying to fit the FGAM
to this data, either the pressure readings from the RCM can be converted to temperature
through assumption of the ideal gas law, or alternatively, the FGAM’s temperature traces
can be converted to pressure traces. A compression model would need to be incorporated
when trying to model the ignition delay in an RCM due to the fact that it is possible for
the ignition delay to complete during the compression period, depending on the state of
energy of the mixture.

Shock Tube

Shock tubes are used to measure very short ignition delays which occur at high tempera-
tures and pressures. The device is limited to measure ignition delays equal to or shorter
than 5 ms [10]. At its most basic, a shock tube is a long tube separated into two parts, a
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driver and driven section, by a diaphragm or piston. On the driver side of the diaphragm,
high pressure gas is stored, whilst on the driven side, the fuel-air mixture is stored. When
the diaphragm is burst (or the piston is displaced), the high pressure gas moves toward the
driven section, creating a shock wave which compresses the fuel air-mixture. A schematic
of the SAFL shock tube designed and developed by Downey [17] is given in Figure 2.23.
Notice the SAFL shock tube uses a piston to separate the driver section from the driven
section, with the aid of a supply of compressed gas. The compressed air forces the auxiliary
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Figure 2.22: Gasoline/air ignition data collected from a shock tube. Adapted from [/5]

An example of the output of a shock tube experiment is given in Figure 2.22. Note its
similarity to the RCM pressure trace in Figure 2.21, barring the compression phase. The
compression in the shock tube occurs on a much shorter time scale when compared to
compression in a RCM. In fact, due to the rapidity of the compression in a shock tube, it
can more than likely be ignored in the modelling process. As with the trace from the RCM
trace, the signal from the shock tube will require smoothing prior to use for calibration of
the FGAM.
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Figure 2.23: A schematic of the SAFL shock tube adapted from [/7]. The top schematic shows
the shock tube in with the driver and driven section separated by the main piston. The bottom
picture demonstrates the gas flow when the pressure from the supply of compressed air is relaxed.

Table 2.6: Operating Capability of SAFL Shock Tube

Parameter

Tested Range

Potential Range

Test Temperature 973 K 1518 K
Test Pressure 27.1 bar 20 bar
Ignition Delay Duration 1.3 ms 0.9 ms
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2.5.3 Validation Against Other Models

Detailed Kinetic Mechanisms(DKM)

In a paper by Griffiths [23], it is mentioned that it is preferable to validate a reduced kinetic
mechanism against a detailed kinetic mechanism rather than directly against experiments.
The reason for this ideology developed from the need for the reduced mechanism to be
as robust as possible, which requires validating it for as many different types of practical
systems and as wide a range of conditions as possible. Detailed mechanisms are able
to produce data for a relatively large range of auto-ignition experiments compared to
the limited operating windows (as discussed in the previous section) of the experimental
apparatus. A RCM is able to perform low temperature ignition delay experiments until the
temperature becomes high enough that the ignition delay becomes too short to measure.
The shock tube is able to operate at high temperatures, with the maximum possible ignition
delay measured determined by the length of the tube. Therefore, in order to collect enough
experimental data points to generate a full S-curve for two-stage fuel ignition delay, as
shown in Figure 2.7, a combination of data collection from the shock tube and RCM
is required. However, it should be noted that there are difficulties associated with the
combination of data from multiple machines due to differences in heat loss characteristics
and other factors which affect the heat release rate of an auto-igniting mixture. These
factors, along with the ever present variances that occur between identical experiments,
may result in an ignition delay curve which does not follow the characteristic S-curve, in the
case of a two-stage fuel, due to the fact that it uses data from both machines. Alternatively,
running a set of experiments using a detailed kinetic mechanism will produce a well formed
“S”-curve, and because the mechanism can be chosen to work for a wide range of fuels, it
does not encounter the same operating restrictions as the physical apparatus.

Floweday [I] and Perumal [1] both used the detailed mechanism developed by Mehl et
al. [3] for the purposes of model validation. The Mehl mechanism is applicable to gasoline
surrogates, namely PRF mixtures (including pure iso-octane and pure n-heptane), 1-hexene
and toluene. Hamosfakidis [33] made use of the mechanism developed by Curran et al.
for n-heptane oxidation. Curran et al. also developed a detailed mechanism describing
iso-octane auto-ignition [19]. Since the Mehl mechanism allows for ignition prediction of
mixtures rather than the single component surrogates and is a newer DKM from the same
research group which developed the Curran n-heptane mechanism, it was chosen as the
DKM against which the FGAM would be optimised for this research.

Floweday noted that discrepancies between the Mehl [3] and Curran [34] mechanism for
prediction of ignition delay for n-heptane auto-ignition can be as large as 38% under certain
conditions. Instinctively, the Mehl mechanism may be thought of as the less accurate of
the two in this case since it will have had to compromise on its structure to ensure a
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good fit for across the range of gasoline surrogates, whereas the Curran mechanism is
purely focused on n-heptane combustion. However, the Mehl mechanism was published
in 2010, whereas the Curran mechanism was published in 1998, meaning that the Mehl
mechanism has twelve years of development over the Curran mechanism. Since neither
paper quantitatively states the accuracy achieved by each of the mechanism in matching
experimental data, the question of which mechanism is more accurate cannot so easily be
answered. From this, it is understood that even detailed mechanism are flawed in terms of
accuracy, and thus calibrating the FGAM to a detailed mechanism is more of an exercise
in investigating the flexibility of the FGAM, than a pursuit of increased model accuracy.

2.5.4 Modelling Tools
CHEMKIN®

CHEMKIN®will be used to solve the detailed kinetic mechanism used in the validation
of the model. The code uses a backwards differencing method for time integration incor-
porating a modified version of a software package called DASPK [50], details of which can
be found in Li and Petzold [51]. This modified backward differencing method was likely
chosen as it was found to be most robust in dealing with the generally stiff systems of
differential equation used to describe most reaction-rate-based models.

GT-Suite

GT-Suite, developed by Gamma Technologies, is a virtual engine/power train platform, for
integrated simulations of engines and vehicles. GT-Suite allows for the modelling of various
vehicle systems, ranging from electrical control circuits, acoustics, vehicle mechanics, val-
vetrain kinematics, lubrication and in-cylinder combustion. According to the General and
Advanced Simulation and Application Manual [52] provided with the software, there exists
three possible methods of implementing the FGAM into the GT-Power engine modelling
environment under GT-Suite:

e Using of the provided global reactions templates
e By creating a user subroutine

e Through the use of the MATLAB®)/Simulink®) coupling with GT-Suite

The creation of the user subroutine requires an Intel Fortran and C++4 compiler in order
for the created routine to be compatible with pre-compiled components in the software.
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The MATLAB/Simulink coupling requires that the end user has access to a MATLAB and
Simulink license. This is likely to hinder the widespread adoption of the FGAM in the
application due to the increased cost. Using the global reactions templates is the most
appropriate method moving forward for the following reasons:

1. This template allows for the use of non-standard reaction rates for auto-ignition
models. This is ideal for the implementation of the FGAM into GT-Suite due to the
non-standard form of reaction rate 1.

2. The template does not require the user to have access to additional software licenses
which can be costly.

The global reactions template is available in two different forms, based on the modelling
application [53]. The first, GlobalReactions is made for use in exhaust after-treatment
applications, whilst the second, EngCylChemGlobal, is designed to describe combustion
in engine simulations. Figures 2.24 to 2.26 demonstrate the user interface provided in
the global reactions templates. The ability for the user to customise the solving process
while using these templates is limited. Essentially, the only control given to the user is
the entering of the reactions rate equations and solver selection. Use of the adaptive time-
stepping forward Euler routine used previously by Floweday and Perumal would therefore
not be possible.

Available solvers are:

1. Adaptive RK (Adaptive Runge-Kutta): recommended for non-stiff problems con-
cerning 1 or 2 reactions in which case it is said to be more efficient than the other
in-built solvers.

2. BDF (Implicit Backward Differential Formulations): recommended for stiff problems,
BDEF’s use the information at the current time step to predict the variable’s derivative
with respect to time at the future time step. This future derivative can then be used
in numerical integration to predict the future variable value at the future time step.

3. Adpative RK/BDF(Combination of Adaptive Runge-Kutta & Backward Differential
Formulations).

4. RADAU (Implicit Runge-Kutta, 3rd/5th order): recommended if all other solvers
fail in solving the model.

The solving process can be tweaked by adjustment of the tolerance and step size parameters
shown in Figure 2.24 - although not all of the parameters shown apply to each of the solvers
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Figure 2.24: The solver options available in the EngCylChemGlobal template. Notice the solver
currently selected is the RADAU and the absolute tolerance value is limited to the mazimum value
of le — 6 recommended by the support team at Gamma Technologies.

(i.e. the first four options under the solver selection box only apply to the adaptive RK
method and therefore do not apply when the RADAU solver is being used). Through
correspondence with the support team at Gamma Technologies, it was recommended that
the absolute convergence tolerance was not larger than le — 6, as shown in the figure,
in order to limit the error introduced in the solving process. The convergence scheme
used by the built-in solvers was described by the support team as similar to the Newton’s
iterative solving of the backward Euler method derived in appendix B, thus increasing the
convergence tolerance should facilitate faster solving. However, in its current state, the
original form of the FGAM was unable to converge to a solution using the most robust
RADAU solver. Further increase of the size of the convergence tolerance was deemed as
unacceptable due to the loss of accuracy which would occur. Since the FGAM was also
not able to be successfully solved by implicit methods implemented in previous work (as
mentioned in section 2.3.4), it was obvious that the issues surrounding the solving of the
FGAM were attributed to the structure of the model, and not the solvers used. Therefore,
one of the main objectives of this work will be to determine, and if possible, correct the
source of stiffness which prevents successful solving of the model by implicit methods.

Figure 2.25 is the interface used for entering of the reaction rate expressions and Figure
2.26 is the interface used for entering of non-standard reaction rate terms. From these
screen captures, it is seen that the user has minimal input with regard to the solving of the
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Figure 2.25: The Reactions tab of the EngCylChemGlobal template. The G terms under con-
centration expression are referring to functions in the General and Inhibition Functions tab.
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Figure 2.26: The General and Inhibition Functions tab of the EngCylChemGlobal template.
This facility is used for entering the non-standard reaction rates, and is called from the Reactions

tab.
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model when using the global reaction templates. This can be seen as a disadvantage over
the other two methods of implementing the FGAM into GT-Suite mentioned above. By
creating a user subroutine route or using the MATLAB®)/Simulink®coupling, the user
would be able to write their own solving strategy for the FGAM. However, this would
need to compiled with the solver GT-Suite uses for the rest of the simulation, which would
be non-trivial. Furthermore, using one of these alternative methods would mean that the
cause of stiffness in the FGAM would not be properly investigated. Addressing the stiffness
of the model is key for its wider adoption in the field of auto-ignition research and will
serve to streamline the process of implementing the model in future work. It is intended
that GT-Suite be used as a test case to show how the FGAM could be implemented in a
generic simulation software, therefore, the more generic the implementation strategy, the
better.
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2.6 Conclusions from Literature Review

The background into the auto-ignition of fuels gives insight into key characteristics and
behaviour that needs to be captured by a model such as FGAM. As such, it is important
the calibration routine developed in this work improves upon the accuracy of the FGAM
with regard to the timing of the cool flame ignition delay, overall ignition delay and the
extent of the cool flame heat release. Using a PSO or GA should optimise this process,
however, both require a set of seeded values in order to provide a useful solution. Ad-
ditionally, performance of the FGAM with regard to the effects of EGR and equivalence
ratio on ignition delay needs to be thoroughly investigated since the model has not yet
been validated in regions of rich equivalence ratio, and previous work has involved fixed or
little variance in EGR rates. For this work, the validation of the FGAM will be performed
against the DKM of Mehl et al. [3], and the same validation technique can be used when
fitting the FGAM to experimental data in future work.

Currently, the FGAM has only been successfully solved using a forward Euler integration
method with an adaptive time-stepping procedure. In previous work [25], difficulties were
encountered in implementing the model with implicit integration methods without the use
of the adaptive time-stepping procedure. Therefore, one of the main areas of focus when
investigating the stiffness of the model will be to pinpoint the cause of failure of the implicit
methods. Addressing this issue could potentially allow for successful implementation of
the model in engine simulations in GT-Suite. This is especially critical due to the limited
input that the user has with regard to the solving of the FGAM when using the templates
provided in the GT-Suite software.



Chapter 3

Investigation into the Stiffness of the
FGAM

The stiffness of the FGAM is one of the main obstacles preventing widespread implemen-
tation of the model. Stiffness is a common trait for all auto-ignition models due to the
fact that certain reactions need to take place at a faster speed than others in order to en-
sure that the correct behaviour is captured. In addition to this, one reaction in a reduced
mechanism between two species can represent hundreds of reactions between hundreds of
species in a detailed mechanism. As such, the speeds at which the reactions occur in a
reduced mechanism need to be representative of the combined speeds of the reaction path-
ways in the DKM - increasing the stiffness of the reduced mechanism. The purpose of this

investigation is to determine which reaction(s) in particular are responsible for the stiffness
of the FGAM.

Since CHEMKIN®), GT-Suite and other engine simulation software use fairly basic BDF
type solvers, it is imperative that the FGAM be solvable by such generic solvers, without
artificial interventionist techniques. Even if the FGAM was able to be solved by a sophisti-
cated canned solver, it is preferable to address the underlying issues of numerical stability
and stiffness to allow for it to be solved by simple solvers.

3.1 Probable Causes of Stiffness in the FGAM

From inspection of the set of kinetic rate parameters for the FGAM derived by Floweday
for n-heptane and iso-octane, shown in Table 3.1, it is seen that the order of magnitude of
coefficients A3 and A4 are far greater than any other ”A” value in the table (bearing in

o6
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mind that the values given in the table are natural logarithms of coefficients, and still need
to be raised by base e). This is indicative that these reaction rates are most likely to be the
fastest once activated, and the most probable cause for failure due to stiffness. The speed
of reaction rate 4 cannot be decreased as this reaction is responsible for the increased
post cool flame reactivity. Decreasing the magnitude of reaction rate 4 would result in
a longer post cool flame ignition delay period and subsequently a longer overall ignition
delay period. Reaction 3 is responsible for controlling the cool flame heat release in order
to for the model to adhere to the correct ceiling temperature. Decreasing the magnitude of
reaction rate 3 would result in higher ceiling temperatures and an under prediction of the
of the final ignition delay. If either of these reaction rates are found to be the source of the
stiffness, it may be possible to replace these fast reactions with multiple slower reactions.
This should reduce the contrast in speeds of reaction rates in the mechanism and thereby
reduce the degree of stiffness seen by the numerical solving strategy.
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Figure 3.1: A section of a temperature-time trace produced by the FGAM for iso-octane at 600K,
20bar using forward Euler numerical integration. Notice the steps which manifest as a result of
the adaptive time-stepping procedure.

Currently, the FGAM has been most robustly implemented using a forward Euler numer-
ical integration with an adaptive time-stepping procedure. As mentioned previously, the
forward Euler integration is explicit, meaning that it is only conditionally stable, hence the
use of the adaptive time-stepping procedure. However, this method of implementation still
exhibits some numerical instability, which manifests as a step-like graph profile, shown in
Figure 3.1. The adaptive time-stepping procedure limits the minimum value of the con-
centration of species in the model to zero. This ensures that the solving routine does not
encounter imaginary numbers, which can cause a simple integration method such as the
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Table 3.1: Floweday’s original kinetic rate parameters for iso-octane and n-heptane

Coefficient | n-Heptane | iso-Octane
In(Ala) 23.09 25.98
Bla -12300 -14900
al -0.14 -0.15
bl 0.922 0.702
In(Alb) 20.87 20.1
nlb -2.72 -2.71
B1b -21300 -15200
a2 0.986 1.191
c2 0.638 0.603
In(A2) 24.92 22.94
n2 -1.17 -1.17
B2 -8120 -8110
d3 2.853 2.858
In(A3) 43.66 42.09
B3 -29900 -27800
c4 0.05 0.016
In(A4) 52.27 37.61
B4 -41300 -24400
ab 0.983 0.927
b5 0.855 0.854
In(Ab) 21.83 21.42
nb -0.61 -0.58
B5 -17700 -16600
d6 5.92 5.742
b6 0.145 0.166
In(A6) 26.59 25.53
n6 -0.04 -0.03
B6 -15800 -16000
e’ 5.792 3.22
b7 0.141 0.152
In(A7) 12.42 11.52
n7 1.804 1.804
B7 -13600 -14900
f8 3.823 2.727
b8 0.164 0.229
In(AS) 17.27 16.92
B8 -12900 -14000
g9 1 1
In(A9) 21.74 21.39
B9 -44900 -46000
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forward Euler to fail.

Once the concentration of a certain species has been reduced to zero, over the consecutive
time step, the reactions dependent on these species are shut off. During this time step, these
species are allowed to accumulate as the reactions which deplete them are non-functioning.
If the species in question is involved in a heat releasing reaction, this accumulation will
manifest a steep temperature rise in the next time step, resulting in a step-like graph
profile. Due to this displayed numerical instability, it is desired to implement an implicit
(unconditionally stable) integration method which does not require the adaptive time-
stepping procedure and will thus not exhibit any “step” instability.

As mentioned in the literature review, implementing the FGAM with an implicit integration
method has not proved successful thus far. Therefore, an understanding is needed as to the
cause of the stiffness in the FGAM which should address the problems with implementation
of an implicit solver. Finding the cause of the stiffness may allow for minor modifications
made to the structure of the model, such as reducing a single fast reaction into two slower
ones, which does not change the model’s behaviour, but allows for it to be solved more
easily. Reducing the stiffness through a minor structural change will also prove useful when
integrating the FGAM into software packages such as GT-Suite and CHEMKIN®), which
have built-in solvers. Both the solver used by CHEMKIN®as well as the solvers suited to
stiff systems in GT-Suite are implicit.

Implicit solvers are ordinarily much better at solving stiff systems . The particular problem
in this case is two-fold; firstly, the non-integer exponents on the concentration terms of
the reaction rate equations and secondly, the very small exponents on some of the concen-
tration terms, e.g. c4. The non-integer exponents do not allow for momentary negative
concentrations, which can occur whilst the solver is converging to a solution. The very
small concentration terms result in very small, but definitely non-zero concentration val-
ues. The combination of these two effects can cause numerical instability of the solving
algorithm rather than instability of the final solution. Any solver should actually work
if the time-steps are made to be small enough; what is required is one that solves in a
reasonable time.

3.2 Method of Investigation

The standard method of analysing a mechanism to determine the cause of stiffness is
by interrogating the Jacobian matrix to see if any elements dominate. Specifically large
negative elements on the diagonal can lead to instability. For a normal elementary reactions
with the reaction rate given by equation 3.1:
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RR = Ae?[X] (3.1)

the corresponding differential equation for a generic species is given by equation 3.2:

dRR

X = AeT (3:2)

The Jacobian matrix for this system is made up of the partial derivatives of the differential
equations for each species (given on page 27) with respect to each species in the model.
The Jacobian terms corresponding to the individual concentration are relatively easy to
compute as they do not contain the concentration values and the temperature sits inside a
defined range. For the FGAM, interrogating the Jacobian becomes problematic. Firstly, as
the A’s and B’s change for different calibration fits, so the most volatile element may differ
from system to system. Still, for a given set of coefficients, this is not a problem, how-
ever, for the non-linear behaviour introduced by the non-integer exponents, the differential
equation of a generic species will include concentration terms, as displayed in equation 3.3.
Therefore, without running the simulations, it is particularly difficult to determine which
term will be the largest.

=  AeTc[X]57! (3.3)

An interesting case is where an exponent has a value far smaller than 1. For very small
concentrations and exponents, the Jacobian terms can become extremely large. Again
though, it is not possible to know before the time how low the concentration will drop
and how large the terms will become. It does highlight that such terms may be the source
of the problems. An example which exists in the FGAM is reaction 4. In this reaction,
the exponent, c4, is 0.05 for n-heptane and 0.016 for iso-octane, and therefore, a small
concentration of I will cause these terms to dominate in the Jacobian.

In order to determine the cause for the stiffness, the model was implemented using a
backward Euler integration scheme whilst monitoring the behaviour of the reaction rates
and species concentrations at each time step. The backward Euler method is an example
of a backward differential formulation (BDF), such as that used in the GT-Suite global
reactions templates. The backward Euler scheme is a relatively simple BDF as it only uses
one additional data point for the integration. Comparatively, the RADAU solver also found
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in the global reaction templates uses a 3rd to 5th order implicit Runge-Kutta, meaning
information is needed at an additional three to five points. If the FGAM can be made
solvable for a backward Euler, then it should be solvable by the more sophisticated solver.
Forward Euler integration uses the rate of change at the current time step to predict the
future position, as per the formula:

—

Siq1 = S, + 6t x f(@-,ti) (3.4)

where,
Ot is the time step,
S;l is the future species concentration vector,
52- is the current species concentration vector,
f (S;, t;) is the rate of change of species concentration vector based

on the current species concentration vector and current time.

Backward Euler integration uses the rate of change at the future position to predict the
future position, as per the formula:

— —

Siv1i = Si+ 60t x f(Sit1,tit1) (3.5)

where,
f(Sit1,tiy1) is the rate of change of species concentration vector based
on the future species concentration vector and future time.

Obtaining the future rate of change is not a trivial exercise and the method has been
included in the Appendix B.

With very small time steps, of the order of one millionth of the ignition delay, the back-
ward Euler integration is able to solve the FGAM. However, using such a small time step
means that the FGAM loses its computational advantage over a DKM. The forward Euler
algorithm is able to robustly solve the FGAM for a time step size one hundredth of the igni-
tion delay (not including the additional time steps taken due to the adaptive time-stepping
procedure). This equates to the FGAM predicting the auto-ignition of a fuel under fifty
unique conditions in less than one second. An implicit method needs to come close to
this computational performance in order to be useful for the purposes of calibration of the
kinetic rate parameters.

Another major reason for implementation of an implicit method is to increase the time-step
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size further than the maximum stable size of the forward Euler method, thereby increasing
the computational efficiency of the FGAM. When very small time steps are used, the
convergence tolerance can be relatively small and the solver is still able to find a good
solution because the changes that have occurred to the system between the time steps are
relatively small. However, as the time steps are made larger, the changes to the system
that occur between the steps are more significant. Due to the issues with stiffness in the
FGAM, the iterative procedure of the backward Euler method (described in Appendix B)
now takes longer to converge to a solution. One method to overcome this problem would
be to increase the size of the convergence tolerance to facilitate faster solving. However,
the solver eventually reaches a point at which the time step size is still not large enough
for the backward Euler to be computationally competitive, yet the solver is not able to
converge to a solution at the current time step inside of the required tolerance.

In order to find the problematic species/reaction rate that causes the stiffness, the con-
vergence tolerance of the solver was relaxed to such that the backward Euler was able to
complete its solve of the FGAM, albeit providing an inaccurate solution. The species and
reaction rates at this time were monitored. This investigation was carried out for iso-octane
at 20 bar, 665 K, 0% EGR and stoichiometric air-fuel ratio. A temperature time trace for
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Figure 3.2: Temperature-time auto-ignition trace of iso-octane at 665 K, 20 bar produced by the
Mehl DKM [5].

In order to more easily identify the source of the problem, the sequence of dominant reaction
activations in the FGAM for this condition is given below, with reference to the plots in
Figure 3.3 in which the development of temperature and concentration is shown as solved
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by the forward Euler method:

1. The fuel is converted into intermediate species I via reaction 1.
2. I is converted to intermediate species () via reaction 2.

3. The cool flame heat release occurs as () is converted into C'O via reaction 6, reaching
a maximum rate at the point at which [@)] is maximum, as displayed in Figure 3.3.

4. After the desired cool flame heat release is achieved, reaction pathway 3 activates.
This reaction takes place at a much quicker rate compared to reactions 6 and 2,
halting the formation of @), converting residual ) to I, and ultimately shutting
down low temperature heat release. Around this time, reaction 1b cuts off the fuel
consumption to the low temperature pathway.

5. The residual of intermediate species in the low temperature pathway, which has by
now accumulated at I, as shown in Figure 3.3, is converted to intermediate species
Y via reaction 4. Additionally, F' is converted to Y via reaction 5.

6. The high temperature heat release then occurs via reaction 7. Reactions 8 and 9
control the peak flame temperature.

3.3 The Source of Stiffness in the FGAM

The point at which the backward Euler integration fails when the convergence tolerance is
decreased under these conditions is slightly over 0.034 seconds, or just after the cool flame
event. At this time, reaction 3 should have activated, shutting down the feed to (), and the
species remaining in the low temperature pathway are being driven to the high temperature
pathway via reaction rate 4. Upon closer inspection of the actual species concentration
values, species I seems to have the most difficulty solving at the time of failure. Up until
the point of failure, species I carries a small negative concentration, of the order of one
hundredth of the initial fuel concentration. The concentration of any species in the model
should not become negative due to constraints imposed in the solver. This is therefore
indicative of stiffness in the reactions surrounding I. Directly before the failure, species
goes from having a small positive concentration to a large negative concentration of the
order of one fifth of the initial fuel concentration. None of the other species in the model
exhibited this instability at the point of failure. Corresponding to this relatively large
change in concentration of I, was the sudden activation of reactions 2 and 4, which had a
combined magnitude twenty times greater than that of reactions 1 and 3 combined. When
the feeding reactions are smaller in magnitude than the depleting reactions, this creates
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Figure 3.3: Temperature-time and species concentration traces as predicted by the FGAM using
forward Euler integration with adaptive time-stepping for of iso-octane at 665 K, 20 bar. Tem-
perature is plotted against the left vertical axis; the species concentrations are plotted against the
right vertical axis. The species Oz, No, HoO and COg were not included in the plot for easier
reading of the graph.

stiffness in the model as the solver has difficulty converging to a point where the species
has a sensible concentration value.

Species I is involved in four reactions, the most of any species in the model. The first
proposed method of reducing the stiffness of the FGAM was to reduce the number of reac-
tions seen by species I by introducing a dummy species , thereby reducing the complexity
encountered by the solver when converging to a solution. This new scheme for the FGAM
is presented in Figure 3.5. For reference the original form of the model is included in Figure
3.4. Species I has effectively been split into two parts, species I; and I, both of which
have the same thermodynamic properties as I. Species I; acts as a gateway between F'
and @) via reactions 1 and 2 respectively; species I, acts as a gateway between () and Y via
reactions 3 and 4 respectively. Although a dummy species has been introduced, the actual
form of the original model has not been significantly altered. The new version is simply a
manipulation of the solving of the FGAM in order to reduce mathematical complexity. It
is important to not lose any of the original interactions between the reactions in order to
ensure that the model has the same level of accuracy as the original form.

However, this revised formulation was not able to solve the problem regarding the stiffness
of the FGAM. Since reactions 4 and 2 were of a far greater magnitude compared to reactions
1 and 3, the same problem seen in the original model regarding species I was seen in the
revised formulation with species I; and I,. Similar to species J in the QSSA form of reaction
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Figure 3.5: Version 2 of the FGAM which uses a dummy species to reduce the number of
reactions involving species I from 4 to 2. The dummy species have the same thermodynamic
properties as species I.
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rate 1, species [ is difficult to solve for as it is fed by slow reactions and depleted by much
faster reactions. Another similarity between species J and [ is that the concentration of
both species remains relatively small throughout the course of the predicted auto-ignition.

3.4 New Formulation of the FGAM

la

CO —— CO2

9

Figure 3.6: Version 3 of the FGAM. The final modified form of the FGAM which uses a pseudo-
QSSA assumption for the reactions 2, 3 and 4.

The second proposed method of reducing the stiffness in the FGAM is the contraction of
species [ via a QSSA scheme, similar to that used in reaction rate 1. Since [ is actually an
accumulation species (and reaches a maximum magnitude), this QSSA scheme, similar to
that involving F', J and I, will not strictly follow the QSSA form due to the non-integer
exponents.

The interaction between reactions 2 and 3 is responsible for achieving the cool flame ceiling
temperature. From the observation made by Floweday presented in section 2.3.1, the cool
flame ceiling temperature is dependent on the fuel-air ratio, and for this reason, reaction
rate 2 has an included F' term. In order to maintain accuracy in the region surrounding
the cool flame, which was one of the key development principles for the FGAM, these two
reactions need to be preserved in the new formulation. For the most part during the auto-
ignition event, species I acts as a gateway between the fuel, F', and species (), only reaching
a significant magnitude in concentration when reaction 3 activates. During the movement
of fuel from F' to () via I, reaction 1 is the limiting reaction. Theoretically, a direct link
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between F' and () could be made, without the need for the reaction 2 and I. The proposed
new form of the FGAM, shown in Figure 3.6, retains all of the original reaction pathways,
maintaining their original directions, except for having reaction 1 directly feeding into @
rather than 7. Species I will then be involved in a "reversible” reaction consisting of
reactions 2 and 3 as well as the fast reaction 4, which will allow for it to be reduced into

a QSSA form.

The pseudo-QSSA derivation involving species [ is given below:

RR2 = [F|[I]K,
RR3 [QI K
RR4 = [IK,

For QSSA, d[I]/dt = 0, therefore:
RR3 = RR2+ RR4

QK3 = [F|[I|Ky+ [I]K4
QK3 = [I|([F]K2 + Ky)
1] = [QIK3/([F|Kay+ Ky)

Substituting for [I], RR4 becomes:
RR4 = [QIK3Ky/([F]K2+ Ky)
(3.6)

In order to ensure that the original accumulation effect of I was preserved, the concentra-
tion indices were preserved. This new form of the model allowed for its to be successfully
implemented using backward Euler integration for all of the conditions in which the model
was previously validated. The reactions included in this new formulation of the FGAM
are:
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F - @

I — Q

Q — I

I — Y

F - Y
Q+((x+y/2)/2)02 — 2C0+ (y/2)H>0
Y+ ((x+9y/2)/2)0y — 2CO + (y/2)H0

CO+050, — CO,
CO; — CO+0.50,

where x and y are the number of C and H atoms in the hydrocarbon fuel respectively.
The corresponding reaction rate equations for new formulation of the FGAM are:

RRl = 1/(1/Kla+ [F]"[Oq)" K1b) (3.7)
RR234 QI K3K,/([F] Ky + Ky) (3.8)
RR5 [F]*[04]” K5 (3.9)
RR6 = [Q]™[0y)"K6 (3.10)
RR7T = [Y][09)"" KT (3.11)
RR8 = [COJ®[0)® K8 (3.12)
RR9 = [CO9*K9 (3.13)

Where the Arrhenius K terms are defined:
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Kla = Al,ePT
K1b = AlL,PmeP/T
K2 = A2pn2.BT
K3 = A3ePT
K4 = A4eBYT
K5 = A5poePT
K6 = AGP"ePT
K7 = A7TP"ePUT
K8 = A8
K9 = A9ePT

The rate of change of the species in the model:

d[F|/dt = —RR1- RR5 (3.14)
d[0y]/dt = —(z+y/2)RR6/2— (x +1y/2)RR7/2
—0.5RR8 + 0.5RR9 (3.15)
d[N;]/dt = 0 (3.16)
d[COs]/dt = RR8— RR9 (3.17)
d[H,0]/dt = (y/2)RR6+ (y/2)RR7 (3.18)
d[CO]/dt = xRR6+xRR7— RR8+ RR9 (3.19)
d[Q]/dt = RR1— RR234— RR6 (3.20)
d[Y]/dt = RR234+ RR5— RRT (3.21)
dT/dt = ! oU dn, (3.22)

ntotcvfmix i=1 anz dt

Figure 3.7 gives the trace of the important species concentrations for the temperature time
trace predicted by the revised FGAM for iso-octane at 665K, 20bar when solved by the
backward Euler method. Although there exist minor differences in the species concentra-
tion levels predicted by the revised model compared to the original form, the concentration
traces predicted by the revised model are still smooth and continuous in shape. This indi-
cates that changes to the structure have not further jeopardised the numerical stability of
the model.
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Figure 3.7: Temperature-time and relevant species concentration traces as predicted by the re-
vised FGAM for iso-octane at 665K, 20 bar when solved by the backward Fuler method. Note that
the revised FGAM does not include species tracking for I. Temperature is plotted against the left
vertical axis; the species concentrations are plotted against the right vertical axis. The species Oo,
Na, HyO and COy were not included in the plot for easier reading of the graph.

The modifications did not significantly alter the performance of the model, evidence of
which is given in the ignition delay curves for n-heptane and iso-octane in Figures 3.9 and
3.8 respectively. For the ignition delay curves, ignition delay and cool flame ignition delay
are plotted against the left vertical axis, and cool flame ceiling temperature is plotted
against the right vertical axis. Note that for these plots, the new FGAM used Floweday’s
set of coefficients for the fuels, and the behaviour of the old and new mechanism can be
seen as near identical.

The new formulation of the FGAM performs similarly to the original FGAM for iso-octane
(Figure 3.8) with both versions predicting a higher cool flame ceiling temperatures at
665 K (1.5 on the horizontal scale) than the DKM. Single-stage fuels are unaffected by
this modification to the model as they only make use of the high temperature pathway
(reactions 5 and 7) for ignition delay prediction [19]. Temperature-time traces for the n-
heptane at 600 K, 770 K and 1000 K representing the performance of the new formulation
of the FGAM in the low, intermediate and high temperature regions have been included
in Figures 3.10, 3.11 and 3.12 respectively.

The modification allowed for the model to be successfully implemented and solved in the
global reactions templates in GT-Suite, detail of which is provided in chapter 5. Although
the original form of the FGAM could be implemented into the global reactions templates,
none of the built-in solvers were able to converge to a solution for a single auto-ignition
event owing to its stiffness.



3.4. NEW FORMULATION OF THE FGAM 71

——OrigFGAMID = & — Orig FGAM CFID —&— New FGAM ID

— @ — New FGAM CFID DKM ID DKM CFID
——%— OFig FGAM CFCT =—e— New FGAM CFCT DKM CFCT
10 1100
L 1000
1
= L 900 o
> | )
& 01 L 800 S
e g
C S
:8 0.01 - 700 Oé.’_
c
5 L 600
0.001 -
L 500
0.0001 400

08 09 1 11 12 13 14 15 16 17
1000/T (1000/K)

Figure 3.8: Performance of the new formulation of the FGAM for iso-octane at 20 bar, ® = 1,
EGR = 0%. Notice that both versions (Original and New) of the FGAM perform similarly with
reference to the Mehl DKM [3].
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Figure 3.9: Performance of the new formulation of the FGAM for n-heptane at 20 bar, = 1,
EGR = 0%. Notice that both versions (Original and New) of the FGAM perform similarly with
reference to the Mehl DKM [3].
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Figure 3.10: Temperature-time traces of both the original and new formulation of the FGAM
against the Mehl DKM [3] for n-heptane at 600 K, 20 bar, ® = 1, EGR = 0%.
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Figure 3.11: Temperature-time traces of both the original and new formulation of the FGAM
against the Mehl DKM [3] for n-heptane at 770 K, 20 bar, ® = 1, EGR = 0%.



3.4. NEW FORMULATION OF THE FGAM 73

New FGAM = = = Orig FGAM DKM

1600
1500 -
1400 -
1300 -
1200 -
1100 - /

1000 - - ——

e e e e o -

Temperature (K)

900 -
800

0 0.0005 0.001 0.0015 0.002
Time (s)

Figure 3.12: Temperature-time traces of both the original and new formulation of the FGAM
against the Mehl DKM [3] for n-heptane at 1000 K, 20 bar, ® = 1, EGR = 0%.
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3.5 Summary of FGAM Stiffness Investigation

The source of the stiffness in the FGAM was found to be the difficulty encountered in
solving for the transient concentration of species I. This problem was overcome by reducing
reactions feeding and depleting I in a pseudo-QSSA form. This reduction removed the
requirement for calculation of the transient concentration of the species. This new revision
to the model allowed for it to be solved by standard implicit Backward Euler integration,
something that could not be achieved with the original form of the model (a fact also noted
in previous work [25]). Further demonstration of the reduction in stiffness is displayed in
chapter 5 where only the revised model was able to be implemented successfully in GT-Suite
engine simulations. In order to demonstrate that the introduction of the pseudo-QSSA from
had not significantly altered the behaviour of the model, both the revised and original form
were benchmarked against the Mehl DKM [3] for two common fuel surrogates, n-heptane
and iso-octane. Both forms of the FGAM preformed similarly with respect to the detailed
kinetic mechanism. However, it should be noted that the revised form of the model used
coefficients calibrated for the original model in these simulations - greater accuracy with
regard to the heat release rates and cool flame timing is expected once the coefficients have
been calibrated via the process developed in the next chapter.



Chapter 4

Calibration of the FGAM

This chapter describes the methods used in calibrating the FGAM to reference data and
discusses the results obtained from the calibration process.

4.1 Development of Calibration Methodology

The FGAM has 40 kinetic rate parameters which can be modified in order to change the
behaviour of the model to fit a particular fuel. Modification of these parameters against
a chosen fitness function is to be achieved through the use of a multi-variable heuristic
solver. This section gives background into the workings of the calibration methodology,
from the choice of solver to the defined fitness function.

Although the modifications made in the chapter 3 have made the model easier to solve,
these changes have not impacted on the solving process for the kinetic constants. Finding
suitable constants using a heuristic solver with a completely random seeded solution is
unlikely. Therefore, the heuristic algorithm will make use of the existing set of kinetic rate
parameters for the fuels and aim to improve upon them based on the fitness function.

4.1.1 Heuristic Solver Selection

The PSO (particle swarm optimisation) and the GA (genetic algorithm) heuristic solvers
were presented in the literature review. In order to determine which solver was best for
the application of calibrating the FGAM to reference data, a comparison between the two
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solvers needed to be drawn. The challenge encountered with directly comparing these
solvers lies with the fact that the GA has numerous options with regard to implementation
since each of the procedures used (i.e. selection, crossover and mutation) can be executed by
several different methods. In contrast, the PSO has a standard method of implementation,
with constants that can be modified to fit the problem, as detailed in section 2.4.1. In order
to most fairly represent and compare the performance of both solvers without favouring
either one, the GA was implemented using the most straightforward of the most commonly
used techniques. This structure was to be amended if it was found that either method far
outperforms the other.

The GA made use of roulette-wheel selection; each new generation formed entirely out
of combinations selected from the old generation (i.e. no parents will be directly carried
through to the new generation). This type of selection method should have prevented
the occurrence of domination of good solutions early on. Midpoint crossover was used to
combine the genes from the selected parents, where the midpoint was allowed to randomly
move along the length of the solution vector. This use of this type of crossover should
further help to avoid the dominance of certain solutions early on. Mutation was introduced
via the randomisation of a single kinetic constant in the solution vector. For the PSO, the
following values for weighting factors ¢y, ¢o and w of 2, 2.5 and 0.4 were found to give good
results for the for the calibration problem. Each solver was seeded with values 10% either
side of coefficients derived by Floweday.

During the comparison of the two heuristic solvers, employing the same fitness function
used by Floweday [19] and Perumal [54], it was found that whilst both methods performed
similarly to one another, the repeatability of results obtained was poor. Additionally, when
allowed to run for over 500 iterations, both methods produced results which smoothed out
key low temperature auto-ignition behaviour such as the cool flame temperature rise. As
mentioned previously, it is important for the FGAM to maintain accuracy in the regions
surrounding this low temperature heat release as this was one of the primary objectives in
the development of the model. The cause of this “smoothed” behaviour was found to be the
fitness function used in the optimisation process - more detail of which is given in section
4.1.2. Whilst trying to compare the heuristic methods to be used for the calibration, the
classic “chicken and egg” situation was encountered. The fitness function was clearly not
performing sufficiently which needed to be addressed, but a new fitness function for the
problem could not be chosen without a heuristic solver in place. Emphasis also needed to
be placed on developing a fitness function which could identify and preserve the required
auto-ignition characteristics. Another important aspect of the calibration that needed
priority was the analysis of the results post-calibration due to the fact that the FGAM was
to be validated in previously untested regions. Therefore, since neither solver significantly
outperformed the other, the choice was made to use the PSO for this application due to the
uniformity and simplicity of its implementation which would enhance the reproducibility
of this work.
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4.1.2 Fitness Function

The fitness function will be used to compare the data produced by the FGAM to reference
data. During the development of the FGAM, its ability to accurately capture cool flame
and NTC behaviour was given highest priority, along with ignition delay timing. In order
to maintain this focus, particularly the accurate modelling of the cool flame, the data used
in the comparison should be in the form of temperature-time traces in order to allow for

comparison of required data.

—FGAM —— DEM

Area between curves

Mormalsed Temperature

Nﬂrmalisled Time

Figure 4.1: A visualisation of the area between the curves calculated by the Shape-Area fitness

function.

The Shape-Area fitness function will approximate the area between two sets of temperature-
time data by calculating the Riemann sum integral, as shown in Figure 4.1. The solution
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which has better fitness will result in a smaller area value. Each rectangle in the Riemann
sum will be a product of difference in temperature in Kelvin and difference in time in
seconds. Due to the rapidity of auto-ignition events, the difference in temperature will be
several order of magnitudes larger than the difference in time. Therefore, the time and
temperature components of the each piece of the Riemann sum needs to be normalised
to prevent the temperature component from dominating the outcome of the calculation.
Perumal [1] implemented a normalisation technique which divided the temperature term
by the auto-ignition cut-off temperature and the time term by the overall ignition delay.
This resulted in the following form of the Riemann sum integral:

1D
err = 1/(TA[ X ]D) X / |TDKM _TFGAM|dt (41)

t=0

where,
Tpra is the temperature predicted by the detailed kinetic model,
Traay is the temperature predicted by the FGAM,
dt is the change in time,
T4y is the temperature at which auto-ignition is assumed to have occurred,
1D is the overall ignition delay.

This fitness function was used by both Floweday [19] and Perumal [54] in the previous
calibration and derivation of the kinetic constants. However, the inherent problem with
a Shape-Area fitness function is that it is purely focussed on reducing the error value,
without regard for the retaining key auto-ignition behavioural elements. For example, in
the case of a well-defined two-stage reference temperature-time trace, it is preferable that
the FGAM also predicts well defined two stage auto-ignition trace with a slight error in
overall ignition delay timing as opposed to indiscernible two-stage behaviour with a smaller
error in overall ignition delay prediction. Due to the structural limitations of the model
which restrict its ability to fit all temperature-time traces exactly, the Shape-Area error
function will begin to smooth out the effects of significant low temperature chemistry in the
pursuit of minimisation of the area between the curves. This “smoothing” was noticed in
the comparison of the two heuristic solvers which used of the Shape-Area fitness function.

The low repeatability of results occurred because the Shape-Area function would sacrifice
accuracy in one area in order to minimise the total overall area, depending upon which
area had greater seeded accuracy. An example of this is shown in Figure 4.2, which
demonstrates the optimised curve sacrificing overall cool flame ignition delay accuracy in
order to minimise the area between the curves in the post cool flame region. Two unique
solutions derived using this fitness function can have the same average error value, with one
solution showing good accuracy in the overall ignition delay timing and another displaying
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better cool flame heat release accuracy. The fitness function should not sacrifice accuracy
in one particular area to achieve greater accuracy in another area. The error should be
reduced in all regions simultaneously, else smoothing of key behavioural elements can occur.
The Shape-Area fitness function does not have provision for that type of control. These
concerns can be addressed by introducing weighting of components in certain temperature
and time regions, so as to preserve the chemistry in certain regions. However, since different
fuels exhibit different auto-ignition behaviour in different regions, this requires the end user
to have detailed auto-ignition knowledge. For this reason, the Shape-Area fitness function
was not used in the calibration process.
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Figure 4.2: The auto-ignition predictions of the Mehl DKM and the FGAM for iso-octane at
725k, 20bar. For the predictions made by the FGAM, Floweday’s original constants as well as
a set optimised using the Shape-Area fitness function were used. Notice how the Shape-Area
function sacrificed cool flame ignition delay timing in order to obtain a better fit in the post cool
flame region.

Five Point

Due to the fact that the Shape-Area function does not prioritise the importance of the cor-
relation of specific key behavioural events in the model and reference data, poor agreement
between the two data sets can occur. Since accuracy in the cool flame and NTC region
was one of the main philosophies behind the development of the model, it follows that a
suitable fitness function for calibration process should directly compare these behavioural
characteristics.

A fitness function has been developed that is based upon the comparison of five key data
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Figure 4.3: The five data points used in the “Five Point” fitness function

points typical of any two-stage auto-ignition event. The five points, displayed in Figure
4.3, are described as:

1. Initial Temperature Rise: the point at which the temperature has risen 5 K above
the starting temperature. Chosen as the point at which the auto-ignition chemistry
has activated.

2. Cool-Flame Ignition Delay: the point at which the cool flame event heat release
rate is at its maximum. During the cool flame event, the heat release initially has a
positive slope of increasing gradient, which transitions into an inflection point, after
which it moves into a positive slope of decreasing gradient. The inflection point at
which the cool flame heat release rate is at a maximum is the chosen point to which
the cool flame ignition delay will be measured.

3. Second Inflection Point: this is the point at which the cool-flame event has ended
and the temperature begins to level off toward the cool flame ceiling temperature.
In this region, the heat release begins with the same slope as that which existed
at the end of the cool flame event, a positive slope with decreasing gradient. After
this point, the mixture is accepted to have settled at constant cool flame ceiling
temperature. However, the ceiling temperature is not constant and the heat release
in this region has a minor positive slope of increasing gradient. Therefore, the heat
release must have undergone a point of inflection to go from a slope of decreasing
gradient to a slope of increasing gradient.
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4. Cool Flame Temperature Rise: the temperature of the mixture subsequent to
the cool-flame event but prior to the main ignition event.

5. Ignition Delay: the overall ignition delay of the auto-ignition event

For a single-stage auto-ignition event, the comparison will reduce to two-points as the
cool-flame ignition delay, second inflection point and cool flame temperature rise data will
be inconsequential. The challenge with the implementation of this method is finding a way
of identifying these sets of points for an auto-ignition event. In the case of a reaction-rate-
based model, this can be accomplished by tracking certain species whose reaction rates
or concentrations coincide with certain events. However, data obtained from experimental
apparatus is usually on in the form of temperature-time or pressure-time traces. Therefore,
a method needs to be derived which can identify these points from temperature/pressure-
time data only, making the fitness function applicable for a range of applications. The
following methods will be used to determine each of the five points:

1. Initial Temperature Rise: This is a relatively simple to identify as the time at
which the temperature has increased 5 K above the starting temperature.

2. Cool Flame Ignition Delay: In order to monitor the inflections point that occur
during the heat release, the second derivative of the temperature with respect to
time is needed. The time at which the first instance of the second derivative of
temperature is zero after the activation of the auto-ignition chemistry is classified as
the cool flame ignition delay.

3. Second Inflection Point: Following from the cool flame ignition delay, the time at
which the second derivative of the temperature-time trace is zero subsequent to the
cool flame ignition delay will be classified as the second inflection point.

4. Cool Flame Temperature Rise: The ceiling temperature will be defined as the
temperature at the time halfway between the cool flame ignition delay and overall
ignition delay. The temperature rise is the difference between the ceiling temperature
and the initial temperature.

5. Ignition Delay: This is another relatively simple calculation and is the recorded
time at which the temperature exceeds the auto-ignition cut-off temperature.

One foreseeable issue with the implementation of this technique is the weightings given to
the each of the five points during the evaluation, specifically the events relating to the cool
flame. The accuracy of the FGAM for events relating to the cool flame is only desirable
in the intermediate temperature regions where the cool flame manifests. Although a very
minor cool flame heat release may occur close to the ignition delay at low temperature and
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very early on at high temperature, the ability of the model to match these cool flame events
in not as useful as matching the easily discernible cool flame events in the intermediate
temperature zone. Furthermore, weightings given to the various components of this error
function should be based on the importance and usefulness of the data point in question.
For this application, the overall ignition delay ranks as the most important event as it is
the point at which the main heat release occurs, and was accordingly given a normalised
weighting of 1. The next three components from most to least important are the cool flame
ignition delay, cool flame temperature rise and second inflection point. Lastly, the initial
temperature rise ranks of least importance as it was included in this fitness function purely
to indicate the activation of auto-ignition chemistry. The cool flame ignition delay and
cool flame temperature rise were given a normalised weighting of 0.5, whilst the second
inflection point and initial temperature rise were given a weighting of 0.25.

Another advantage of the Five Point method is that it only requires the five data points,
not a full temperature trace for each calibration experiment. These point could even be
determined from pressure traces and input directly directly into the calibration code if
adequate smoothing cannot be performed on the raw data.

Comparison of the Fitness Functions

Table 4.1 displays a comparison in the average error of the set of kinetic constants op-
timised by the PSO using the Shape-Area and Five Point fitness functions, against the
accuracy achieved by Floweday’s original set of kinetic constants for stoichiometric iso-
octane at 20 bar with 0% EGR. Figure 4.4 displays to the eight temperatures used in this
optimisation. Notice from the table, that although the average error of the cool flame
and overall ignition delays is approximately equivalent for both fitness functions, the cool
flame temperature rise error of the Shape-Area solution is double that of the Five Point
solution. Consequently, the total average error of the Five Point solution is 6.67% less than
that of the Shape-Area solution. It should also be noted that the Shape-Area function did
not produce a consistent optimisation, always indirectly favouring one particular feature of
auto-ignition behaviour. The temperature-time traces presented here show the Shape-Area
function favouring the overall ignition delay. In other optimisations, the accuracy in cap-
ture of the cool flame temperature rise was favoured, at the expense of the cool flame and
overall ignition delay timing. However, the Five Point function was able to consistently
reduce the average errors across all of the categories, as per the assigned importance of each
of the features discussed in section 4.1.2. From a research based standpoint, repeatability
and consistency of experimental results is highly important. Due to the fact that the Five
Point function outperformed the Shape-Area function in terms of solution consistency and
overall accuracy, it was chosen fitness function to be used in the calibration routine.
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Figure 4.4: Iso-Octane at 20bar, EGR = 0%, ¢ = 1.
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Table 4.1: Comparison of Performance of Shape-Area and Five-Point fitness function with a
PSO routine

Average Error
ID CF 1D CFdT Average
Floweday 12.12% 14.81% 64.47% 30.47%
Shape-Area 4.04% 3.53% 40.14% 15.90%
Five Point 5.30% 2.55% 19.85% 9.23%

Integration Method

Although the modification to the structure of the FGAM has reduced its stiffness and
allowed for it to be solved via implicit methods, the stiffness of the system is still affected by
set of kinetic rate parameters. If a particular solution inside a heuristic solver were to have
a particularly stiff set of kinetic constants that caused the implicit integration method to
crash, the optimisation routine may also crash in this instance. For this reason, the forward
Euler with adaptive time-stepping integration will be used as part of the optimisation
process due to the fact that it will still be able to evaluate the FGAM regardless of the
stiffness of the set of kinetic constants.

4.2 Results & Discussion of the Calibration of the
FGAM

Now that the optimisation routine has been shown to work at constant EGR and equiv-
alence ratio conditions, the task moves to fitting a more complete description of fuels. In
this section, the results of the calibration of the model to a DKM using the routine chosen
in previous section are presented. Prior to the optimisation, a major area of weakness in
the model was discovered, which required changes to be made to the experimental design in
order to ensure a useful solution set. Following this, the results of the calibration based on
the amended experimental design is presented, along with an investigation into the regions
where the fit of the FGAM was poor against the DKM.

4.3 Investigated Conditions

In the literature review, the target range of fuels and conditions to be used in the kinetic rate
parameter calibration process were presented. Ideally, one set of coefficients would allow the
FGAM to describe one fuel for a wide range of pressures, temperatures, equivalence ratios
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and EGR rates. However, as more variables are introduced into the calibration process,
the achievable accuracy of the model for one specific variable is reduced. Compromises
are made by the calibration algorithm in order to reduce the overall error, at the cost
of the sensitivity of the model to a specific parameter. The focus of the optimisation
process depends on the application for which the model is used. For example, if the EGR
introduced into the fresh charge is to be fixed at 20%, it may prove more accurate to use a
set of parameters that has been optimised with EGR fixed a 20%, as opposed to parameters
which have been derived from an optimisation process which included a variety of EGR
rates.

The FGAM has already been partially validated for a number of fuel surrogates; using
any one of these fuel surrogates in the calibration process will suffice to demonstrate the
possible accuracy increase achieved for all of them through this optimisation. For the
development of the calibration routine, the coefficients for pure n-heptane and iso-octane
will be optimised. There exists significant quantities of literature detailing the auto-ignition
behaviour of these fuels under various conditions which will be useful in the event that the
FGAM displays poor performance in previously untested regions. In addition, a set of
coefficients will be developed for PRF50 (50% iso-octane and 50% n-heptane) in order to
demonstrate that the calibration routine is able to find a good solution for a fuel without
the aid of a good seeded solution.

The upper bound of the equivalence ratio limit has been chosen to be 1.5. According to the
standard chemical balance for the combustion of hydrocarbons for rich equivalence ratios
displayed in equation 4.2, n-heptane and iso-octane begin to form carbon for equivalence
ratios greater than 1.46 and 1.47 respectively. Since soot is a regulated emission, engine
manufacturers are likely to avoid using equivalence ratios beyond that at which carbon is
formed.

C.Hy + a(Oy + 8’—;?]\72) = bCO;+ cHO+dCO +eN2+ fC (4.2)

where,
a,b,c,d, e, f are balanced chemical equilibrium coefficients,
x,y are the number of C and H atoms per molecule of the hydrocarbon fuel.

This upper equivalence ratio value also does not bias the model toward accuracy in the
super rich regions at the expense of accuracy in the lean region, seeing as the range from
the stoichiometric conditions to the upper flammability limit is greater than the range
from the lower lammability limit to stoichiometric conditions according to Table 2.4. The
lower bound has been chosen as 0.8, halfway between the lower lammability limit for the
fuels used and stoichiometric conditions. Since the lower bound is closer to stoichiometric
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conditions compared to the lower lammability limit, it should not restrict the optimisation
algorithm as much as a leaner value when fitting the rich region.

From the literature review presented in section 2.5.1, pressures of 20, 40 and 60 bar, 8
temperatures from 600 K to 1200 K and EGR percentages of 0%, 30% and 45% will be
used. This choice of conditions ensures that we have low, medium and high variation of the
effect of each parameter represented in the experimental design. From these chosen ranges
for temperature, pressure, equivalence ratio and EGR, the experimental design in Table
4.2 was developed representing a matrix of 72 constant volume experimental conditions (8
temperatures per case for 9 cases).

Table 4.2: Investigated Conditions : 72 Experiments

Case No. | Pressure(bar] EGR (%) Phi
1 20 0 0.8
2 20 30 1.5
3 20 45 1
4 40 0 1
5 40 30 0.8
6 40 45 1.5
7 60 0 1.5
8 60 30 1
9 60 45 0.8

4.3.1 Operating Limits of the FGAM

During the process of calibrating the FGAM, it was found that the mechanism is unable
to robustly predict auto-ignition for mixtures with high equivalence ratios and high EGR
rates. For the factorial design of experiments used in the calibration process, shown in
Table 4.2, this resulted in a large error overall error for conditions 2 and 6. For all of these
experiments, the constitution of the recycled exhaust gas was based on the equivalence
ratio (i.e. lean mixtures contained excess Oy, stoichiometric mixtures contained COs and
H>0, whilst rich mixtures contained COy, H,O and CO). In an actual engine under real
world conditions, the EGR constitution would be based on the properties of the in-cylinder
mixture. The reason for the failure of the FGAM to predict ignition delay for mixtures
with high equivalence ratios and high EGR rates is due to the presence of CO at the start
of the auto-ignition event. Significant amounts of C'O present at this time will result in
the immediate activation of reaction 8, given by the following reaction rate:

RR8 = [CO®[0,)® K8
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This reaction is responsible for initiating heat release in the model and should only be
activated after fuel has been converted to intermediate species () or Y. However, with a
significant quantity of CO present at the start of auto-ignition combined with artificially
accelerated C'O to C'Os conversion used in the model, heat is released early on, speeding
up auto-ignition due to the temperature rise, whilst also stealing oxygen from the fuel
and intermediate species. The combination of these conditions causes the model to either
severely under-predict ignition delay or fail altogether due to numerical instability. An
example of this is displayed in Figure 4.5, which shows the ignition delay prediction of the
FGAM against the DKM at a 45% EGR rate for equivalence ratios greater than and equal
to 1. Notice that the FGAM initially under predicts the ignition delay as the equivalence
ratio is decreased before failing to predict a full ignition delay curve at a value of 1.2. In
contrast, the DKM was able to predict ignition delays for 45% EGR rates for equivalence
ratios as high as 3.
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Figure 4.5: The performance of the FGAM versus the DKM for rich miztures of n-heptane with
EGR rates of 46%. Notice that the FGAM is not able to predict a full ignition delay curve for an
equivalence ratios greater than or equal to 1.2.

In an attempt to solve this problem and possibly increase the range of operation of the
FGAM, either the sensitivity of reaction rate 8 needed to be decreased or the activation of
the reaction needed to be delayed by other means. Reducing the sensitivity of this reaction
rate was achieved by reducing its pre-exponential multiplier value (i.e. InA8 in Table 3.1).
Although this alteration did allow the model to solve for all regions tested, the average error
in ignition delay prediction rose to 41%, almost double that of Floweday’s original upper
bound error limit for the model of 23%. This increased error was the result of a slower
ignition delay period due to slower heat release. To delay the activation of reaction rate
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8 without modifying its speed, a dependency on intermediate species Y was introduced.
Although, this did successfully delay the activation of the reaction, which resulted in better
ignition delay timing, the peak temperature of the main heat release event was relatively
low due to the depletion of Y occurring before enough C'O could be converted to COs.

Literature was consulted in order to determine how other researchers were able to overcome
this problems in other global and reduced auto-ignition model formulations. The Zheng
model [20] was one of the existing global models to incorporate the CO-C O, equilibrium
into its structure, as opposed to a fixed general end product mixture of used in the Schreiber
[21], Miiller [22] and Shell [18] models. However, the Zheng model was only used in
extremely lean regions with equivalence ratios ranging between 0.4 to 0.5, and did therefore
not encounter the same problem. During Hamosfakidis’s [33] optimisation of the Shell
model, the model was validated for rich regions and included EGR. However, the EGR was
based on stoichiometric conditions, consisting of only COy and H,O, and was therefore
not valid for all of the conditions in which it was used. Nevertheless, since the Shell model
does not incorporate a CO-C'O4 equilibrium into its structure, it should theoretically not
fail when C'O is introduced at the start of the ignition delay.

It is useful to design in regions in which the model was originally validated (i.e. lean
to stoichiometric equivalence ratios with minimal to high EGR rates) as these conditions
promote a more efficient combustion. However, regions of high equivalence ratios and high
EGR rates can occur locally in the cylinder, which may warrant investigation into this
area in future research. Nevertheless, resolution in this area was not required for the scope
of this research. Therefore, for this optimisation process, the conditions retained from the
factorial design were all those with lean to stoichiometric air-fuel ratios as well as the rich
mixtures without EGR. The amended experimental design is given in Table 4.3.

Table 4.3: Amended Experimental Design : 56 Experiments

Case No. | Pressure(bar) EGR (%) Phi
1 20 0 0.8
2 20 45 1
3 40 0 1
4 40 30 0.8
5 60 0 1.5
6 60 30 1
7 60 45 0.8

This represents a matrix of 56 constant volume experimental conditions (8 temperatures
per case for 7 cases) which were used in the calibration process. In more detailed simula-
tions of in-cylinder combustion where regions of high EGR and high equivalence ratio can
occur locally, it is currently advisable to implement the FGAM with stoichiometric EGR.
However, this assumption may prove inaccurate in regions where carbon is formed, and
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for this reason, it is recommended that the structure of the CO-C' O, equilibrium of the
FGAM is amended in the future. Alternatively, the CO from the EGR should be made
inert (i.e. a separate species used).

4.3.2 Results of Calibration Process

The comparative overall auto-ignition performance of the FGAM for the 56 experimental
data points of Table 4.3 for n-heptane is presented in Figure 4.7. The plots for iso-octane
and PRF50 are included in Appendix C. The calibrated coefficients for all three fuels have
been included in Appendix A. It is important to note that the coefficients developed in
this work are one of many possible sets of solutions for the FGAM under these specific
conditions - the aim of this work was not to find all possible solution sets, but rather one
which worked.

The graphs consist of overall ignition delay, cool flame ignition delay and cool flame ceiling
temperature curves. Note that left vertical axis is plotted on a log scale, with the cool
flame ignition delay and overall ignition delay plotted against the vertical ignition delay
axis, and the cool flame ceiling temperature plotted against the vertical temperature axis.
Table 4.4 demonstrates the improvement in accuracy made by the calibration routine for
the new formulation of the FGAM for n-heptane, iso-octane and PRF50. Included in the
table for reference is the accuracy achieved by Floweday for the original form of the model
using the original sets of coefficients. Since Floweday did not derive a set of coefficients
for PRF50, the calibration routine was seeded with an average of its coefficients of its
constituent fuels (n-heptane and iso-octane). The average error in the final column of the
table refers to the average of the ignition delay, cool flame ignition delay and cool flame
temperature rise errors.

Table 4.4: The Performance of the Calibration Methodology for the FGAM

Error (%)

Fuel Coefficient Set ID CFID CFdT Average
Floweday 27.02% 29.57% 49.74% 35.44%
n-Heptane| Pre-Calibration 27.67% 21.46% 71.17% 40.10%
Calibrated 24.73% 18.41% 44.82% 29.32%

Floweday N/A N/A N/A N/A
PRF 50 Pre-Calibration 62.69% 38.04% 35.75% 45.49%
Calibrated 22.66% 25.08% 35.42% 27.72%
Floweday 24.58% 19.51% 37.46% 27.18%
iso-Octane  Pre-Calibration 23.83% 17.37% 39.44% 26.88%
Calibrated 20.96% 14.90% 26.96% 20.94%

The calibrated set coefficients reduced the average error of the new formulation of the
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model by between 5.94 % and 17.77% for the three fuels. Furthermore, the calibrated
coefficients have an average error between 6.12% to 6.24% lower than Floweday’s original
model using his set of coefficients for the fuels. This demonstrates that the calibration
routine successfully performs the function for which it was designed. The running time of
the calibration for each fuel for the 56 conditions was between 2 hours 45 minutes and 3
hours, solved using MATLAB on a computer with a quad-core i5 processor and Windows
7. It was noticed that the average ignition delay error of n-heptane for both versions of
the FGAM was above the error tolerance of 11-23% stated by Floweday in his original
validation of the model. From inspection of the of all seven cases, it was seen that the
FGAM performed weakest in cases 2 and 5. This is also true when consulting the ignition
delay curves of iso-octane and PRF50. The poor agreement of ignition delay and cool flame
ignition delay in the NTC region of case 2, as well as the poor agreement of the ignition
delay in the high and N'TC regions of case 5 were considered the most likely causes of the
increased overall ignition delay error of the model.
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Figure 4.6: A graph displaying the performance of the FGAM for n-heptane at 20 bar, 40%
EGR, ® = 1 from Floweday’s development of the model [19]. These conditions are similar to
those of case 2, and display the same poor fit in the NTC region.
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Figure 4.7: Calibration of n-Heptane according to the cases described in Table 4.3.
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4.3.3 Sensitivity of FGAM to varying EGR Rates and Equiva-
lence Ratios

Case 2 is representative of a high EGR condition. Floweday included an experiment similar
to that of case 2 in his initial solving for the kinetic constants of n-heptane: 20 bar, EGR
= 40% and ® = 1. The performance achieved by Floweday for this condition is displayed
in Figure 4.6. Notice that in both Figure 4.6 and case 2 of Figure 4.7, the FGAM under
predicts the ignition delay and cool flame ignition delay timing in the NTC region. Case
5 is representative of high equivalence ratio condition and it was not surprising that the
model had performance issues in this area as it had not been previously validated for this
region. In order to determine the reason for the FGAM’s poor performance for each of these
cases, it was decided to investigate sensitivity of the FGAM to varying EGR percentages
and equivalence ratios. This investigation is presented in section 4.3.3.

EGR

As mentioned in section 4.3.2, the FGAM performs worst in cases 2 and 5. Case 2 is
representative of a high EGR conditions, whilst case 5 is representative of high equivalence
ration conditions. In order to determine the reason behind the model’s performance in
these regions, ignition delay sweeps for n-heptane for varying EGR rates and equivalence
ratios were performed at 20 bar pressure and stoichiometric air-fuel ratio. The DKM’s
sensitivity to varying EGR rates is presented in Figure 4.8, along with the sensitivity of
the modified model in Figure 4.9 as well as that of the original form of the model in Figure
4.10. Note that the FGAM does not display cool flame behaviour for temperatures below
770 K (greater than 1.3 on the horizontal scale of the ignition delay graph). This issue
was mentioned previously in section 3.4 during the investigation of the cause of stiffness in
the model. Since this issue was not corrected by the calibration routine, it is most likely a
problem inherent in the structure of the model.

The DKM becomes sensitive to the effects of differing EGR rates for temperatures greater
than 665 K. The trend displayed by the DKM is of increasing EGR rates resulting in
an increased overall ignition delay, increased cool flame ignition delay and decreased cool
flame ceiling temperatures. A pronounced difference between the ignition delay at the
different EGR rates is found in the NTC region, which becomes less pronounced at higher
temperatures.

The original and modified model display the same behaviour throughout these varying
EGR sweeps, further validating the fact that the modifications made do not impact on the
performance of the model. However, both forms of the FGAM do not display a significant
sensitivity to varying EGR rates in the NTC region, but do display the correct trend
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Figure 4.8: The sensitivity of the DKM of Mehl, for n-heptane at 20 bar and stoichiometric
air-fuel ratio, to varying EGR percentages.

—o— 0% EGRID
—4+— 30% EGR ID

- % = 0%EGRCFID —=— 15%EGRID
= + = 30%EGR CFID —«—45% EGR ID

— @ — 15% EGR CFID
— — — 45% EGR CFID

0% EGR CFCT —— 15% EGR CFCT —#— 30% EGR CFCT 45% EGR CFCT
1 T T T T T
_. 01 / s
<
E -
<]
S 001 - -
c
S
.g) I~
= 0001 - % -
. -« I d
0.0001
0.6 0.8 1 1.2 1.4 1.6 18

1000/T (1000/K)

1200
1100
1000
900
800
700
600
500
400

Temperature (K)

Figure 4.9: The sensitivity of the modified FGAM wusing the calibrated coefficients, for n-heptane
at 20 bar and stoichiometric air-fuel ratio, to varying EGR percentages.
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Figure 4.10: The sensitivity of the original FGAM using Floweday’s coefficients, for n-heptane
at 20 bar and stoichiometric air-fuel ratio, to varying EGR percentages.

concerning EGR and equivalence ratio in the high temperature region. As a result, in the
NTC region, the FGAM with 45% EGR rate displays the same ignition delay behaviour
as the DKM with 0% EGR, as shown in Figure 4.11. This explains the FGAM under
predicting the ignition delay in the NTC region of case 2, resulting in a poor overall fit in
this region. Another point to note from Figure 4.11 is that the FGAM does display correct
EGR sensitivity in the high temperature region, which is also displayed in case 2 of Figure
4.7. This is reason for the FGAM being able to match the high temperature ignition delay
in case 2. Recall that Floweday only included one experimental condition which included
EGR in the initial solving of the kinetic rate parameter for the fuel, as mentioned in section
2.3.3. It was therefore expected that the FGAM would not display good sensitivity to EGR
as the solution set of kinetic constants was dominated by non-EGR conditions.

Equivalence Ratio

The behaviour of the DKM for various equivalence ratios is displayed in Figure 4.12. From
the figure, it is seen that the DKM is not sensitive to the changing of equivalence ratios in
the low temperature region. Equivalence ratio effects only begin to significantly influence
ignition delay for temperatures greater than 715K (less than 1.4 on the horizontal scale).
Increasing equivalence ratio results in a decreased ignition delay, decreased cool flame
ignition delay and increased cool flame heat release throughout the NTC region. The
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Figure 4.11: The sensitivity of the DKM, for n-heptane at 20 bar and stoichiometric air-fuel
ratio, to varying EGR percentages, with an overlay of the performance of both versions of the
FGAM at /5% EGR. Notice that although both versions of the FGAM under predict ignition
delay in the NTC region, they are able to fit both the high and low temperature region.

nature of the sensitivity behaviour is similar to the DKM’s response to EGR effects in
the NTC region. An interesting point to note is that the ignition delay converges for
all equivalence ratios in the high temperature region. In the high temperature region,
EGR effects still significantly influenced ignition delay, whereas equivalence ratio effects
do not. The FGAM however, displays no significant sensitivity to equivalence ratio effects
until late in the NTC region, as displayed in Figures 4.13 and 4.14. In fact, the FGAM’s
cool flame ignition delay predictions are approximately equivalent for all equivalence ratios
presented. It is also expected that higher equivalence ratios, as with lower EGR rates, result
in higher cool flame heat releases (and therefore ceiling temperatures), as demonstrated
by the DKM in Figures 4.12 and 4.8. However, the FGAM actually displays the reverse
trend, with leaner mixtures having higher cool flame ceiling temperatures, which results
in all equivalence ratios having the same final ignition delay. Furthermore, note that once
again the FGAM does not display the same low temperature cool flame behaviour as the
DKM (i.e. the low temperature cool flame seen in the DKM is not present in the FGAM
under these conditions). Additionally, the FGAM still displays the influence of equivalence
ratio effects at high temperatures, unlike the DKM. This fact is more clearly displayed in
Figure 4.15, which shows that although for the case of ¢ = 1.5 (similar to case 5), the
FGAM is able to match the low and NTC temperature regions of the FGAM, it is unable
to match the DKM at high temperatures.
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Figure 4.12: The sensitivity of the DKM of Mehl, for n-heptane at 20 bar and stoichiometric
air-fuel ratio, to varying equivalence ratios.
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Figure 4.13: The sensitivity of the modified FGAM using the calibrated coefficients, for n-
heptane at 20 bar and stoichiometric air-fuel ratio, to varying equivalence ratios.
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Figure 4.14: The sensitivity of the original FGAM using Floweday’s coefficients, for n-heptane
at 20 bar and stoichiometric air-fuel ratio, to varying equivalence ratios.

Discussion of the FGAM'’s Sensitivity to EGR and Equivalence Ratio

It is expected that any model will have a limited range of applicability, however, it is more
important to determine whether or not these operating limitations affect the usefulness
of the model. As mentioned in section 2.5.1, one of the main reasons behind the use of
EGR in modern internal combustion engines is to reduce regulated emissions, such as soot
and NOx, through lowering of the peak combustion temperatures. This was one of the
key design philosophies behind the HCCI engine cycle. Due to the ever more stringent
vehicle emission legislation being passed globally in an effort to reduce human carbon
footprint, vehicle manufacturers are increasingly employing the use of EGR and other
emission reducing techniques in contemporary internal combustion engines in order to
comply with the legislation. As more modern engines adopt EGR subsystems, an accurate
method of modelling the effect of EGR on ignition delay and combustion is needed in order
to ensure that the engine runs as efficiently as possible. Unfortunately, due to the fact that
the FGAM does not display correct sensitivity to EGR effects in its current state, it would
not be useful as a modelling tool for engines running EGR. In its current form, this is a
major obstacle that can prevent widespread adoption of the model.

In an internal combustion engine, the phenomenon of cycle to cycle variation means that in
each cycle, the composition of the mixture in the cylinder differs slightly from the previous
incarnation, which leads to differences in the combustion and heat release characteristics.
The composition of the fuel air-charge is dependent on a variety of different factors, rang-
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Figure 4.15: The sensitivity of the DKM, for n-heptane at 20 bar and stoichiometric air-fuel
ratio, to varying equivalence ratios, with an overlay of the performance of both versions of the
FGAM at ® = 1.5. Notice that both versions of the FGAM do not converge to the same high
temperature ignition delay prediction as the DKM.

ing from the control systems of the engine to the environmental conditions and chemical
composition of the fuel. In order to ensure that the engine is designed to cope with all
applicable variations on the intake charge, each scenario needs to be modelled. Due to the
FGAM’s lack of sensitivity to equivalence ratio effects in the low to intermediate tempera-
ture zone, it would be unsuitable for modelling in this application. The lack of equivalence
ratio sensitivity also means that the FGAM is not suitable for integration into complex
CFEFD (computational fluid dynamics) simulations of spray and combustion events. In such
a simulation, if the fuel is introduced to an environment where temperatures are close to
that of the fuel’s NTC region, the FGAM would predict the same ignition delay for the
localised rich region surrounding a droplet as it would for leaner regions further away from
the droplet. These errors would compound for the entire spray of droplets and decrease
the likelihood of producing useful data.

One of the methods that can be used to overcome the FGAM'’s lack of sensitivity to these
factors would be to calibrate the model for a fixed EGR and/or equivalence ratio condition.
In order to validate this course of approach to the problem at hand, the fit of the FGAM
was optimised for the above mentioned cases 2 (high EGR) and 5 (high equivalence ratio)
for n-heptane. The fit achieved in the subsequent optimisation is presented in Figures 4.16
and 4.17. The running time of the calibration routine for each these fixed condition cases
was approximately 20 minutes. Table 4.5 presents the accuracy achieved for cases 2 and
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5 before and after this additional optimisation. Notice that the optimisation performed
under these fixed conditions has drastically reduced the ignition delay, cool flame ignition
delay and cool flame temperature rise errors. However, the cool flame temperature rise
error of case 2 after the additional calibration is still greater than 50% (down from over
150%). This may not be critical depending on the application in which the model is used
since the ignition delay error is less than 10%. Nevertheless, it may be possible to achieve
even greater accuracy by rectifying the sensitivity of the FGAM to EGR and equivalence
ratio effects through changes to the structure of the model.
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Figure 4.16: FGAM calibrated for case 2 of experimental design only. Notice the better fit that
is achieved compared to case 2 of Figure 4.7.
Table 4.5: Performance of Calibration for a Single Condition for n-heptane: Case 2 & Case 5

Error (%)
Case Coefficient Set 1D CFID CFdT Average
Pre-Calibration 41.61% 53.02% 153.94% 82.86%
Case 2 Calibrated 8.14% 26.78% 64.39% 33.10%
Pre-Calibration 50.40% 16.46% 28.74% 31.87%
Case b Calibrated 10.62% 14.40% 3.36% 9.46%

The area of the model which needs most attention structurally is the low temperature
pathway. Recall that the model did not display the same sensitivity as the DKM to EGR
and equivalence ratio effects for low to intermediate temperatures, but did distinguish
between variances in these values at higher temperatures. It was noticed from Figures 4.9,
4.10, 4.13 and 4.14 that the cool flame hook was unaffected by changes in EGR rates and
equivalence ratios. Referring to Floweday’s explanation of the function of each reaction in
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Figure 4.17: FGAM calibrated for case 5 of experimental design only. Notice the better fit that
is achieved compared to case 5 of Figure 4.7.

the FGAM, presented in section 2.3.2, it is reaction 1b which controls the cool flame hook.
Reaction rate 1 already contains both and oxygen and fuel terms, and should therefore
already be sensitive to changes in EGR rates and the quantity of air to fuel. It may
prove more effective to introduce a dependence on water, which is present in exhaust gas.
However, this could potentially result in a shutting down of reaction rate 1 under conditions
without EGR.

The cool flame timing in the FGAM coincides with the maximum concentration of species
(@, and introducing the correct fuel and oxygen dependencies on the other reactions which
interact with this species may result in the model displaying the same sensitivity as the
DKM. In the new formulation of the model, reactions 2, 3 and 4 have been reduced via
a pseudo-QSSA, as described in chapter 3, which uses the original forms of the individual
reaction rates. From the original forms of these reaction rates, it is noticed that whilst
only reaction 2 is sensitive to changes in air-fuel ratio through the inclusion of a fuel term
in the reaction rate equation, none of the reactions rates equations allow for the reactions
to be sensitive to varying EGR rates. Therefore, it should be investigated whether or not
including an oxygen term in reactions 2, 3 and 4 and a fuel term in reactions 3 and 4, and
then redefining the pseudo-QSSA assumption will cause the FGAM to display the desired
sensitivity to EGR and equivalence ratio.

Reaction rate 6 contains an oxygen terms in its current form. However, due to the incorrect
trend displayed by the FGAM regarding the cool flame heat release, with lower air fuel
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ratios having higher heat release, it may prove necessary to include a fuel term in this
reaction rate equation. Achieving the correct behaviour with regard to low temperature
heat release magnitude and timing in the FGAM through changes to the structure of the low
temperature pathway should correct sensitivity of the overall ignition delay timing in the
low to intermediate temperature regions, since the high temperature pathway did display
sensitivity to EGR and equivalence ratio effects. Once the changes to the structure have
been made, further accuracy can be achieved through the use of the calibration routine.
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4.4 Summary of the FGAM Calibration

A calibration methodology was developed in this chapter which incorporated a PSO algo-
rithm with the Five Point fitness function. The Five Point function compares five key data
points from the temperature time trace of the reference data and the FGAM. In this way,
the fitness function could be tuned to focus on the cool flame ignition delay, overall ignition
delay and cool flame heat release. Using a factorial experimental design, 72 data points
were initially derived for the calibration process. However, upon initial inspection of the
first set of calibration results, it was found that the FGAM encountered difficulty fitting to
regions of rich equivalence ratios and high EGR rates. Upon further investigation, it was
found that the FGAM did not display significant sensitivity to variances in EGR rates or
air-fuel ratios, especially when compared to the experimentally validated DKM of Mehl et
al. [3].

Given the issues the FGAM has with equivalence ratio and EGR, it was decided not to pur-
sue the original calibration matrix which included EGR and equivalence ratio combinations
even if this could be solved by using inert EGR. This reduced the number of data points
in the calibration matrix to 56. The calibration was then performed using the revised data
points and resulted in a decrease in average error over the cool flame ignition delay, overall
ignition delay and cool flame temperature rise of over 6% compared to Floweday’s original
set with the original form of the model. Additionally, the average error reduction of the
calibrated coefficients over the seeded values used in the revised model were as large as
18%. It is important to note that the coefficients developed in this work are one of many
possible sets of solutions for the FGAM under these specific conditions - the aim of this
work was not to find all possible solution sets, but rather one which worked. Further-
more, it was also shown that the calibration routine could reduce the error to acceptable
limits when in the cases of high EGR rates and rich equivalence ratios when optimised
for those specific conditions. Nevertheless, it was noted that calibrating coefficients for a
single condition would be more time consuming for large scale experimentation. Therefore,
recommendations were made as to possible changes that could be made to the model to
improve its sensitivity to EGR and equivalence ratio effects.



Chapter 5

Integration of the FGAM into
GT-Suite

This chapter details the implementation of the FGAM into GT-Suite. The chosen route by
which this implementation was achieved was through use of the global reactions templates,
mentioned in section 2.5.4. There were two templates available, GlobalReactions, for use
with exhaust gas after-treatment simulations and EngCylChemGlobal, for describing in-
cylinder chemical kinetics in an engine simulation. As mentioned previously, these built-in
templates have facilities that allow for the entering of non standard reaction rate forms, of
which there are two in the new formulation of the FGAM.

The modifications to the structure of the FGAM performed in chapter 3, allowed for
the FGAM to be solved by the solvers built into the templates. It was noticed during
implementation of the FGAM into GT-Suite that the model could be solved using the faster
BDF solver when implemented with iso-octane, whereas implementation with n-heptane
required the use of the slower, more robust RADAU solver. This is likely due to the
considerably larger value of constant A4 for n-heptane compared to iso-octane, since this
is the only significant difference between the implementation of both fuels. Nevertheless,
both cases are an improvement over implementation of the original form of the model
into GT-Suite, which was not able to be solved at all by the built-in methods due to its
stiffness. The modifications made to the FGAM should translate to the model being more
easily implemented in other chemical kinetic solvers in other software packages. Further
details of the performance of the FGAM in GT-Suite is given in the sections that follow.
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5.1 Constant Volume Adiabatic Reactor

A constant volume adiabatic reactor was constructed in GT-Suite making use of the
GlobalReactions template. Although this template is aimed at exhaust gas after-treatment,
it can be used in the configuration shown in Figure 5.1 for a constant volume adia-
batic reactor. The EngCylChemGlobal template has the same inputs and solvers as the
GlobalReactions template, but can only be invoked as part of the combustion mechanism
in a full engine simulation. This would not allow for accurate comparison of the ignition de-
lay and overall auto-ignition behaviour to the results derived from the optimisation routine
of chapter 4.

In light of the findings in made in sections 4.3.1 and 4.3.3, the reactor conditions contained
no EGR and maintained stoichiometric air-fuel ratio.

FGAMuZ

= i
SignalHold tirme
:‘1
IgnitionDelay HaltSimulation

Figure 5.1: A simple constant volume adiabatic reactor in GT-Suite. In its current configura-
tion, the FGAM is responsible for the chemical kinetics inside of the closed pipe section.

The reactor experiments consisted of temperature sweeps, consisting of 24 experiments in
total, of n-heptane for the conditions shown in Table 5.1. The ignition delay as solved by
GT-Suite’s RADAU solver for these conditions is displayed in Figure 5.2. A comparison
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of the auto-ignition behaviour of the FGAM predicted using the RADAU solver versus the
forward Euler with adaptive time-stepping is presented in Table 5.2. The RADAU solver
took approximately 7 seconds to complete the eight temperature experiments per pressure,
which is longer than the 0.5 second time recorded by the forward Euler solving routine in
MATLAB® (using a computer with a quad-core i5 processor and Windows 7).

From Table 5.2, it is seen that average difference in prediction of ignition behaviour for the
FGAM when solved by the two different methods is no greater than 3%. This difference is
insignificant in magnitude, and only exists at all due to the difference in time step taken
by both of the solvers which affects the final time at which the various key aspects of
auto-ignition are captured. This slight variation could also be caused by minor differences
in the specific heat values used in the two implementations. This is a positive outcome
which serves to demonstrate that the FGAM should provide the same results regardless of
the solving technique used.

Table 5.1: Constant Volume Adiabatic Reactor Conditions

Case No. | Pressure(bar) EGR (%) Phi
GT1 20 0 1
GT2 40 0 1
GT3 60 0 1
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Figure 5.2: The FGAM solved by the RADAU solver built into GT-Suite for n-heptane at 20,
40 and 60 bar, EGR = 0%, ® = 1.
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Table 5.2: Difference in auto-ignition prediction for the FGAM when solved by RADAU and
Forward Euler

Error (%)
Case No. Ignition Delay Cool Flame Ignition Cool Flame
Delay Temperature Rise
GT1 3.5 0.7 3.4
GT2 2.9 0.8 2.3
GT3 3.6 2.1 2
Average 3.4 1.2 2.6

5.2 Single Cylinder HCCI Model

This section serves to demonstrate that the FGAM can be used to describe chemical kinetics
in an engine simulation. The schematic of the HCCI engine in GT-Suite is displayed in
Figure 5.3. The FGAM was benchmarked against the auto-ignition model by Patel et
al. [55]. The Patel model is a reduced kinetic mechanism (RKM), consisting of 29 species
and 52 reactions, developed for HCCI engine simulations. As such, this reduced mechanism
has been validated for equivalence ratios from 0.2 to 1 and EGR rates from 0% to 30%. It
is important to note that the Patel model was not optimised for the particular conditions
of this engine simulation, according to correspondence received from the support team
at Gamma Technologies, but nevertheless should give a good indication as to the trends
exhibited under varying conditions in an engine simulation. The parameters of the engine
displayed in Table 5.3 are representative of actual HCCI engine operating conditions.

Table 5.3: HCCI Engine Parameters

Bore 86 mm
Stroke 86.07 mm
Conrod Length 175 mm
Clearance at TDC 1 mm
Compression Ratio 16
Engine Speed 3000 rpm
Ambient Temperature 298 K
Ambient Pressure 1 bar
Fuel n-Heptane
EGR 0%; 30%
Equivalence Ratio 0.6; 0.8; 1

Figure 5.4 displays performance of the FGAM and Patel RKM in the engine simulations
for equivalence ratios of 0.6, 0.8 and 1 with no EGR. Figure 5.5 displays performance of

the FGAM and Patel RKM in the engine simulations for EGR rates of 30% and 0% at a
fixed equivalence ratio of 0.8. The coefficients used for n-heptane were those derived in the
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main calibration process of section 4.2.
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Figure 5.3: The schematic of a single cylinder HCCI model implemented into GT-Suite

In the case of changing equivalence ratios, as displayed in Figure 5.4, the FGAM does not
displays the same degree of sensitivity as the Patel model. The crank angle degree difference
in main heat release event when using the Patel model is approximately 4 degrees, whereas
the difference when using the FGAM is less than one degree. The consequence of the lack
of sensitivity displayed by the FGAM is that the peak pressure achieved by the global
model is greater at stoichiometric conditions. Although the Patel model was not optimised
for this specific engine simulation, it had been validated for equivalence ratios from 0.2 to
1. Since the FGAM was found to display poor sensitivity to changes in equivalence ratio
compared to the Mehl DKM (section 4.3.3), it is likely that true pressure trace predicted
using the Patel model is more accurate than when using the FGAM.

For engine simulations with and without EGR, the FGAM does not displays the same
degree of sensitivity as the Patel model, as displayed in Figure 5.5. The FGAM also
predicts a significantly later heat release event with 0% EGR, which means that the Patel
model with 30% EGR has the same heat release timing as the FGAM without EGR. Both
models achieve approximately equivalent peak pressures, but using the Patel model predicts
in greater average pressure over the combustion event. The amount of sustained pressure
may be an important fact to consider when designing the life span of internal engine
components. Since the Patel model had been validated for EGR rates from 0% to 30% and
FGAM was found to display poor sensitivity to changes in EGR rates compared to the
Mehl DKM, it is unlikely that the FGAM is the more accurate model in this experiment.
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Figure 5.4: Pressure traces for the single cylinder HCCI model using the FGAM and the Patel
RKM for n-heptane at equivalence ratios of 0.6, 0.8 and 1. A motored trace has been included as
well. Notice that the Patel model displays significant sensitivity to changes in equivalence ratio
with regard to heat release timing whereas the FGAM does not.

Since it has been shown in section 4.3.3 that the FGAM can be optimised for a specific
EGR rate or equivalence ratio condition, the next step would be to implement the FGAM
with a set of specially optimised coefficients which match the engine conditions. Before this
is completed, there are certain practicalities which need to be noted with regard to total
simulation time when using both models. For the simulations without EGR, the simulation
time using the FGAM was approximately 3 seconds whilst using the Patel RKM resulted
in a longer time of 9 seconds (using a computer with a quad-core i5 processor and Windows
7). For the simulations with EGR, the simulation time using the FGAM was approximately
8 seconds whilst using the Patel RKM resulted in a longer time of 23 seconds. The FGAM
is therefore roughly 3 times faster than the Patel RKM when used in engine simulations.
However, since the FGAM does not display the correct sensitivity to EGR and air-fuel
ratio, it requires a optimised set of kinetic coefficients. From section 4.3.3, the time taken
to calibrate the model for a fixed EGR rate and equivalence ratio is approximately 20
minutes. Engine design in particular often calls for experimenting with different EGR
rates and air fuel ratios. Each time the user wants to see the effect of reducing the EGR
rate or increasing the air-fuel ratio, they would have to re-calibrate a set of coefficients for
the FGAM, costing another 20 minutes in total simulation time. Even if the end user is
willing to budget in the extra time for the calibration, the FGAM is not as user-friendly in
its current state compared to the Patel model as the user would need to keep track of the
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Figure 5.5: Pressure traces for the single cylinder HCCI model using the FGAM and the Patel
RKM to describe auto-ignition for n-heptane with ® = 0.8 and EGR rates of 0% and 30%. A
motored trace has been included as well. Notice that the effect of EGR s far more pronounced by
the Patel model compared to the FGAM.

coefficients used for each simulation. Thus, the best way to improve the FGAM which will
encourage wider adoption of the model would be to address the model’s lack of sensitivity
to EGR and air-fuel ratio through modification to its structure. Ideally, the final form of
the FGAM retains the same computational speed, but requires no additional calibration
of kinetic coefficients.

This implementation exercise does display that the FGAM can be used to describe com-
bustion kinetics in an engine simulation in GT-Suite, which was one of the primary goals
of this work. The method by which this implementation was performed is included in
appendices.
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5.3 Summary of GT-Suite Implementation

The FGAM was successfully implemented as a combustion kinetics descriptor for constant
volume adiabatic reactor and single cylinder HCCI simulations in GT-Suite. For the con-
stant volume experiments, the solving of the FGAM by GT-Suite’s built-in solvers was
checked against data obtained using the forward Euler method with the adaptive time-
stepping procedure. The difference between the two solving routines across prediction of
the cool flame ignition delay, overall ignition delay and cool flame temperature rise was
less the 3%. This indicates a good repeatability of results obtained by the FGAM when
solved using different techniques.

For the single cylinder HCCI simulations, the FGAM was benchmarked against the reduced
kinetic mechanism of Patel [55], which itself had been validated for the regions used in these
experiments. Again, as noticed during the calibration process completed in chapter 4, it
was seen that the FGAM did not display significant sensitivity to the equivalence ratio and
EGR effects, especially when compared to the Patel model. It was recommended that the
lack of sensitivity of the FGAM be addressed prior to further use of the model in engine
simulations. Recommended changes to be made to the model in this regard were given in
section 4.3.3.



Chapter 6

Conclusions

An investigation was performed into the sources of stiffness in the FGAM. It was found
that one of the main sources of stiffness in the model was the difficulty encountered in
solving for species [ for a given time step. Species I was linked to four reaction pathways,
two feeding reactions and two depleting reactions. During solving of the model, there
reached a point at which the two depleting reactions became much larger in magnitude
compared to the two feeding reactions. At this point, implicit numerical solvers, such as
those built into GT-Suite, were unable to converge to a solution for the concentration of
species I. This problem was similar to one encountered during the development of the
model regarding the solving for species J. As such, a similar solution method was used
which removed the need to solve for the concentration of species I by using a pseudo-
QSSA assumption. Implementing this assumption did not require major alteration to the
structure of the model and hence did not significantly alter the performance of the model.
However, it should be noted that the stiffness of the model is also a function of the set of
kinetic constants used for the fuels.

An calibration routine was developed for the FGAM. The routine made use of a particle
swarm heuristic algorithm. The fitness function used in this optimisation process compared
five key points between the FGAM and the reference data provided by a DKM. The points
used in the fitness function are explained in detail in section 4.1.2. The result of the
optimisation was a decrease in the combined average error of the ignition delay timing,
cool flame ignition delay timing and cool flame temperature rise of 6.12% for n-heptane
and 6.24% for iso-octane compared to Floweday’s original model. Additionally, a set of
comparably accurate coefficients was developed for PRF50. However, the value of the
average ignition delay error after calibration of the fuels was not within the quoted error
tolerance of 11% to 23% established during development of the model. The reason for this
increased average error was due to the fact that the calibration process included regions
where the model had not previously been validated. Further investigation into these regions

111



112 CHAPTER 6. CONCLUSIONS

showed that the FGAM displayed poor sensitivity to EGR and equivalence ratio effects in
the low to intermediate (NTC) temperature region. In addition to this, it was found that
the model is not stable under conditions of rich equivalence ratio and high EGR rates. At
rich equivalence ratios, the EGR contains significant amount of C'O, which immediately
activated an exothermic pathway in the FGAM at the start of the ignition delay. As a
result, for these conditions, the FGAM severely under predicted the ignition delay.

Due to the fact that increasing number of vehicle manufacturers are using EGR in order
to comply with emission regulations, a useful auto-ignition model needs to display cor-
rect sensitivity to EGR effects in order to obtain widespread acceptance. Furthermore,
manufacturers are also focused on reducing fuel consumption due to the rising oil prices.
One of the ways in which this is achieved is through experimentation in changing equiva-
lence ratio as well as modelling of in-cylinder gas dynamics. For this application, a useful
auto-ignition model would need to display correct sensitivity to equivalence ratio effects.
Unfortunately, due to the fact that the FGAM does not display correct sensitivity to ei-
ther of these parameters in its current state, it is not suitable for applications with EGR
or changing equivalence ratios.

The alterations made to the model allowed for it to be implemented into GT-Suite using the
templates provided. In comparison, the original form of the model was unable to converge
to a solution for a single auto-ignition experiment when implemented into GT-Suite for the
regions tested. The revised formulations of the model was successfully integrated into the
software for a constant volume adiabatic reactor and single cylinder HCCI engine simula-
tion. For the constant volume adiabatic reactor experiments, it was found that the average
difference in the predicted ignition delay timing, cool flame ignition delay timing and cool
flame temperature rise of the FGAM when solved using GT-Suite’s built-in RADAU solver
and a forward Euler integration method with adaptive time-stepping was less than 3%.
This is an indication of a good repeatability of auto-ignition predictions obtained from
the FGAM when using different solvers. The FGAM was successfully implemented as a
descriptor for combustion kinetics inside a single cylinder HCCI engine simulations. How-
ever, it did not display the same level of sensitivity to changing equivalence ratios and
EGR rates as a contemporary reduced kinetic mechanism.

In conclusion, despite the fact that a robust calibration technique was developed for the
FGAM and the major source of stiffness in the model was addressed, the FGAM has
limited application due to its lack of sensitivity to EGR and equivalence ratio effects. The
most appropriate way in which to address these issues is through major modification to
the structure of the model.



Chapter 7

Recommendations

Based on the conclusions drawn from the work carried out, the following recommendations
have been made:

1. Whilst maintaining the current structure of the model, develop sets of kinetic coeffi-
cients, using the calibration process detailed in this research, for each individual EGR
and equivalence ratio condition required. This should be thought of as a short-term
solution for the FGAM.

2. Make fundamental changes to the structure of the model to ensure that it displays
the correct sensitivity to the EGR and equivalence ratio effects. In addition, changes
made should allow for the model to operate for mixtures with high levels of EGR at
rich equivalence ratios, as discussed in section 4.3.1. Most importantly, these changes
should maintain or improve upon the performance of the FGAM in all other regions.
Recommended changes to be implemented have been included in section 4.3.3.

3. Once the revised model is functioning optimally, experimental validation of the
FGAM should be performed.
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Calibrated Coefficients of the FGAM

119



120

APPENDIX A. CALIBRATED COEFFICIENTS OF THE FGAM

Table A.1: Calibrated Kinetic Constants for n-heptane, iso-octane and PRF50

n-Heptane iso-Octane PRF 50
In(Ala) 23.48 26.08 25.20
Bla -12366.90 -14835.30 -13838.00
al -0.13 -0.15 -0.14
bl 0.88 0.70 0.86
In(Alb) 19.59 20.29 21.13
nlb -2.57 -2.71 -2.77
B1b -19921.70 -15409.20 -19664.90
a2 0.92 1.21 1.22
c2 0.65 0.60 0.59
In(A2) 25.19 22.55 22.51
n2 -1.17 -1.19 -1.17
B2 -8602.14 -8080.85 -7928.67
d3 2.70 2.86 2.90
In(A3) 43.62 42.35 43.66
B3 -27914.70 -28048.60 -31010.50
cd 0.05 0.02 0.03
In(A4) 52.54 37.78 4485
B4 -40467.70 -24313.10 -33598.80
ab 1.02 0.94 1.02
b5 0.85 0.86 0.89
In(Ab) 22.07 21.44 21.75
nb -0.60 -0.58 -0.54
B5 -18294.80 -16628.20 -17542.80
d6 6.25 5.64 5.60
b6 0.15 0.16 0.14
In(A6) 25.71 25.44 27.37
n6 -0.04 -0.03 -0.03
B6 -15852.80 -16029.10 -15606.10
e7 5.94 3.24 4.83
b7 0.14 0.15 0.14
In(A7) 12.37 11.57 12.89
n7 1.82 1.77 1.69
B7 -13203.80 -14894.70 -14702.10
f8 3.50 2.72 3.33
b8 0.17 0.23 0.20
In(A8) 17.62 16.67 15.52
B8 -13232.80 -13833.10 -12614.10
g9 0.94 0.99 0.98
In(A9) 23.44 21.11 20.52
B9 -47927.80 -45464.70 -41264.90




Appendix B

Backward Euler Derivation

The backward Euler method is an example of an implicit numerical integration scheme.
The method uses the rate of change at the future position to predict the future position,
as per the formula:

Wiy = w;+h X f(witr,tiv) (B.1)

where,
h is the time step,
w;y1 is the new position,
w; is the current position,
f(w; + t;) is the rate of change of w;.

The rate of change at the future position is derived as follows:

Consider the characteristic equation:

g(w) = wip1 —w; —h X f(wis1,tig1) (B.2)

Taking the derivative with respect to w:

d d
%g(w) = %(wzﬁrl —w; — h X f(wiy1,tis1)) (B.3)
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Since w; is known, this reduces to:

——g(w) =T —hJ x f(wis1,ti1) (B.4)

where,
h is the time step,
I is the identity matrix,
J is the Jacobian matrix formed by taking the derivative
of each element of f with respect to each element of w.,
f(w; + t;) is the rate of change of wy;,

Solving the characteristic equation using Newton’s iterative scheme results in the equation
for the backward Euler method:

-

(Wir1)nt1 = (Wis)n+ (Wir1)n —w; — X F(Wir1)ns (tis)n) (L= hT (Wi )ns (Ei41)n) (B.5)



Appendix C

FGAM iso-Octane & PRF50 Data

In this section, the ignition delay curves derived from the calibration of the FGAM (section
4) for iso-Octane and PRF50 are presented. The graphs consist of overall ignition delay,
cool flame ignition delay and cool flame ceiling temperature curves. Note that left vertical
axis is plotted on a log scale, with the cool flame ignition delay and overall ignition delay
plotted against the vertical ignition delay axis, and the cool flame ceiling temperature
plotted against the vertical temperature axis.
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Figure C.1: Calibration iso-Octane according to the cases described in Table 4.5.
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Figure C.2: Calibration of PRF50 according to the cases described in Table 4.3.



Appendix D

Calibration Code Manual

[Tier1 |Tier2 JTier 3 JTier 4 JTier5 JTier 6 JTier 7 |

IMain.m I

ICK_data_Process.m

| IFivePoint.m |
: (findnearest.m
l |fastsmooth.m
|
|PSO_FGAM_FP.m
FGAM_FP.m
Prep.m
Moles.m
[TotEnthalpy.m
] lenthalpy.m |
[forward_euler.m |
iReact_BE.m
ITime.m
IMoles.m
(Tsolve.m

|

|

|

|

|

| |CvVal.m
: I ICpval.m |
|

|

|

|

I

l

(TotlEnergy.m |

|TotEnthalpy.m |

FivePoint.m |
Ifindnearest.m
Itastsmooth.m

fitnessfunction FP.m |

Figure D.1: A diagram of the function calling hierarchy in the calibration routine. The function
which initiates the calibration process, Main.m, is located in the top left corner. Functions with a
yellow background contain loops which have to be completed before the next function of the same
tier can be called. 126
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The files used for the calibration were written in MATLAB®). When using the calibration
routine, only the reading sequences in the Main file need to be edited to point to the
correct reference data and calibration conditions. Running the Main file will then initiate
the calibration process.

The operations performed by each file used in the calibration process will be presented in
this section according to the order in which they appear in Figure D.1 from top to bottom.

Main
e Main file for execution of calibration procedure.
e Reads calibration conditions, reference data and seed coefficient values from file
e (Calls CK_data Process and PSO_FGAM_ID functions.

e Writes calibrated coefficients to file.
CK_data_Process

e Extracts the required data from the DKM temperature-time traces for use with the
Five Point fitness function.

e (alls the FivePoint function.

e Stores relevant data in a struct.
FivePoint

e Takes in a temperature-time data.

e Extracts ignition delay, cool flame ignition delay, cool flame temperature rise, second
inflection point and initial temperature rise from the input data.

e (Calls the fastsmooth and findnearest functions.

e Stores relevant data in a struct which it returns to the calling function.

fastsmooth

Copyright (c¢) 2009, Tom O’Haver
All rights reserved.

Available at:
http://www.mathworks.com/matlabcentral /fileexchange /19998-fast-smoothing-function
[Accessed: 14/08/2013]
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e Smooths the input traces according to options selected.

e Options include choices between a rectangular, triangular or pseudo-Gaussian smooth
types, width size of the smooth and how the ends of the smoothed data are treated.

e Returns smoothed data as a vector.

findnearest

Written by Thomas Benson, 2002

Available at:
http://www.mathworks.com/matlabcentral /fileexchange /2838-findnearest-m
[Accessed: 14/08/2013]

e Takes in target value, array to be searched and the option to bias the output toward
values higher or lower than the target value.

e Returns subscript of closest match to target value in array.

PSO_FGAM_FP

e PSO optimisation routine which calls the FGAM_FP and the fitnessfunction_FP
functions.

e Stores data in a struct.

e Returns calibrated coefficients.
FGAM_FP

e Main file of the FGAM.
e Calls Prep, Moles, TotEnthalpy, forward euler and FivePoint functions.

e Returns a struct of five point auto-ignition data for the given set of kinetic coefficients.
Prep

e Calculates initial species concentration based on equivalence ratio, fuel mixture and
EGR rate.

e Hydrocarbon fuel only.

e Returns species concentration vector.
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Moles

e (Calculates and returns the mole and mole fractions from the species concentration
values.

TotEnthalpy

e Returns the total enthalpy of the mixture based on the mixture of individual species
and total moles present.

enthalpy

e (Calculates the total enthalpy of the species per mole based on their constant specific
heat values.

e Returns enthalpy per mole and state enthalpy of the mixture.
forward_euler

e Main file for forward Euler integration method
e (Calls ReactBE, Time, Moles and Tsolve.
e Writes temperature-time trace data to “FGAM _data.txt”.

e Returns ignition delay value
React BE

e Rate of change of species calculations according to the balanced reaction rate equa-
tions

e Returns rate of change of species with respect to time vector
Time

e Takes in species concentration and rate of change of species concentration.
e Implements adaptive time-stepping procedure.

e Returns the largest time step size for which the minimum species concentration in
the mixture is zero.

Tsolve
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e Solves for temperature based on species concentrations.
e Bases calculation on conservation of internal energy.
e Calls CvVal and TotIEnergy functions

e Returns temperature of the mixture.
CvVal

e (Calculates and returns the C, value of the mixture

e Calls CpVal and TotIenergy functions
CpVal

e (Calculates and returns the C), value of the mixture
TotIEnergy

e (Calculates and returns the total internal energy of the mixture.

e Calls TotEnthalpy
fitnessfunction_ FP

e Uses the data provided by the FivePoint function to compare the reference data to
the FGAM data

e (Calculates the relative error value for each condition

e Returns the sum of the relative error values



Appendix E

Manual of Implementation of FGAM
into GT-Suite

This manual describes the method used to implement the FGAM into GT-Suite using the
EngCylChemGlobal template for engine simulations. An engine model in GT-Suite requires
a cylinder object. The FGAM will be used as the combustion kinetics descriptor of the
cylinder object. The same process can be used when implementing the FGAM into the
GlobalReactions template for constant volume adiabatic reactor simulations.
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Cylinder-01

Inlet-1 Exhaust-1

Figure E.1: The cylinder object of the engine simulation, circled in red, which “houses” the
FGAM.

1. To begin with, edit the option in the cylinder object of the engine model. The cylinder
object has been circled in red in Figure E.1. Point the combustion properties to a
EngCy1CombHCCI, EngCylCombSI or EngCylComCI template for simulations of either
HCCI, SI or CI engines respectively. In this case, the “HCCI-Gaseous” object is
referring to an EngCy1CombHCCI template, as shown in Figure E.2.

2. Edit the combustion object settings, pointing the field named “Chemistry Object
Reference Name” to the desired chemical kinetic descriptor, as shown in Figure E.3.
In this case, it is pointed to the FGAM, an EngCylChemGlobal object.

3. In the main tab of the EngCylChemGlobal template, shown in Figure E.4, point to
the correct species translation object. In this case FGAM _species, the contents of
which are displayed in Figure E.5. Notice that in the Figure E.5, the fluid reference
object of the species () and Y is distinct from the fuel’s fluid reference object. This
was achieved by duplicating the fluid reference object of the fuel and renaming it. It
is important that these fluid reference objects are distinct due to the way in which
the built-in solvers solve the FGAM.
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-
_af| Edit Object: Cylinder

==

Template: |EngCyth|' |
@D Object: |Cy1inder ‘ [ Long Comment... ]
Help
Comment: | |
Attribute Unit Object Value
Initial State Object Init-Fa o
Wall Temperature Ohject T‘r‘a'allgl
Heat Transfer Cbject Woschni _I
Flow Object ign ..
Combustion Object HCCI-GaseousI:I
Cylinder Combustion Mode independent -
Measured Cylinder Pressure Analysis Object ign _I
Cylinder Pressure Analysis Mode off -
Main | Advanced
I ox [ = T
. - - 4

Figure E.2: Cylinder object properties. The FGAM is invoked as part of the combustion object

“HCCI-Gaseous”.

_af| Edit Object: HCCI-Gaseous

—

|

Template:  EngCylCombHCCT |
Q?) Object: | CCI-Gaseous | [ Long Comment. .. ]
Help
Comment: | |
Attribute Unit Object Value
Start of Combustion -850 _I
End of Combustion 100 _I
Chemistry Reference Object Name FGAM _I
Main | Startup
o N[ e [ |

— i

Figure E.3: Combustion object properties. The FGAM is listed under the Chemistry Reference

Object Name.
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" af] Edit Object: FGAM F5)

Template: | EngCyiChemGlobal |

Object: |FGN'"'I | ’ Long Comment. .. ]
Comment: | |
Attribute LUinit Ohject Value
Species Translation Object FGAM_spedesu
Rate Expression Basis volume -
Concentration Specification malelym3 -

Main | Solver Options | Reactions I General and Inhibition Functions Gﬁ}l

[ J ew J[ ww |

Figure E.4: The main tab of the EngCylChemGlobal template.

-

-
| =i] Edit Object: FGAM_species S5

Template: |S|::EstTra1dalinn |
Object: |FGAM_spedes | [ Long Comment... l
Comment: | |

Attri Fluid Species Mame Fluid Reference Object Should this Species be Fluid Spedies Scaling Factor

Solved?

Unit -

1 Fl... NC7H15 | yes = def ] |

2 02... 02 yes - def ...

3 N2 L. Nz L] ves - def ..

4 coz .. 02 ) yes - def ..

5 H20 . H20 Lol yes - def ]

5 Co... 00 | yes - def ..

7 H2 .. H2 L ves - def ...

3 QL. Q_NCTH16 il yes - def ..

g Y ) ¥_NC7H16 fll ves - def ...

10 [ Lelyes - | [

4| I | »

Fluid Species | Coverage Species I Dpticns|

[ o | = T
L - o

Figure E.5: The species translation object of the FGAM. Note that species @ and Y have
different Fluid reference objects compared to the fuel species F.
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4. In the solver tab of the EngCy1ChemGlobal template (Figure E.6) the solver selection
and other related setting can be changed. In this case, the RADAU solver was chosen
as it is the most robust, and the absolute tolerance of the solver was lowered to le —6.
This is the minimum value that can safely be used for the absolute tolerance according

to the Gamma Technologies support team.

_ui| Edit Object: FGAM

=5=)

Template:  EngCylChemGlobal
Help
Comment:
Attribute Unit Object Value

ODE Solver Selection RADAL -
RK Overall Error Tolerance defgl
RE Multiplier for First Step def .|
RK Stepsize Adjusting Factor defgl
RE Multiplier for Minimum Stepsize defgl
BOF/RADAL Absolute Tolerance le-6 _I
BOF/RADAL Relative Tolerance defgl
Monlinear Algebraic Solver Tolerance defgl
Maximum Sub-timestep Size in RADAU sec - defgl

Main | Solver Options | Reactions I General and Inhibition Functions G(l]l

OK.

)

[

Cancel

] |

Apply ”

I

Figure E.6: The solver options available in the EngCylChemGlobal template.

5. Figure E.7 shows the FGAM entered into the Reactions tab of the EngCyl1ChemGlobal
template. The G function used under the concentration expressions are referring to
function listed under the General and Inhibitions Functions tab, shown in Figure E.8.
The concentration values for the species must be entered inside the curly brackets.
The constant terms (InAl, B1) for the FGAM are imported from an Excel spread-
sheet under “Case Setup”. To access case setup from the menu bar at the top of the

screen: Run-Case Setup-ExcelData.
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" Edit Object: FGAM =)
Template: |EngC\d{}1emGioba| |
[:%) Object: |FGAM | [ Long Comment. .. ]
Help
Comment: | |
Attri Indude Reactants Products Pre-exponent |Tempe Activation Concentration Expressions Re
"+ | Reaction Multiplier Expi| Temperature R
Linit K “v s
1 F B Q. 1o 0. 0L 1((/a(1)) + ({Fr+1e-10) ~{[a_1) ({02} ~{b_1))*6(2)) ... =
z o] ¥ I 1] 0. 0 .. {Qk~(d_310"G(7)=GE)({(F}+1e-10) ~{[a_20))"G(3)) +G(8)) ..
3 F ¥ ] ==plinas) L o | =5 L) (@) (F (a5 H0Z~(b_5) L)
4 Q+7.502 .| 7c0 +8H20 .| =exp(inAg]) .| 0. =) L] 65~ (4_e 0B~ ...
5 Y +7.502 ,.) 7CO +8H20 . f=exp(nA7]) .| 0. ={B7) .. G(E) (e _7IN={0Z~b_71)) ...
6 €0 +0.502 | oz .| =exp(inag]) ] 0] =) L) ({COr~(F 81" ({02~([_81)) L,
7 coz).] co +0.502 .| =exp(inas]) .| o =-(B90) ... {coz}*{[a_9) ...
4 I | 3
Main | Solver Options | Reactions | General and Inhibition Functions G(ﬂ|
[ ox |

Figure E.7: The Reactions tab of the EngCylChemGlobal template. The G terms under concen-
tration expression are referring to functions in the General and Inhibition Functions tab.

[ a1 Edit Object: FGAM =z
Template: |Enng+ChemGobaI |
Q?) Object: |m | [ Long Comment. .. ]
Help
Comment: | |
Attri General/Inhibition Function
Unit ~
1 exp((Ina1a]) + ([B1a])/m) ]
2 exp{{[inA1b]} + {[B1b])/T)*({P/100000) ~{[n1b])) ...
3 exp{{[inA2]) + ([B2])/T)=({P/100000) ~([n_2]}} ...
4 {p/100000) *{[n_5]) .|
5 (P/100000){[n_&]) ...
[ (P/100000){[n_7T) ...
7 exp(na) + @D 1 |
3 exp{({nad]) +{[B4)/T) ..
: o - I
| Main | Solver Options | Reactions | General and Inhibition Functions G()
I oK J [ eme | [ moor |

Figure E.8: The General and Inhibition Functions tab of the EngCylChemGlobal template. This
facility is used for entering the non-standard reaction rates, and is called from the Reactions tab.
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