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Abstract

The automotive sector is among the largest contributors of worldwide CO, emissions, which contributes
to global warming. As the numbers of vehicles with combustion engines is predicted to keep on rising, an increase
of efficiency and, therefore, a decrease of emissions are of high priority. The maximum thermal efficiency in a
gasoline engine is determined by the compression ratio. The maximum compression ratio, however, is limited by
the occurrence of engine knocking, i.e., spontaneous auto-ignition of the fuel/air mixture. Therefore, a profound
understanding of fuel reactivity is of high importance. Common methods for the determination of fuel reactivity
include the measurement of ignition delay times in shock tubes and rapid compression machines as well as the
determination of critical compression ratios. Recently, our group has investigated fuel reactivity by weak flames
in a micro flow reactor with a controlled temperature profile (MFR). For low flow velocities, reaction zones
separate into cool flames at low temperatures, blue flames at intermediate temperatures and hot flames at high
temperatures. The goal of this thesis is to use these separated weak flames to develop a quantitative index that
describes fuel reactivity in a comprehensive manner.

The first focus of this thesis was on the effect of ultra-lean conditions on the fuel reactivity. Under these
conditions, excess air decreases the combustion temperature, which leads to lower thermal losses and therefore to
increased thermal efficiency. Experimental results of the separated weak flames showed blue flames at
intermediate temperatures and hot flames at high temperatures. Leaner conditions shifted the flames to lower
temperatures, which indicated higher reactivity. Steady one-dimensional simulations by the KUCRS reaction
mechanism, on the other hand, showed the opposite trend. Important reactions that lead to this behavior were
investigated and several key reactions were identified. All these reactions included hydrogen- oxygen radicals. By
comparing the rate parameters of these reactions to those of other reaction mechanisms, important differences in
seven reactions were found. By modifying these rate parameters, the computational results showed very good
agreement with the experiment. The effect of this modification was also tested on computational results of ignition
delay times and laminar flame speeds. For these investigation methods, the changes did not exhibit any effect. This
showed that by using weak flames in a MFR with a controlled temperature profile, chemical effects could be
investigated.

The next step was the development of a quantitative reactivity index based on separated weak flames.
To this end, the weak flames of fuels with research octane numbers (RON) between 0 and 100 were investigated
at elevated pressure of 500 kPa, which is close to practical conditions. This increase of pressure resulted in stronger
cool flames and blue flames as well as a shift of cool flames, blue flames and hot flames to lower temperatures. It

was observed that the heat release in the hot flame was the same for all fuels. Large differences, however, existed



between the heat release in the cool flame and the blue flame. Fuels of low RON, i.e., fuels of high reactivity
showed relatively strong heat release in the cool while fuels of high RON showed larger heat release in the blue
flame. This observation lead to the creation of the heat contribution index (HCI). It is the ratio of heat that is
released in one of the separated weak flames to the total heat release. While the correlation between HCI and RON
was weak, the HCI showed a strong dependence on the molecular structure of the fuel. Straight chain molecules
showed high heat release in the cool flame, while more branched molecules showed higher heat release in the blue
flame. This characteristic is governed by low temperature chain branching, which requires less energy in the case
of straight chain molecules. Additionally, formaldehyde concentrations were measured in the experiments. High
concentrations indicated high reactivity, which agreed well with the findings by the HCI. Furthermore, the HCI
showed good agreement with critical compressions ratios. These results showed that the HCI allows for
comprehensive measurement of fuel reactivity.

The last part of this study investigated the effect of N», CO; and H>O on the reactivity of iso-octane and
n-heptane. In actual applications, this kind of exhaust gas recirculation shows three effects, namely the thermal
effect, the chemical effect and the dilution effect. By using weak flames in the MFR, the thermal effect is eliminated
and allows for detailed investigation of the chemical and dilution effects. In order to allow for better comparison
between the flame locations in the experiment and in the simulation, photon emission by excited radicals was
calculated and showed very good agreement with experimental chemiluminescence. In the experiment, the
addition of N> and COs shifted the cool flame, blue flame and hot flame to higher temperatures, indicating lower
reactivity. H,O, however, showed a shift to lower temperatures, which indicated higher reactivity. As the thermal
effect was eliminated by the MFR setup, the chemical effect of H,O became dominant, which enhanced reactivity
at intermediate temperatures. Evaluation of computational results by the HCI showed a similar effect. While the
dilution effect was dominant for the cool flame and decreased its reactivity, the chemical effect of H,O was
dominant on the blue flame where it increased reactivity. This again showed the capability of the MFR and the

newly introduced HCI in evaluating fuel reactivity under a wide range of conditions.
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1 Introduction

1.1 Background of this thesis

Currently, more than 1.3 billion cars and trucks are in use worldwide [1]. It is expected
that this number will increase to more than two billion vehicles over the course of the
next decades [2]. This vast amount of vehicles makes the transport sector currently
responsible for approximately 20 % of global carbon dioxide (CO2) emissions [3, 4]. As
COs has a strong effect as a greenhouse gas and is among the causes of climate change,
a further increase of vehicle numbers poses a severe problem. On the other hand, it is
expected that fuel consumption per vehicle can be reduced by 50 % by the year 2035 as
compared to 2005 [5, 6]. This reduction is based an various aspects, such as improved
aerodynamics, improved power consumption of auxiliary components, such as lighting and
air conditioning as well as reduced vehicle weight [4]. Furthermore, increased adaptation of
alternative drive concepts such as hybrid and fully electric engines will decrease individual
COsy emissions per vehicle. Fig. 1.1 shows the sales of light duty vehicles based on past
numbers and future predictions. While the sales of conventional Internal Combustion
Engines (ICE) are going to decline in the near future, sales of hybrid technologies that

include ICEs are predicted to continue increasing until 2035. Gasoline-based systems are
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Figure 1.1: Evolution of global light duty vehicle sales by technology type [2].

expected to make up the largest part of these hybrid technologies. Therefore, optimization
and improvement of gasoline engines is of great importance in order to decrease greenhouse
gas and pollutants emissions from vehicles.

In addition to the aforementioned factors that decrease power consumption, the increase
of the thermal efficiency 7y, has a big impact on overall fuel consumption and emissions.
Gasoline engines are based on the Otto cycle, whose ideal thermal efficiency is given by
Eq. (1.1).

1
Tlth, ideal = 1 - W (1‘1)

In its ideal form, the thermal efficiency is only dependent on the compression ratio ¢ and
the heat capacity ratio v of the compressed gas. In practical gasoline engines, however,
additional losses occur that decrease the actual thermal efficiency. These losses include
heat transfer between the gas-phase and the combustion chamber wall, non-instantaneous
and incomplete combustion, exhaust blowdown losses due to early opening of exhaust
valves as well as crevice effects and leakage [7]. Furthermore, € and « cannot be increased
at will. As v of air is 1.4 and that of combustion products is often taken as a constant

value between 1.25 and 1.3 [8], their effect on n, is small. Consequently, an increasing
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compression ratio has the biggest effect on the ideal thermal efficiency. The maximum
achievable compression ratio in a Spark-Ignited (SI) gasoline engine, however, is limited by
the occurrence of engine knock. Engine knock is the spontaneous auto-ignition of end-gas
ahead of the flame front, which leads to a rapid pressure increase that can damage the
engine. In order to avoid this phenomenon from occurring, the maximum compression
ratio has to be limited below a critical compression ratio. Current gasoline engines are
approaching thermal efficiencies of 40 % [9, 10]. In order to further increase this value, the
Japanese government introduced the Cross-Ministerial Strategic Innovation promotion
Program (SIP) in 2014 [11]. As parts of the contents of this dissertation played a role
in that effort, a brief overview of the SIP project will be given in the following part

(section 1.2).

1.2 SIP project

The SIP program is a Japanese national program that was established under the Cabinet
Office, Government of Japan. The SIP program consists of eleven different projects that
cover many aspects of innovative technologies from material research to cyber security [12].
Among these, the innovative combustion technology project is a collaboration between the
nine major Japanese car makers and more than 80 Japanese universities. It consists of
four groups that are concerned with gasoline combustion, diesel combustion, loss reduction
and general control, respectively. The target of the gasoline combustion group was to
increase the thermal efficiency of SI gasoline engines to 50 %, which was achieved in
January 2019 (51.5%).The underlying approach of this development was to enable stable

low temperature combustion. This was facilitated by several interconnected approaches.
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The main concept is super-lean combustion, i.e., combustion with excess air. This will be

discussed in the following part (section 1.2.1).

1.2.1 Super-lean combustion

The balance of fuel and air can be expressed by the fuel-air equivalence ratio @, which is

shown in Eq. (1.2).

mfuel/mox _ nfuel/nox
(mfuel/mox)st (nfuel/nox)st

b = (1.2)

The equivalence ratio is the ratio of the fuel-to-oxidizer ratio of the given mixture to the
fuel-to-oxidizer ratio of a stoichiometric mixture. It can be expressed as mass ratios or as
mole ratios. Lean mixtures have equivalence ratios of @ < 1.0, stoichiometric mixtures
have @ = 1.0 and rich mixtures have @ > 1.0. Another common measure is the air-fuel
equivalence ratio A, which is the inverse of @.

As was shown in Eq. (1.1), the ideal thermal efficiency is dependent on the heat capacity
ratio 7, where larger values of v lead to higher efficiency. Air has a heat capacity ratio
of v = 1.4, which is larger than that of combustion products that is between 1.25 and
1.3 [8]. Therefore, as lean conditions contain larger amounts of air, this leads to higher
average v, which directly enables higher ideal efficiencies. Furthermore, lean conditions
lead to a decrease of the combustion temperature, as less fuel has to heat a larger amount
of air. This, in turn, decreases heat loss from the gas phase to the wall, as the heat loss is
a direct function of the temperature difference (see Eq. 1.3). A schematic of this effect is

shown in Fig. 1.2.

Q = hA(Tgas - Tsurf) (13)

While the combustion at super-lean conditions may offer many benefits, it also poses
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Figure 1.2: Schematic of super-lean burn concept for gasoline engines [13].

many challenges. The common combustion limit for lean conditions in actual engines is
around @ = 0.7 [14] The goal of the SIP project, however, was to realize combustion at
@ = 0.5 (super-lean condition). In order to make combustion at this equivalence ratio
feasible, several approaches were considered. For most hydrocarbons (HC), the laminar
burning velocity decreases for decreasing @ below unity [15]. This also decreases the flame
propagation speed at turbulent engine conditions. In order to counter this phenomenon,
high intensity turbulent flows can be used to enhance the flame spread throughout the
combustion chamber.This high intensity turbulence, however, has to be well controlled in
order to not spread the flame too thinly, which might lead to extinction.Furthermore, super-
lean conditions and high turbulence can cause lower ignitability by spark discharge.This,
in turn, can be countered by more sophisticated ignition design. One proposed solution is
the optimization of the fluid flow around the spark plug. This improves the development

of the flame kernel, which is essential for ignition. The other part is strengthening the
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ignition itself. The approach in the SIP project for this problem was to increase the
number of discharge coils to ten and to distribute their energy release over a longer time
period. Additionally, a profound understanding of the chemical aspect of the ignition

process is of great importance.

1.2.2 Exhaust gas recirculation

Even for super-lean conditions, engine knock is still the limiting factor for the maximum
compression ratio.The usage of Exhaust Gas Recirculation (EGR) has been shown to
decrease the propensity of engine knock. When EGR is used, portions of the exhaust gas
are combined with fresh fuel/air mixture before combustion. There are three main effects
of EGR, namely the thermal effect, the dilution effect and the chemical effect [16-19].
The thermal effect is controlled by large fractions of CO, and H5O in the recirculated
gas, which have higher specific heat capacities than the pure fuel/air mixture. On the
one hand, this leads to higher intake temperatures when the recirculated gas is not
cooled [20]. On the other hand, this lowers the maximum combustion temperature as
the recirculated gas can absorb more heat during combustion. The thermal effect is
therefore important in controlling the formation of NOy, as large amounts are produced
through the thermal pathway [21]. At the same time, lower combustion temperatures also
decrease the heat loss through the combustion chamber walls, which increases the thermal
efficiency [22]. Furthermore, lower temperatures inside the chamber reduce the risk of
engine knocking [23-25].

The dilution effect refers to lower concentrations of O, and fuel in the combustion
chamber by replacing parts of the fuel/air mixture with recirculated gas. The reduction

of Oy concentration leads to longer Ignition Delay Times (IDTs) [20, 26, 27], while, at
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the same time, concentrations of reactive species are reduced. The dilution effect is most
prominent for fuels that show multi-stage ignition, such as n-heptane, while fuels that
show single-stage ignition, such as iso-octane and ethanol are less affected [28].

The third effect, the chemical effect, is mainly controlled by the concentration of CO,
and H5O in the recirculated gas. In addition to the aforementioned higher specific heat
capacity, these species play an important role in three-body reactions. As both species,
in general, enhance three-body reactions, their addition leads to shorter ignition delay
times [26, 28, 29]. This trend is in competition with the retarding thermal effect, which
is caused by their higher specific heat capacity [30]. Furthermore, CO5 has an inhibiting
effect on the reaction CO+ OH = COy+ H, which, in turn, slows down the important
high-temperature chain branching reaction H+ O, = OH+ O and therefore decreases

reactivity [31].

1.2.3 Gasoline surrogates

In order to increase the compression ratio without increasing the risk of engine knock, even
when using methods that decrease the probability of engine knock, a profound knowledge
of the reactivity of the fuel/air mixture is necessary. As gasoline is a complex fuel that
consists of several hundred chemical species and as individual gasoline blends differ from
each other, detailed investigation, especially computational, remains a challenging task.
In order to simplify investigations, surrogate fuels have been developed that mimic certain
physical and chemical properties by mixing two or more pure chemical species. These
properties include density, viscosity and boiling point as well as ignition delay times
and laminar flame speeds. The simplest gasoline surrogates are Primary Reference Fuels

(PRF), which are mixtures of n-heptane, a fuel of high reactivity, and ¢so-octane, a

7
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Table 1.1: Overview of chemical species in SIP gasoline surrogate fuels.

Component Structure PRF90 PRF100 S3R S5R S5H  S10R  S10H
n-Heptane 10.0% 00% 21.1% 21.5% 10.0% 135% 1.0%
iso-Octane 90.0 % 100% 33.0% 29.0% 31.0% 205% 11.0%
Toluene - - 46.0% 30.5% 40.0% 7.0% 29.0%
Diisobutylene - - - 14.0% 14.0% 7.0% 7.0%
Methylcyclohexane 50% 50% 50% 5.0%
Trimethylbenzene - - - - - 15.0% 15.0%

iso-Pentane - - - - - 14.0% 14.0%

O R R

n-Pentane - - - - - 80% 8.0%
2-Methyl-2- - - - - - 7.0% 7.0%
butene

Ethyl-tert-butyl- ] ; ] ; ~30%  3.0%

ether

fuel of low reactivity. Pure n-heptane is called PRFO, pure iso-octane is called PRF100
and mixtures of these two are denoted by the number that represents the volumetric
fraction of iso-octane in the liquid mixture. These numbers also represent the Research
Octane Number (RON) of each fuel, where lower numbers indicate higher reactivity (see
section 1.3.2). When toluene is added to PRF, it is called Toluene Reference Fuel (TRF),
which allows for better representation of the actual properties of gasoline. For the SIP
project, additional surrogates with five species and ten species were developed. And
overview of these surrogates is given in Tab. 1.1. Here, S stands for surrogate, the numbers
3, 5 or 10 represent the number of chemical components and R (regular) indicates a

surrogate of RON = 90 while H (high-octane) indicates a surrogate of RON = 100.
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The usage of these surrogates makes it easier to investigate ignition and combustion
characteristics of fuels. The most common investigation methods for fuel reactivity will be

presented in section 1.3.

1.2.4 KUCRS reaction mechanism

In addition to experimental investigations of fuel reactivity, simulations are a valuable
addition as they allow for better understanding of underlying mechanisms such as chemical
reactions. To this end, chemical reaction mechanisms haven been developed. Most reaction
mechanisms for the combustion of hydrocarbons have a hierarchical order, e. g., the base
is made of hydrogen-oxygen reactions, followed by C; reactions and then reactions of
higher hydrocarbons. For gasoline and its surrogates, several reaction mechanisms have
been developed. These include the Lawrence Livermore National Laboratory (LLNL)
PRF mechanism [32], the LLNL gasoline surrogate mechanism [33] and the CRECK PRF
mechanism [34], which are detailed reaction mechanisms as well as the CRECK gasoline
surrogate mechanism [35-37], which is a reduced mechanism. While these mechanisms
showed good results for simulations in motored engines, rapid compression machines and
jet stirred reactors, they are only applicable for the selected fuel compositions. In case of
the LLNL gasoline surrogate mechanism, this composition includes n-heptane, iso-octane,
toluene and Cs-Cg olefins. However, as the gasoline surrogates of the SIP project cover a
wider range of components, a more suited reaction mechanism was necessary.

The basis of the SIP reaction mechanism is KUCRS (Knowledge-basing Utilities for
Complex Reaction Systems) [38]. This library uses the group additivity method [39], which
estimates kinetic parameters based on analogy between chemical compounds. Special

attention was paid to low temperature reactions, i.e., low temperature isomerization and
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chain branching. To calculate rate parameters, quantum chemical methods were used.
By using this approach, KUCRS can produce reaction mechanisms for complex mixtures,

including the gasoline surrogates of the SIP project [40-44].

1.3 Common methods for the investigation of fuel

reactivity

1.3.1 Shock tubes

A widely used method for the investigation of fuel reactivity is the shock tube. In general,
it consists of a long tube that is divided into two closed-off sections by a diaphragm [45].
One chamber, the driver section, is filled with a gas, often helium, at high pressure.
The other chamber, the driven sections, is filled with the reactive mixture that is to be
investigated at lower pressure than that of the driver sections. When the diaphragm
breaks, either from the pressure difference or an external impact, a shock wave travels
through the driven section and is reflected on the opposite end. This results in a sharp
increase of pressure and temperature in the test mixture, which leads to ignition. Often,
the shock tube can be treated as a zero-dimensional system, which makes computations
feasible [46]. The period of time that elapsed from the passing shock wave until ignition is
called ignition delay time (IDT). It is a common measure for fuel reactivity, where fuels of
higher reactivity show shorter IDTs. Shock tubes are mainly limited by the time in which
constant conditions can be maintained, which is usually in the order of microseconds to
several milliseconds [47, 48]. Typical IDTs and temperatures of shock tubes and rapid

compression machines (see sections 1.3.2) are shown in Fig 1.3. In general, shock tubes
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Figure 1.3: Typical operation regimes of shock tubes (ST) and rapid compression machines

(RCM) [46].

show shorter IDTs than rapid compression machines and are therefore more commonly
used at higher temperature and pressure conditions. By comparing experimental results
and computations as well as by conducting species measurements, chemical reaction
mechanisms can be validated and improved [49-51]. Species measurements are possible
by techniques such as gas chromatography/mass spectrometry (GC/MS) [52] or optical

methods [53, 54].

1.3.2 Rapid compression machines

As mentioned in section 1.3.1, Rapid Compression Machines (RCM) are another approach
to measure IDTs. The aim of the RCM is to imitate a single compression stroke of a

11
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Figure 1.4: Two-stage ignition of iso-octane/air mixture [55].

reciprocating engine [55]. RCMs are able to investigate low to intermediate temperature
regions, which partly overlap with those of shock tubes (see Fig. 2.16). These temperatures
usually are within the range of 600 K to 1100 K. This makes it possible to observe two-stage
ignition and Negative Temperature Coefficient (NTC) behavior [56]. Fig. 1.4 shows the
two-stage ignition of an iso-octane/air mixture. The first stage ignition consists of reactions
consuming the fuel that also lead to chain branching. The heat that is released by this Low
Temperature Oxidation (LTO) leads to a temperature increase, which, in turn, shifts the
balance away from chain branching to chain termination reactions. As the temperature
further increases, high temperature chain branching reactions occur, which leads to the
rapid pressure (and temperature) increase in Fig. 1.4. Similar to shock tubes, species and
their time evolution can be measured [57, 58]. Due to their different temperature ranges,
rapid compression machines and shock tubes can be used to complement each other’s

results.
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1.3.3 Octane numbers

A widespread method to quantify fuel reactivity are the Research Octane Number
(RON) [59] and the Motor Octane Number (MON) [60]. For their measurement, a
single-cylinder Cooperative Fuel Research (CFR) engine at 600 rpm for RON or at 900 rpm
for MON is used. For a given fuel, the compression ratio is varied until auto-ignition
occurs. For this compression ratio, the PRF with the same critical compression ratio is
determined. The percentage of iso-octane in this PRF corresponds to the RON or MON of
test fuel, respectively. Therefore, a fuel that shows the same critical compression ratio as a
mixture of 10 % n-heptane and 90 % iso-octane at 600 rpm is assigned a RON of 90. RON

and MON can differ and the difference is called the fuel sensitivity (see. Eq. (1.4)) [61].
S = RON — MON (1.4)

A more recent approach to octane numbers is the development of the Octane Index (OI)
(see. Eq. (1.5)) [61].

OI = RON — KS (1.5)

The OI was developed in order to describe fuel reactivity at more practical engine conditions,

where K is an empirical factor that has to be determined experimentally.

1.4 Micro flow reactor with a controlled temperature

profile

The Micro Flow Reactor with a controlled temperature profile (MFR) is a relatively recent
investigation method [62, 63]. By the MFR-method, ignition characteristics of low and

high reactivity fuels can be investigated at various conditions. The MFR was introduced
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Figure 1.5: Schematic of the horizontal-type micro flow reactor with a controlled tempera-

ture profile [68].

by our group in 2005 and has since been used by other groups as well [64-67]. A scheme
of the MFR (horizontal type) is given in Fig. 1.5. The MFR is made of a quartz tube
whose inner diameter is smaller than the ordinary quenching diameter of the given fuel.
This reactor channel is heated by an external heat source, which induces a stationary wall
temperature profile along the axis of the quartz tube. The mixture of fuel and oxidizer
is then supplied from the cool end of the tube. Inside the reactor channel, the flow is
laminar and at constant pressure. With varying inlet flow velocity, three types of flame
responses can be found. At high inlet flow velocities, a stable bright flame is observed.
This so called normal flame represents flame propagation of a preheated mixture. As

the flow velocity is reduced, an oscillating flame is seen. It is called FREI (Flame with
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Repetitive Extinction and Ignition). The flame first ignites at the high temperature side
of the reactor channel and propagates upstream to the lower temperature side, where it
finally extinguishes. As the fresh mixture flows downstream again and reaches the region
of higher temperature, it re-ignites and starts a new cycle. A third flame appears at very
low flow velocities. This flame, again, is a stable flame but shows only low heat release and
low luminosity. This flame was named weak flame [62]. Due to its low heat release, the
gas-phase temperature is strongly controlled by the externally induced wall temperature.
Temperature differences between the gas-phase and the wall are only significant at flame
locations and even there, differences are less than 20 K [69]. As the surface-to-volume ratio
is high, the effect of radical quenching on the flame location was investigated and it was

shown to be negligible [64, 65, 70].

The flame locations of the normal flame and the weak flame as well as the ignition and
extinction points of FREI for a stoichiometric methane/air mixture at 100 kPa for various
mean inlet flow velocities are given in Fig. 1.6. Here, it can be seen that the locations
of the normal flame are a continuation of the extinction points of FREI for higher flow
velocities. The weak flame locations, on the other hand, are connected to the ignition
points of FREI. Furthermore, the weak flame location practically does not change for
changing inlet flow velocity. Based on theoretical considerations, the weak flame was
found to be a stable solution of the Fendell curve and corresponds to the curve’s ignition
branch [63, 71]. This makes it possible to use weak flames for the investigation of ignition
processes of fuels under a wide range of conditions.

An overview of stoichiometric weak flames at atmospheric pressure of several fuels with
RON between 0 and 120 is given in Fig. 1.7. For fuels of high reactivity, the weak flame

splits in up to three stationary, spatially-separated reaction zones. The zones were named
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Figure 1.6: Measured positions of the normal flame ((1) Normal) and the weak flame ((3)
Normal) as well as ignition and extinction points of FREI for a stoichiometric methane/air

mixtures at 100 kPa and various mean inlet flow velocities [69].

cool flame, blue flame and hot flame, from low to high temperature, respectively. In
Fig. 1.7, this can be seen for pure n-heptane (RON = 0) as well as PRF20 (RON = 20).
The cool flame is the region of low temperature oxidization, where fuel is consumed and
intermediate species such as hydrogen peroxide (HyO2) and formaldehyde (CH,O) are
formed. In the blue flame, HyO, dissociates in a chain branching reaction and produces
two OH radicals. This enhances the consumption of the remaining fuel and intermediate
species. Another important reaction is the consumption of CH50 to form CO. The final
stage of combustion is the hot flame, in which hydrogen-oxygen reactions dominate and

where the oxidation of CO to the final combustion product CO, takes place. Fuels of lower
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Figure 1.7: Influence of RON on flame appearance and position at P = 100 kPa and ¢ = 1.0.
Flame regions from left to right: cool flame, blue flame, (bright) hot flame. a) Methane
(RON = 120), b) Toluene (120), c¢) Propane (112), d) Ethane (108), e) iso-Octane/PRF100
(100), f) n-Butane (94), g) PRF50 (50), h) PRF20 (20), and i) n-Heptane/PRFO0 (0).

Experimental conditions differ slightly. Data obtained from [72-75].

reactivity, such as PRF50 (RON = 50) and iso-octane (RON = 100), do not exhibit the
cool flame but only the blue flame and the hot flame. For fuels of even lesser reactivity,
e. g., toluene (RON = 120) and methane (RON = 120), only the hot flame remains. This
single flame corresponds to the weak flame that was discovered in the original MFR
paper [62]. From these results, it can be seen that the flame pattern and flame location
are connected to the fuel reactivity. As fuel reactivity becomes less, i.e., as the RON

increases, all three flames shift to higher temperatures and first the cool flame and then
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the blue flame disappear. These results show that the fuel reactivity has a strong impact
on the weak flames characteristics in the MFR.

In addition to the aforementioned fuels, various other fuels have been investigated that
include syngas [76], butane [75], DME [77], lower alkenes [78], ethanol [68], TRF [74] and
diesel surrogates [79]. Most of these fuels were investigated at atmospheric pressure and
at stoichiometry.

The effect of the equivalence ratio was tested for methane/air mixtures, where lean
conditions moved the hot flame to lower wall temperatures [80]. Dilution of stoichiometric
syngas/air mixtures by Ny did not show any effect on the hot flame, while dilution by
CO3 and HyO moved the flame to higher wall temperatures [76]. This effect is shown in
Fig. 1.8.

The effect of pressure was investigated for PRF mixtures [73], ethanol [68] and n-
butane [75]. Experimental images of n-butane/air weak flames at elevated pressure are
shown in Fig. 1.9. It was found that elevated pressure shifted all the reaction zones to
regions of lower wall temperature. Along with this shift, the heat release and relative
luminosity of the cool flame and blue flame increased.

A study by another group used the MFR to investigate the transient FREI [67]. It
found that the FREI of fuels with lower RON ignited and extinguished at lower wall
temperatures than those of fuels with higher RON. These findings agree well with the

results obtained by weak flames.
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Figure 1.8: Effect of Ny, CO, and H2O on the hot flame of stoichiometric syngas/air
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1.5 Objectives and outline of this thesis

Previous studies have shown that weak flames in the MFR can be used to qualitatively
evaluate fuel reactivity. The purpose of this dissertation is to quantify these results and
develop an index number that describes fuel reactivity. In order to achieve this, the main

goals of this thesis are:

e Utilize a newly-developed vertical-type MFR to increase spatial resolution and

accuracy of results
e Evaluate the applicability of existing reaction mechanisms for the given conditions

e Develop a reactivity index number that is applicable over a wide range of conditions,

including ultra-lean, elevated pressure and EGR conditions

The structure of this dissertation is comprised of five chapters. The first chapter is the
introduction and covers the background, an introduction to the MFR and weak flames as
well as previous research.

The second chapter explores the effect of RON and equivalence ratio on the weak flames
of PRFs. The equivalence ratio was varied between @ = 0.5 and 1.0, while the RON was
between 80 and 100. It was found that the KUCRS mechanism does not give accurate
results for ultra-lean conditions. Therefore, parts of its hydrogen-oxygen reactions were
modified. These changes lead to very good agreement between the experiment and the
simulations.

The third chapter is the main part of this thesis and presents the development of the
reactivity index, the Heat Contribution Index (HCI). Here, elevated pressure was used as

this is closer to practical conditions. By investigating various fuels of different reactivity
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and molecular structure, a relation between these two was found that can be expressed by
the Blue flame-HCI.

In the fourth chapter, the effect of exhaust gas recirculation was investigated for PRFs.
A new method for the comparison of flame locations was developed. Furthermore, the
heat contribution index was used to evaluate the effect of diluents on the reactivity of the
investigated fuels.

The fifth chapter is made up of the general conclusions of this dissertation and an

outlook to future research.
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2 Evaluation of the reactivity of
ultra-lean PRF /air mixtures by weak
flames in a micro flow reactor with a

controlled temperature profile

2.1 Introduction

As was explained in section 1.2.1, ultra-lean combustion of gasoline has high potential for
increasing thermal efficiency [81]. However, well-controlled ignition and stable combustion
under those conditions are not well understood yet. This is a major problem for the
application in commercial engines. As gasoline is a complex mixture of several hundred
components, research is often conducted by Primary Reference Fuels (PRF), which are
mixtures of n-heptane and iso-octane.

To investigate the effect of lean combustion on the reactivity of PRFSs, past researches
focused on shock tubes [33, 82-87], Rapid Compression Machines (RCM) [33, 84, 86] and

Jet-Stirred Reactors (JSR) [32, 88]. By using shock tubes, ignition delay times (IDTS)
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were investigated at elevated temperatures. For pressures in the range of 1 MPa, a decrease
of the equivalence ratio led to lower IDTs. This indicated higher reactivity for leaner
conditions [84]. At higher pressures and decreasing equivalence ratio, shock tubes [82, 84]
as well as RCMs [89, 90] showed longer IDTs, again hinting at lower reactivity.

In a previous study by our group, the micro flow reactor with a controlled temperature
profile (MFR) was used to evaluate the effect of the Research Octane Number (RON) on
PRF reactivity by weak flames [73]. As was explained in section 1.4, the MFR consists of
a quartz tube with a small inner diameter, which is externally heated. At low inlet flow
velocities, stable weak flames can be found, which correspond to the ignition branch of
the Fendell curve. This allows for the usage of weak flames to investigate the ignition
process and the reactivity of fuel/air mixtures. Figure 2.1 shows the images of weak flames
of various PRFs at atmospheric pressure and stoichiometry. The fuels of RON between
20 and 100 showed hot flames at regions of high wall temperature and blue flames at
intermediate wall temperatures. With decreasing RON, the hot flames and the blue flames
shifted to lower wall temperatures. The cool flame only appeard for RON equal to or less
than 20. This signifies strong Low Temperature Oxidation (LTO). These results showed a
strong correlation between changing RON and the weak flame response.

Another study investigated the effect of the equivalence ratio on ultra-lean methane/air
weak flames. This study found that as the equivalence ratio was decreased, the hot
flames shifted to regions of lower wall temperature [80]. This is a trend that is similar to
decreasing RON, which indicated higher reactivity.

Based on the results for changing RON and changing &, the objective of this chapter is
to evaluate the reactivity of ultra-lean PRF /air mixtures (®=0.5, 0.75, 1.0) by separated

weak flames in a MFR. PRF80, PRF90 and PRF100 were chosen as fuels as they have
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Figure 2.1: Influence of RON on flame patterns and positions at @ = 1.0, P = 100 kPa,
horizontal-type MFR [73]. Flame regions from left to right: cool flame, blue flame and hot

flame.

RONSs that are in the range of actual gasoline. As the differences in flame locations for the
given conditions were expected to be relatively small when using the horizontal-type MFR,
a new vertical-type MFR was employed. The vertical-type MFR has a broad temperature
profile that leads to a high resolution with regard to location and temperature. This allows
for higher precision in the distinction of different weak flame responses. The pressure
was set to 100 kPa. Additionally, simulations were conducted by the Lawrence Livermore
National Laboratory (LLNL) PRF reaction mechanism [32] as well as by the KUCRS PRF
reaction mechanism [38]. These results can be used to examine chemical reactions in more

detail and to assess the capabilities of the reaction mechanisms.

25



2 Evaluation of the reactivity of ultra-lean PRF /air mixtures by weak flames

Fuel/Air
¢ x =0cm

=
= —_—

=1

U, = 2cm/s

Blue flame

Hot flame

Hz/Air'Oz V
Burner X =15 cm

=
(=D

d=2mm
Figure 2.2: Scheme of the vertical-type micro flow reactor with a controlled temperature

profile.

2.2 Methods

2.2.1 Experimental method

A vertical-type MFR was developed for this study with the goal of increasing the spatial
resolution of the separated weak flames (see Figure 2.2). The vertical-type MFR contains
a quartz tube with an inner diameter of 2mm and a length of 15cm. A coaxial non-
premixed Hy/Os-enriched-air burner was used as the external heat source at the lower end,
leading to a mildly increasing temperature profile between the ends of the quartz tube.
This increases the experimental temperature resolution as compared to the horizontal

type, which was employed in previous studies [72, 77, 78]. The coaxial burner leads to an
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axisymmetric temperature profile around the center axis. The temperature measurement of
the tube’s inner wall was conducted by a sheathed K-type thermocouple of 300 pm diameter.
The thermocouple was introduced from the lower end of the tube and measurements
were conducted in the beginning and in the end of the experiments. In previous tests,
measurement differences between sheath-type thermocouples with diameters of 320 pm
and 160 pm and bare wires with diameters of 50 pm were compared. For the temperature
range of interest in this study, i.e., temperatures below 1200 K, no significant differences
between the various thermocouple types were found. Therefore, the 300 pm thermocouple
was chosen as it achieves good accuracy while ensuring easy handling. When measuring
the inner wall temperature, the thermocouple was in constant contact with the surface
of the wall. The tip of the thermocouple was kept at each measurement point for up to
five minutes. From this measurement, the average temperature as well as its temporal
fluctuation were obtained (for details see appendix 2.B). The measurement location was
obtained from digital image processing, where the spatial uncertainty was within 100 pm.
Figure 2.3 shows the measured wall temperature profile along the axis as well as its
fluctuation. The minimum and and maximum wall temperatures were set to 373 K and
1300 K, respectively. The standard deviation of the measured temperatures between 1000 K
and 1100K, i.e., the temperature range for hot flames, was within 3 K. Based on this
temperature profile, a quadratic equation was fitted (see Eq. (2.1)) that was later used in
the simulations. The flow of the mixture through the tube was considered to be laminar

and at a pressure of 100 kPa.

346K , 18.16K
g €T —|—
cm? cm

T(z) x + 350.18 K (2.1)
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Figure 2.3: Experimentally measured wall temperatures and fitted quadratic approximation

between 373 K and 1300 K.

An electrically heated tank, whose inside was vacuumed, was used to vaporize the liquid
fuels (373 K at pressures less than 0.25kPa). The liquid fuels were inserted into the tank
by a syringe. After waiting several minutes for complete evaporation, nitrogen was added
to the tank by the partial pressure method. To assure a uniform mixture, the contents
were held in the tank for up to one hour. After this time, a heated mass flow controller was
used to control the flow of the mixture from the tank to the upper end of the MFR. The
mixture was sent through a heated pipe of 373 K, which prevented condensation of the fuel.
Another mass flow controller was used to feed oxygen into the fuel/nitrogen mixture. The
flow rate was chosen according to the Oy /Ny ratio of air and the chosen equivalence ratio.

As weak flames appear only for low flow velocities, the inlet flow velocity into the MFR was
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Table 2.1: Experimental conditions.

Parameter Value
Fuels PRF'100, 90, 80
iso-octane/n-heptane ratio 100:0, 90:10, 80:20
Research octane number (RON) 100, 90, 80
Equivalence ratio @ 1.0, 0.75, 0.5
Pressure 100 kPa
MFR length 15.0cm
Inner diameter 2.0mm
Temperature range 373K to 1300 K
Inlet velocity 2cm/s (at 373K)

Table 2.1.

2.2 Methods

set to 2cm/s at 373 K. Previous studies showed good agreement between locations of peak
CH chemiluminescence in the experiments and the peaks of the heat release rate in the
simulations [69, 73, 77, 91]. Consequently, a CH band-pass filter (transparent wavelength
432.3 nm, half-band width 6.4 nm) was used to take weak flame images by a Nikon D800
digital still camera. The exposure time was set to 100s. In order to obtain better images
of the flames, five images were averaged for every condition. In a second step, background
subtraction was conducted, which led to clearer images of the flames. The hot flame
location was obtained by the point of maximum luminosity. The wall temperature at

this location was then calculated by Eq. 2.1. The experimental conditions are shown in

29



2 Evaluation of the reactivity of ultra-lean PRF /air mixtures by weak flames

2.2.2 Computational method

Simulations of the separated weak flames were conducted by modified Chemkin-Pro
PREMIX [92]. Here, the MFR was modeled as a one-dimensional system with steady
state reactive flow without boundary layer. Due to the low volume to surface ratio, the
MFR shows strong heat transfer between the inner gas-phase and the reactor wall. To
implement this heat transfer into the simulations, the energy equation was expanded by
an additional term (see Eq. 2.2). Here, T}, and T are the wall temperature of the quartz
tube and the temperature of the gas-phase, respectively. The value of the Nusselt number

Nu was set to 4.0 [77]. These changes were made as part of a user-defined subroutine [62].

AT 1 d ary A& dr
M-—— —— (M= ]+ =3 pViVicpr—
dx cpdx< d:c) +cka::1p KRR g (2.2)
AK A4AN ’
+ 2 Wi — =22, —T) =0
Cp =1 ¢ d

The wall temperature T, was modeled after the quadratic function that was taken from
the experiment (see Figure 2.3).

The length of the computational domain was chosen as 15.0 cm. Adaptive grid spacing
led to a minimum gridsize inside the hot flame of 50 pm. The flow velocity at the inlet
of the tube was set to 2.0cm/s at 100 kPa and 373 K, according to the experiment. In
order to model the chemical reactions, two detailed reaction mechanisms were used. The
LLNL PRF mechanism [32] was chosen, as it is a well established reaction mechanism
for PRF. It consists of 1034 species and 4206 reactions. Furthermore, the KUCRS PRF
mechanism [38] was employed. This mechanism is the basis for the SIP project and
mechanisms for gasoline surrogate fuels are built upon it [40]. It has 778 species and 2181
reactions. In the simulations, the hot flame location was obtained by finding the peak of

the heat release rate.
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PRF100, ® = 1.0
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Figure 2.4: Experimental weak flame images of all nine cases. Flow direction from left to

right.

2.3 Results and discussion

2.3.1 Flame locations and temperatures

Figure 2.4 shows the weak flame images of the experiment for PRF80, PRF90 and PRF100
at equivalence ratios of ®=1.0, 0.75 and 0.5. The flow direction in the images is from left
to right. On the right side of the images, bright circular spots are visible. These spots are
the hot flames, which are located between wall temperatures of 1050 K (PRF80, ¢ =0.5)
and 1070 K (PRF100, #=1.0). To their left, at wall temperatures between 900 K and
1050 K, stretched blue zones can be seen. These are the blue flames. By lowering the

RON from 100 (PRF100) to 80 (PRF80), the positions of the hot flames moved upstream,
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2 Evaluation of the reactivity of ultra-lean PRF /air mixtures by weak flames

i.e., to lower wall temperatures. For a decrease of RON by 10, the flames moved to lower
wall temperatures by 3K. As the equivalence ratio was decreased, a similar effect was
observed. For a decrease of the equivalence ratio by 0.25, the hot flames moved by 4 K
to lower wall temperatures. For both cases, the shift to lower wall temperatures implies
higher reactivity under these conditions. Furthermore, when the equivalence ratio was
decreased, the intensity of the hot flame became weaker. This is a direct result of lower

influx of fuel into the reactor channel at lower @.

Figure 2.5 shows the Heat Release Rate (HRR) profiles as obtained by the LLNL
and KUCRS mechanisms for PRF100 at #=1.0, 0.75 and 0.5. For both mechanisms,
two regions of low and high HRR exist. The broad region between 850 K and 1050 K
corresponds to the blue flame, while the peaks between 1050 K and 1100 K represent
the hot flame. As the equivalence ratio was decreased, both mechanisms showed an
overall decrease of the HRR. This is again caused by the overall reduction of fuel in the
system and agrees with the experiment. As for the shift of the hot flame for changing
equivalence ratio, however, differences exist between the two mechanisms. In case of the
LLNL mechanism, decreasing equivalence ratio shifted the peak of the HRR to lower
wall temperatures. The shift was from 1079 K at #=1.0 to 1071 K at & =0.5. This shift
indicates higher reactivity at lean condition, which agrees well with the experimental trend.
For the KUCRS mechanism, however, the hot flame shifted to the opposite direction. As
the equivalence ratio was decreased from ¢ =1.0 to 0.5, the peak of the HRR shifted
from 1066 K to 1080 K. As the hot flame moved to higher wall temperatures, it indicates
lower reactivity. This trend is opposite to that of the experiment and that by the LLNL

mechanism.

Figure 2.6 shows the wall temperatures at the experimental and computational location
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Figure 2.5: Heat release rates of PRF100 with LLNL and KUCRS at ¢ =1.0, 0.75 and 0.5

and P = 100 kPa.

of the hot flames for all considered conditions. The trends of PRF80 and PRF90 are
the same as those of PRF100 in both the experiments and computations. As @ was
decreased, the luminosity peaks in the experiment moved to lower wall temperatures.
In the simulations, the HRR peaks of the LLNL mechanism also moved to lower wall
temperatures while those of the KUCRS mechanisms moved to higher wall temperatures.
The hot flame locations of PRF80 and PRF90 by the LLNL and KUCRS mechanisms
are located at lower wall temperatures than those of PRF100, which agrees well with the

experiment. The hot flames moved upstream by about 3 K per ARON = 10, which again
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Figure 2.6: Wall temperature at hot flame location for all investigated cases (P = 100 kPa),

experiments and simulations.

is in very good agreement with the experiment. A similar trend for changing RON was
found in a previous study for stoichiometric PRF /air mixtures [73]. That study, however,
used a horizontal-type MFR, whose resolution with regard to the wall temperature was
approximately 5 K. This only allowed for the differentiation of larger differences of RON.
The usage of the vertical-type MFR in this study, on the other hand, allows for a much

finer resolution that can detect changes for differences in RON of 10.

Fig. 2.7 shows the mole fraction profiles of important chemical species as obtained by

the LLNL mechanism for PRF100 and ¢ =1.0. These species profiles can be used to
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Figure 2.7: Major species profiles for PRF100 at P = 100 kPa and ¢ =1.0 by LLNL. The
vertical dashed line indicates the position of the HRR peak of the hot flame. The colored
boxes indicate from left to right the approximate location of the cool flame, blue flame

and the hot flame.

understand the structure of the separated weak flames. The species profiles can be divided
into three distinct regions. At wall temperatures between 600 K and 700 K, the cool flame
can be found. Here, Low Temperature Oxidation (LTO) consumes fuel and produces
intermediate species, such as formaldehyde (CH,0). The next weak flame, the blue flame,
can be found between wall temperatures of 850 K and 1000 K. Here, remaining fuel and a
large part of the previously produced intermediate species are consumed, which leads to
the production of carbon monoxide (CO). The final reaction zone, the hot flame, is then
located at wall temperatures between 1000 K and 1100 K. At this stage of the weak flame,

the remaining species, such as CO, are oxidized and COs is formed as a final combustion
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HCO+02 = CO+HO2 L46
CO+OH=CO2+H L7
CH20+0OH = HCO+H20 L32
OH+H2=H+H20 L11
CH30(+M) = CH20+H(+M) L40
CH3+HO2 = CH30+0H L22
CH20+H=HCO+H2 L33

* 20H(+M)=H202(+M) L51
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Figure 2.8: Normalized rate of progress variables (by CO + OH = CO, + H) at
Tyan = 1030 K for major ten reactions as obtained by LLNL for PRF100 at P = 100 kPa
and @ =1.0 as well as corresponding values at ® =0.5. *net reaction rate is from right to

left.

product.

2.3.2 Effect of the equivalence ratio on chemical reactions

In this section, chemical reactions will be discussed in more detail. Reactions will be
numbered by their respective number in the reaction mechanisms, with an additional L or
K in the beginning for the LLNL and KUCRS mechanism, respectively. Figure 2.8 shows
the normalized rate of progress variables of the ten dominant reactions as obtained by
the LLNL mechanism for PRF100 at ®=1.0 and 0.5. The rate of progress variables were
taken at a wall temperature of 1030 K, which is the location just before the hot flame. At

this point, the HRR profiles of @ =1.0 and 0.5 show opposing trends. At ®=1.0, the HRR
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2.3 Results and discussion

is decreasing, while that at @ =0.5 is increasing. The values were normalized by that of L7
(oxidation of CO, dominant reaction of the hot flame) for better comparison. Among all
reactions, the consumption of HCO (L46) shows the highest values for both equivalence
ratios. At @=1.0, however, it is significantly stronger than at @ =0.5. Other reactions
that include C1 species are the consumption of CH,O (L32, L33), the consumption of
CH30 (L40) as well as the consumption of CHs (L.22). Here, again, the contribution at

@ =1.0 is higher than that at ®=0.5

HCO + 0y = CO + HO, (L46/K1982)
CO+OH=CO,+H (L7/K1959)
CH,0 + OH = HCO + H,0 (L32/K1970)
CH;0(+M) = CH,O + H(+M) (L40)
CH;0 +M = CH,O + H+ M (K1978)
CH; + HO, = CH;0 + OH (L22/K1963)
CH,0 + H = HCO + H, (L33/K1971)

For some hydrogen-oxygen reactions, e. g., L26 and L8, however, rate of progress variables

are higher at ®=0.5 than at $=1.0

H + Oy(+M) = HO,(+M) (L26)
O +H+M=HO;,+M (K1938)
Oy + H + H,O = HO, + H,0 (K1939)
H+ O, = O + OH (L8)

O, +H=0H+O0 (K1932)
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HCO+02 = CO+HO2 K1982

CO+OH=CO2+H K1959

CH20+0H = HCO+H20 K1970
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Figure 2.9: Normalized rate of progress variable (by CO4+OH = COy+H) at Ty = 1053 K

for major ten reactions as obtained by KUCRS for PRF100 at P = 100 kPa and ¢ =1.0

as well as corresponding values at @ =0.5. *net reaction rate is from right to left.

Reaction L8 is an important chain-branching reaction that promotes reactivity. It, however,
has to compete with other reactions for H radicals. In the stoichiometric case, the other
reactions are stronger than L8 and, therefore, lead to lower reactivity. In the lean case,
on the other hand, L8 is among the strongest reactions, which leads to increased chain
branching and therefore increased reactivity. This allows the hot flame to be sustained at

lower wall temperatures, which is in good agreement with the experimental findings.

In case of the KUCRS mechanism, the HRR profiles start to diverge at Ty.n = 1053 K.
The ten dominant reactions, again normalized by the CO oxidization reaction K1959,
are presented Figure 2.9. The strongest reaction at both equivalence ratios is again the
consumption of HCO (K1982), followed by the oxidation of CO (K1959). For K1982, the

effect of the equivalence ratio is smaller than in the case of the LLNL mechanism. For
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2.3 Results and discussion

hydrogen-oxygen reactions, however, larger differences between the equivalence ratios exist.
At & =0.5, the strongest chain-branching reaction is K1932, while at ® =1.0 it is K1941.
At stoichiometry, K1941 increases the reactivity, which shifts the hot flame to lower wall

temperatures than that of the lean case.

H + HO, = OH + OH (K1941)

In a next step, A-factor sensitivity analysis was performed in order to further understand
why the reactivity trends with regard to equivalence ratio are opposite for the KUCRS
mechanism. The A-factor sensitivity analysis was conducted with regard to the wall
temperature at the location of the hot flame by increasing the pre-exponential factor by a

factor of 2.0 and by decreasing it by a factor of 0.5, respectively (see equation 2.3).

Tyan(k2.0) — Twan(ko5)

5= 1.5 ()

(2.3)

By comparing the LLNL and the KUCRS reaction mechanisms, it was found that the
Arrhenius parameters of the C1 reactions show the same values. Therefore, the sensitivity
analysis put its focus on hydrogen-oxygen reactions. The sensitivity coefficients of the
KUCRS mechanism for PRF100 at ®=1.0 and ¢=0.5 are shown in Figure 2.10. At
®=1.0 as well as @=0.5, the reactions with the highest sensitivity coefficients are K1932
and K1938/39. Both reactions compete for H radicals. While K1932 is a chain branching
reaction that promotes reactivity, K1938/39 is a chain termination reaction that decreases
reactivity. The reactions K1941 and K1942 also consume H radicals and form two
competing product channels of H + HO,. Especially at @ =1.0, these reactions also show
high sensitivity. The third product channel, K1943 shows only low sensitivity and is
at rank 19. At & =0.5, another chain termination reaction, K1944, shows a very high

sensitivity coefficient that is almost as high as that of the other chain termination reaction
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Figure 2.10: Sensitivity coefficients with regard to the wall temperature at the hot flame
location of the ten most sensitive H-O reactions as obtained by KUCRS for PRF100 at

P =100kPa and &=1.0 as well as &=0.5.

K1938. One characteristic that all the mentioned reactions have in common is that they

consumer either H or HO,.

H + HO; = Hy,0 + O (K1943)

The sensitivity coefficients of the remaining reactions are small when compared to the
strongest six reactions. The strongest reactions of Fig. 2.10 also appear among the reactions
in Fig. 2.9. This emphasizes the important role that they have on the reactivity of the
hot flame. Based on these results it can be concluded that the competition between chain
termination and chain branching reactions governs the reactivity and therefore the location

of the hot flame. In order to get a better understanding of the role of these reactions, the
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2.3 Results and discussion

next section will focus on them in more detail.

2.3.3 Moadification of H-O reaction parameters

The previous section showed that six reactions have a big impact on the movement of
the hot flames when the equivalence ratio is changed. Reaction K1943 was also taken
into account as it is another product channel of the H 4+ HOy group. When comparing
the Arrhenius representation of these reactions between the KUCRS and the LLNL
mechanism, large differences were found. Furthermore, K1943 is not represented in the
LLNL mechanism, leaving out part of the H + HO4 system. Therefore, another reaction
mechanism was used to investigate the role of these reactions for the location of the hot
flame. The mechanism that was chosen was the Foundational Fuel Chemistry Model 1.0
(FFCM-1) [93]. This reaction mechanism was created very recently and contains CO-C2
reactions. It was optimized by using large amounts of theoretical and experimental data.
A comparison of the Arrhenius parameters of the seven reactions between the KUCRS
mechanism and FFCM is given in Table 2.2. As reaction K1938 is a three body reaction
with enhanced third-body efficiencies, their values for both mechanisms are provided in
Table 2.3.

Reaction K1932, a chain branching reaction, shows similar Arrhenius parameters for
both mechanisms. FFCM shows a slightly higher activation energy that leads to a slightly
lower rate constant than that of the KUCRS mechanism. As a chain branching reaction, a
decrease of its rate constant by FFCM leads to lower reactivity. Compared to the KUCRS
mechanism, this leads to a shift of hot flame to higher wall temperatures by 13K at
¢ =1.0 and by 12K at ¢ = 0.5 (see Table 2.4).

The chain termination reactions K1938/39 shows differences in its representation between
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2 Evaluation of the reactivity of ultra-lean PRF /air mixtures by weak flames

Table 2.2: Arrhenius parameters of KUCRS and FFCM of selected H-O reactions.

Nr. Mechanism A 16 E
K1932 KUCRS 9.756E+13 0.0  14844.6
FFCM 9.841E+13 0.0  15310.0
K1938" KUCRS 6.300E4+18  -0.8 0.0
FFCM 4.560E+12 0.4 0.0
- Low 6.370E4+20 -1.72 525.0

- Troe a=0.5, T"* =3.0E+01

7" =9.0E+04, T** =9.0E+04

K1939 KUCRS 6.89E+15 0.0 -2086.5
FFCM not available

K1941 KUCRS 1.69E4+14 0.0 874.8
FFCM 5.89E+13 0.0 300.0

K1942 KUCRS 4.28E+13 0.0 1410.1
FFCM 2.94E+06 2.1 -1455.0

K1943 KUCRS 3.01E4+13 0.0 720.8
FFCM 1.63E+12 0.0 0.0

K1944 KUCRS 2.89E+13 0.0 -497.1
FFCM 7.35E+12 0.0 -1093.0

- duplicate  4.53E+14 0.0 10930.0

"Enhanced third-body efficiencies are given in Table 2.3.
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2.3 Results and discussion

Table 2.3: Enhanced third body efficiencies of KUCRS and FFCM for reaction K1938/1.26.

Species

KUCRS FFCM

No
O,
CO

COq

Ho

CHy
CH,O
CH;OH

CyHg

0.223

0.123

0.25

0.5

0.0

not available

0.0967

not available

not available

not available

not available

not available

0.96

0.75

1.90

3.45

15.81

0.71

0.60

1.87

2.00

2.50

3.00

3.00
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2 Evaluation of the reactivity of ultra-lean PRF /air mixtures by weak flames

Table 2.4: Effect of individual reactions on the wall temperature at the hot flame location
when Arrhenius parameters are changed from KUCRS to FFCM for PRF100 at #=1.0

and 0.5.

Reaction &=1.0 &=0.5

K1932 13K 12K

K1938/39 3K -6K

K1941 8K 1K
K1942 -6K 3K
K1943 0K 0K
K1944 -17TK 28K

the two mechanisms. KUCRS provides it as a third order reaction that is pressure
independent. KUCRS also separates the reaction into one with HyO as a third body
(K1939) and another one that contains all other species as third bodies (K1938). FFCM
as well as LLNL, however, combine all third bodies into one reaction that is provided as a
second order reaction with a Troe fall-off representation and a low-pressure limit (reaction
L26 in case of the LLNL mechanism). In order to compare the rate constants of these three
body reactions with enhanced third-body efficiencies, a gas composition had to be given.
It was chosen as the composition at the location of the hot flame of PRF100 as obtained by
the KUCRS mechanism (see Table 2.5 for details). The largest difference between the two
equivalence ratios lies in the mole fraction of Os that is approximately three times higher
in the lean case. Mole fractions of H,O, CO5 and CO, however, are lower in the lean case.

Figure 2.11 shows the comparison of the rate constants at & = 1.0 and ¢ = 0.5 for reactions
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2.3 Results and discussion

Table 2.5: Species with highest mole fractions at hot flame locations of KUCRS, PRF100

at ®=1.0 and 0.5.

Mole fraction

Species &=1.0 ®=0.5

No 0.721 0.758
Oq 0.037  0.107
H,O 0.123  0.071
COq 0.062  0.051
CcO 0.047  0.012

Others 0.010 0.001

K1938/39 (KUCRS) and L26 (FFCM) over the temperature range that is of interest in
this study (373K to 1300 K). The gas composition was taken from Table 2.5. In case of
the KUCRS mechanism, the two rate constants are multiplied by the total concentration
of the mixture [M] and are added up to make it comparable to the single rate constant of
FFCM. As the temperature increases, both reaction mechanisms provide decreasing rate
constants at both equivalence ratios. For both reaction mechanisms, the rate constants
at @ = 1.0 are higher than those at @ = 0.5. In case of FFCM, the difference between
the two equivalence ratios is smaller than that of KUCRS. The lower rate constants at
lower equivalence ratios are caused by lower concentrations of species that have higher
enhanced third-body efficiencies, e.g., COy, HyO and CO. When comparing the rate
constants of the two mechanisms, FFCM shows larger values at lower temperatures, while

KUCRS has larger values at higher temperatures. The cross-over point at @ = 1.0 is at
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Figure 2.11: Sum of rate constants of K1938+K1939 multiplied by [M] for KUCRS and
rate constant of L26 for FFCM at P = 100 kPa and @ =1.0 and 0.5. Vertical line indicates

hot flame location of KUCRS for PRF100 at & =1.0.

approximately 1200 K, while it is at 900 K at @ = 0.5. This leads to important differences
in the temperature range of the hot flame. In the stoichiometric case, FFCM has a higher
rate constant than KUCRS. As this is a chain termination reaction, this leads to lower
reactivity and a hot flame at higher wall temperatures. This effect can be seen in Table 2.4,
where the hot flame of FFCM is located at 3 K higher than that of KUCRS. At ultra-lean
conditions, however, FFCM shows a lower rate constant than KUCRS, which consequently
leads to higher reactivity and a hot flame at lower wall temperatures by 6 K (see Table 2.4).

A previous study by our group showed the effect of exhaust gas recirculation (EGR) on
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the hot flame of syngas [76]. As CO, and HyO were added, the chain termination reaction
K1938/39 was enhanced the hot flames shifted to higher wall temperatures. This agrees
well with the current results and shows the possibility of using the MFR to investigate

even small differences in reactivity, such as in the chain termination reaction.

Reaction K1941 is another important chain branching reaction. It is one of the three
distinct reaction channels of H+ HO» together with K1942 (chain termination) and K1943
(chain propagation). All three reactions depend on the concentrations of H and HO,. They
are therefore highly sensitive to changes of the equivalence ratio and show some of the
highest sensitivities among the H-O reactions [94]. Over the temperature range of the
MFR, the rate constant of K1941 of FFCM is lower than that of the KUCRS mechanism.
As it is a chain branching reaction, this results in lower reactivity of FFCM and a shift of
the hot flame at @ = 1.0 to higher wall temperatures by 8 K as compared to KUCRS (see
Table 2.4). At @ = 0.5, this reaction is not as important as the concentration of H radicals
is lower and only leads to a shift of the hot flame to higher wall temperatures by 1 K (see
Table 2.4). The rate constant of the chain termination reaction K1942 of FFCM is also
lower than that of KUCRS, which, in this case, increases reactivity. This leads to a shift
of the hot flames to lower wall temperatures by 6 K at ® = 1.0 and 3K at & = 0.5. The
third reaction, K1943 is a much weaker reaction than the previous two and contributes
only about 5% of their reaction rate. This reaction only has negligible effect on the flame

location and shifts it by less than 1 K at both equivalence ratios.

Another reaction that competes for HO, radicals is the chain termination reaction K1944.
This reaction is especially important at lean conditions. Until now, however, an adequate
representation of its Arrhenius parameters is still discussed controversially. Experimental

studies found that a strong minimum of the rate constant exists in the temperature range

47



2 Evaluation of the reactivity of ultra-lean PRF /air mixtures by weak flames

from 1000 K to 1250 K [95, 96] (see Figure 2.12). This minimum was also investigated in
a theoretical study [97]. In agreement with these findings, the FFCM mechanism employs
a bi-Arrhenius expression. KUCRS, on the other hand, only used a single expression and,
therefore, does not contain the rate constant minimum (see Figure 2.12). The minimum
of the rate constant can be found in a temperature range that is close to the temperature
at the location of the hot flame, which is around 1070 K. As the KUCRS mechanism
does not contain this minimum, this leads to large differences between the FFCM and the
KUCRS mechanism. By using the Arrhenius parameters of the FFCM mechanism, the
reaction is weakened. As this is a chain termination reaction, this leads to higher reactivity,
especially in the case of @ = 0.5. Here, the hot flame moves to lower wall temperatures by
28 K, while it moves by 17K at @ = 1.0 (see Table 2.4). This makes it the reaction with
the largest impact among all investigated reactions and also with the biggest difference

between @ = 1.0 and @ = 0.5.

In order to evaluate the total effect of the differences in the rate parameters between
the KUCRS and the FFCM mechanism, the parameters for the selected seven reactions
(see Table 2.2) of the FFCM mechanism were inserted into the KUCRS mechanism. The
resulting HRR profiles of the modified KUCRS mechanism (KUCRS+FFCM) and those
of the original mechanism are plotted in Figure 2.13. At ®=1.0, the heat release rate
profile of the modified mechanism is similar to that of the original. In the blue flame, the
differences are very small, with the KUCRS+FFCM showing slightly higher values. For
the hot flame, the differences become larger. While the HRR peak of KUCRS+FFCM is
slightly lower than that of KUCRS, its location is located 2 K upstream at Ty = 1063 K.
Larger differences can be found at @ = 0.5. In the blue flame, the KUCRS+FFCM again

shows higher values than the original mechanism. This is followed by a steady increase
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Figure 2.12: Rate constants of reaction K1944: OH + HO, = H;0 + O,. Symbols
represent experimental data [95, 96, 98-110], and lines represent proposed rate constant
expressions [101, 111-113] as indicated in the legend. Figure taken with permission

from [94] and adjusted for KUCRS and FFCM curves.
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Figure 2.13: Heat release rate profiles of original KUCRS and KUCRS+FFCM for PRF100

at P = 100kPa and &=1.0 and 0.5.

towards the hot flame, which is located at a wall temperature that is 25 K lower than that of
KUCRS. This shifts the peak location from 1080 K (KUCRS) to 1055 K (KUCRS+FFCM).
Similar to the stoichiometric case, the peak HRR value of KUCRS+FFCM is lower than
that of KUCRS. Through the modification of KUCRS by FFCM, the order of the peaks of
the stoichiometric and lean case was switched. In the case of the original KUCRS, the peak
at @ = 1.0 showed higher reactivity and was located at a 15 K lower wall temperature than
that at @ = 0.5. For the modified KUCRS+FFCM, however, the peak at @ = 0.5 is located
at 8 K lower wall temperature than that at @ = 1.0, which indicates higher reactivity. This
result agrees very well with that of the experiment. These wall temperatures along with

those of the other cases as obtained by the KUCRS+FFCM as well as those obtained by
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Figure 2.14: Wall temperature at hot flame location for all investigated cases, experiments

and simulations including KUCRS+FFCM.

the original KUCRS and LLNL mechanisms and the experimental results are plotted in
Figure 2.14. For all three fuels, KUCRS+FFCM shows the hot flames moving to lower
wall temperatures when the equivalence ratio is decreased. As the RON is decreased from
100 to 80, the hot flames also shift to lower wall temperatures. These trends agree very
well with the experimental flame locations. The agreement with the experiment is within

8 K, which is even an improvement over the LLNL mechanism.

To further investigate the effect of KUCRS+FFCM, the mole fraction profile of an
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Figure 2.15: CHy0O mole fraction profiles of original KUCRS and KUCRS+FFCM of

PRF100 at P = 100kPa and ¢=1.0 and 0.5. Vertical lines represent the hot flame

location of each case.

important intermediate species, CH,O, was analyzed. The profiles of KUCRS and
KUCRS+FFCM at @ = 1.0 and @ = 0.5 are shown in Figure 2.15. As was explained
in section 2.3.1, CH50O is mostly consumed in the blue flame. In Figure 2.15, this is true for
all four conditions. The hot flames are then located at wall temperatures, where the CH,O
mole fraction approaches zero. During the blue flame, the mole fractions at @ = 1.0 are
higher than those at ® = 0.5 for both mechanisms. For the original KUCRS mechanism,
as the wall temperatures approaches that of the hot flame (around 1050 K), the mole
fraction at @ = 1.0 shows a sudden decrease and falls below that at @ = 0.5. This sudden
drop indicates an influence of the hot flame on the blue flame that is absent at @ = 0.5.

The influence of the hot flame leads to an increased reactivity and, consequently, a shift of
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the hot flame to lower wall temperatures, which is the opposite of the experiment. For
KUCRS+FFCM, the mole fractions at both equivalence ratios are lower than those of
KUCRS, which leads to lower wall temperatures at the hot flames. Furthermore, the
sudden drop of the mole fraction at @ = 1.0 is not observed. Therefore, the CH,O mole
fraction at @ = 1.0 reaches zero slower than that at @ = 0.5, which leads to an order of

the hot flames that agrees with that of the experiment.

2.3.4 Validation by ignition delay times and laminar burning

velocities

Apart from MFR results, the KUCRS+FFCM mechanism has to be tested for other
investigation methods. In this section, the modified mechanism will be used to evaluate
ignition delay times and laminar burning velocities. Ignition delay times were calculated
through 0-dimensional computations by Chemkin-Pro Aurora [92]. The system was
modeled as adiabatic with constant volume. The temperature ranged from 500 K to 1428 K
and the initial pressure was set to 500 kPa, which is in the pressure range of spark ignition
in an Sl-engine at ultra-lean conditions. Figure 2.16 shows the resulting IDTs of KUCRS
and KUCRS+FFCM for PRF100 at @ = 1.0 and 0.5. Two zones with different responses
to the equivalence ratio are seen. In the lower temperature range up to 1000 K, a decrease
of the equivalence ratio leads to longer ignition delay times, i.e., lower reactivity. In
this temperature regime, the overall reactivity is governed by fuel reactions [32], which
get stronger for higher equivalence ratios. At temperatures above 1000 K, however, lean
conditions experience shorter ignition delay times and therefore have a higher reactivity.

In this high temperature regime, the overall reactivity is governed by the chain branching
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Figure 2.16: Ignition delay times of original KUCRS and KUCRS+FFCM for PRF100 at

P =500kPa and &=1.0 and 0.5.

reaction K1932: Oy + H = OH + O. At ¢=0.5, this reaction becomes stronger [32],
while it is weakened at @ =1.0 as it competes for H radicals with other reactions. At
all investigated initial temperatures, the ignition delay times of the modified mechanism
are practically identical to those of the original KUCRS mechanism. This agreement
between the two reaction mechanisms is caused by the rapid heat release under adiabatic
ignition conditions, which is only little affected by the small changes that were made to
the H-O reactions. In the MFR, however, the system is not adiabatic and the chemical
reactions proceed gradually. This allows for a larger impact of small changes to chemical
reactions. Therefore, the competition between chain termination and chain branching can

be observed more clearly.
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Figure 2.17: Laminar burning velocities for iso-octane at 100 kPa and 298 K as obtained

by KUCRS and KUCRS+FFCM.

Laminar burning velocities are another common method for the investigation of fuels.
To compare the laminar burning velocities of KUCRS and KUCRS+FFCM, computations
of a 1-dimensional system were performed by Chemkin-Pro PREMIX [92]. The initial
temperature was set to T' = 298 K at 100 kPa. The resulting laminar burning velocities
at equivalence ratios between 0.7 and 1.3 are shown in Fig. 2.17. Over the whole range,
the differences between the two reaction mechanisms are within 2 %, which is a very good

agreement.

Compared to the results by the MFR, the results of ignition delay times and laminar
burning velocities show only small differences between the KUCRS and the KURCS+FFCM
mechanism. On the other hand, the MFR shows larger differences even for small changes
to chemical reactions, which makes it possible to investigate these reactions in more detail.

Therefore, the MFR can be used in future studies to further improve existing and new
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chemical reaction mechanisms.

2.4 Conclusions

In this chapter, the reactivity of PRF /air weak flames at stoichiometric and ultra-lean

conditions was investigated by a vertical-type micro flow reactor with a controlled tempera-

ture profile. In the experiment, locations of the weak flames were obtained. To investigate

chemical reactions im more detail, one-dimensional steady computations were conducted

by modified Chemkin-Pro PREMIX, where heat transfer between the gas-phase and the

wall was considered. The observations and conclusions that were made are as follows:

56

1. By conducting experiments, spatially separated weak flames, namely blue flames

and hot flames, were observed. By decreasing the equivalence ratio, the blue flames
and hot flames became weaker and the hot flames moved to regions of lower wall

temperature, which indicated higher reactivity.

. By conducting simulations with the LLNL and KUCRS reaction mechanisms, two

distinct zones of the HRR profile were identified that corresponded to the blue and hot
flames. As the equivalence ratio was decreased, only the LLNL mechanism showed
an increased reactivity by shifting the hot flame to lower wall temperatures, while the
KUCRS mechanism gave the inverse trend. By analyzing the mole fraction profiles
of CH,0, it was shown that for the LLNL mechanism, the blue flame (consumption
of intermediate species) and the hot flame (oxidation of CO and H-O reactions) were
well separated. Therefore, reactions of the H-O system governed the reactivity of
the hot flame. This led to the shift of the hot flame to lower wall temperatures at

® = 0.5 due to the high temperature chain branching reaction O, + H = OH + O.



2.4 Conclusions

For the KUCRS mechanism, however, the same analysis showed that the blue flame
and the hot flame overlapped spatially. This led to an increase of chain branching at
@ = 1.0 and therefore to higher reactivity and a hot flame at lower wall temperatures

than at @ = 0.5.

. A sensitivity analysis was conducted for important reactions with regard to the
location of the hot flame. For stoichiometric and ultra-lean conditions, seven
important H-O reactions were found. These included competing chain termination
and chain branching reactions. In a next step, these seven reactions of the KUCRS
mechanism were replaced by those of the more recent FFCM model. This led to
an inversion of the reactivity trend with regard to decreasing equivalence ratio,
which agreed very well with the experimental data. The modified KUCRS+FFCM
mechanism was further tested by applying it to ignition delay time simulations
as well as simulations of laminar burning velocities. The results were in excellent
agreement with the original mechanism, which showed that the changes only had an
effect on the MFR but did not change the results for other methods. This highlights
the strength of the MFR that allows for the investigation of chemical reactions and

the effect of boundary conditions in very high detail.
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Appendix

2.A MFR setup

Figure. 2.A.1 shows an extended scheme of the MFR setup. It consists of a heated part

(373K) and an unheated part. Three valves are connected to the heated mixing tank.
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Figure 2.A.1: Scheme of the vertical-type micro flow reactor setup.
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Figure 2.A.2: Heated mixing tank. a) Valve for Ny and vacuum pump. b) Inlet for liquid
fuel. ¢) Heated mixing tank. d) Mass flow controller for fuel /Ny mixture. e) Mass flow

controller for Os.

One valve is used to create the vacuum in the mixing tank and to supply Ns. Another
valve is equipped with a septum through which the liquid fuel can be supplied by a micro
syringe. Once the fuel and the Ny are supplied to the tank, their temperature is kept at a
constant 373 K to prevent condensation. This mixture is stored for at least 20 minutes to
ensure sufficient mixing. The fuel /Ny mixture is then released from the tank by a third
valve, which is connected to a mass flow controller. Oxygen is supplied by a second mass
flow controller and fed to the fuel /Ny mixture. By using two mass flow controllers, the
appropriate mixing ratio and flow rate can be controlled. The fuel/Ny/Oy mixture is
then supplied to the top end of the micro flow reactor. During this whole process, the
temperature is kept at 373 K to prevent fuel condensation. Figure 2.A.2 shows an image

of the mixing tank, the valves and the mass flow controllers.
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2.B Temperature measurement

Figure 2.B.1: Thermocouple inserted into the MFR from the lower end.

2.B Temperature measurement

Figure 2.B.1 shows the thermocouple inserted into the quartz tube of the MFR. The tip of
the thermocouple was slightly bent so that it was in direct contact with the inner wall of
the quartz tube. Temperature measurements were started from the cooler top part of the
quartz tube. At a given location, the temperature was sampled with a frequency of 10 Hz
for up to ten minutes. The temporal temperature profile of a measurement point at the
low temperature region is shown in Fig. 2.B.2. Here, the average temperature was 560 K,
while the minimum was 13 K lower and the maximum was 22 K higher. The histogram
of the measured data is given in Fig. 2.B.3. The measured values are approximately
normal-distributed. Based on these measurements, the standard deviation was calculated
to be 7.0 K.

The temporal temperature profile of a measurement point of high temperature is given
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Figure 2.B.2: Temporal temperature profile in the low temperature region, i. e., upper part

of the MFR.

44 % 44 %

34 % 34 %
-1.5¢ -lo Average +lc +1.50

Quantity Value

Average 560.3 K
Min 547.1K(-13.2 K)

Max 582.2 K (+21.9 K)

Std. dev. 6.96 K

50

547 549 551 553 555 557 559 561 563 565 567 569 571 573 575 577 579 581
Temperature / K

Figure 2.B.3: Histogram of temperature profile in Fig. 2.B.2.
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Figure 2.B.4: Temporal temperature profile in the high temperature region, i.e., lower

part of the MFR.

in Fig. 2.B.4. Compared to Fig. 2.B.2, the variation of temperature is much smaller.
The average temperature is 1293 K, while the minimum is 1292 K and the maximum is
1295 K. The histogram of this data is given Fig. 2.B.5. Here, the standard deviation was
calculated to be 0.7 K, which is significantly smaller than in Fig. 2.B.3.

These results show that the wall temperature profile is fairly stable. As the main focus
of this chapter was on hot flames, the standard deviation of the temperature in this region

was less than 1.0 K.
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Figure 2.B.5: Histogram of temperature profile in Fig. 2.B.4.

2.C Applicability of modified KUCRS at elevated
pressure

The effect of equivalence ratio on the weak flames of iso-octane at elevated pressure is
shown in Fig. 2.C.1. In general, the weak flames of & = 1.0 were brighter than those of
@ = 0.5 due to the higher fuel mole fractions. For both equivalence ratios, the blue flames
and the hot flames moved to lower wall temperatures as the pressure was increased. At
all pressures, the hot flames of the ultra-lean case are located at lower wall temperatures
than those at stoichiometry.

And overview of the experimental flame locations and the computational results by LLNL,
KUCRS and KUCRS+FFCM are given in Fig. 2.C.2. The results of the original KUCRS

mechanism diverge from the experimental results for increasing pressure. Furthermore,
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Figure 2.C.1: Effect of equivalence ratio on iso-octane weak flames at elevated pressure.

the flame locations of the stoichiometric hot flame and the ultra-lean hot flame change
order between 200 kPa and 300 kPa. The modified KUCRS mechanism, on the other hand,
showed very good agreement with the experiment even for elevated pressure. LLNL showed
relatively good agreement at 100 kPa but the flames shifted downstream as the pressure
was increased to 200 kPa. For higher pressures, the flames moved upstream again. This
effect will be discussed in more detail in chapter 4. These results show that the modified

KUCRS mechanisms can be used at atmospheric as well as at elevated pressures.

65



2 Evaluation of the reactivity of ultra-lean PRF /air mixtures by weak flames

5.0 -=—- Exp. ¢=0.5
—— Exp. ¢=1.0

4.5 -—=- KUCRS ¢=0.5

4.0 —— KUCRS ¢=1.0

-+~ KUCRS+FFCM ¢=0.5
—— KUCRS+FFCM ¢=1.0
-=- LLNL $=0.5
—— LLNL ¢=1.0

W
n

5
n

Pressure / atm
w
o

1.5

1.0

1000 1020 1040 1060 1080
Wall Temperature at Hot Flame / K

Figure 2.C.2: Wall temperature at hot flame of experiment and computations by LLNL,

KUCRS and KUCRS+FFCM.

2.D Effect of equivalence ratio on SIP gasoline

surrogates

Figure 2.D.1 shows the experimental wall temperature at the hot flame location of gasoline
surrogates with RON = 90 at atmospheric pressure. It can be seen, that for all surrogates,
leaner conditions lead to hot flames at lower wall temperatures. This shift is very similar
for all the fuels. The locations of the hot flames agree very well with those of PRF90 with
the exception of S3R, whose flame locations are approximately 20 K higher than those of
PRF90. S3R has the highest amount of toluene, which has a very low reactivity. This
might shift the hot flame to higher temperatures. As the other surrogates have lower

toluene content, their results show better agreement with PRF90.
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Figure 2.D.1: Wall temperature at experimental hot flame location of gasoline surrogates

with RON = 90 at 100 kPa.
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3 A novel reactivity index for Sl engine
fuels by separated weak flames in a
micro flow reactor with a controlled

temperature profile

3.1 Introduction

After having investigated the effect of ultra-lean conditions on the reactivity of PRF /air
mixtures by separated weak flames and after having modified the KUCRS reaction
mechanism in chapter 2, the next step was to systematically investigate reactivity for a
wider range of fuels by separated weak flames in the micro flow reactor with a controlled
temperature profile.

The characterization of fuel reactivity is an ongoing challenge. One approach is to relate
the Critical Compression Ratio (CCR), i.e., the compression ratio at which auto-ignition
occurs, to fuel reactivity [58, 114, 115]. In these cases, a higher CCR is associated with

lower reactivity and vice versa. An influential study showed that the molecular structure

69



3 A novel reactivity index for SI engine fuels by separated weak flames

14
13 - Centralize 4 Add methyl
C molecule :,i" groups
12 -
CC
11 4 CCcCC
, Lenghten C »
~ i chain R
g 10 - :
s S
= 97 |
.8 I
7)) 1
& 8 I
— 1
= |
o 7 1
© 1
8 61 e
@) 5 -
4 -
3 -
27 CCCCCCC
1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8

Number of carbon atoms in molecule

Figure 3.1.1: Critical compression ratios of various alkanes at 600 rpm and 450 K, @ = 1.0.

Adapted with permission from [114]. Copyright 1948 American Chemical Society.

of fuels has a large effect on the CCR and therefore the reactivity [114]. Based on these

results, three trends for the CCR of alkanes were found:

1. When the main chain is shortened, the CCR increases.

2. When methyl groups are added, the CCR increases.

3. When the molecular structure is centralized, the CCR increases.

These trends are shown in Fig. 3.1.1 for several alkane isomers. In another study, these

results were further analyzed theoretically [115]. It was found that the relative positions
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of CH3, CHy and CH groups to each other have a strong impact on reactivity at low

temperatures through the important isomerization reaction RO, = QOOH.

Another method that is used in the determination of fuel reactivity, is the measurement
and simulation of Ignition Delay Times (IDT) in shock tubes [84, 86, 87| (see section 1.3.1)
as well as in rapid compression machines [84, 86, 90, 116-120] (see section 1.3.2). Two
measures that are commonly used to describe a fuel’s tendency to experience auto-ignition
are the Research Octane Number (RON) and the Motor Octane Number (MON) (see
section 1.3.3). The octane number of a given fuel is obtained by comparing the compression
ratio at which auto-ignition occurs to that of Primary Reference Fuels (PRF), i. e., mixtures
of n-heptane and iso-octane. As CCRs and IDTs are relatively easy to obtain, several
trials were made to obtain the octane number of fuels from these measures [116-120]. The
general problem, however, is that the conditions for the octane numbers are very specific
and therefore no exact match has been obtained so far [117, 121]. Another proposed
measure is the Octane Index (OI), which is a combination of the RON and MON that

describes the anti-knock quality of fuels at various operation conditions of the engine.

In addition to these well established investigation methods for fuel reactivity, the Micro
Flow Reactor with a controlled temperature profile (MFR) is a relatively recent method that
was developed by our group [62, 63]. Spatially separated weak flames can be obtained at
very low flow velocities inside the reactor. Weak flames of several fuels with different RONs
were shown in Figure 1.7. For all investigated fuels, hot flames existed at regions of high
wall temperatures and moved to higher wall temperatures for higher RON. Fuels with RON
less or equal than 100 showed an additional blue flame at intermediate wall temperatures.
Similar to the hot flames, the blue flames moved to higher wall temperatures for higher

RON. For fuels with RON less or equal than 20, an additional cool flame appeared at low
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wall temperatures, which did not show much response to changing octane number. These
findings present a strong connection between the fuel reactivity as expressed by the octane
number and the appearance and the locations of the separated weak flames. In addition
to the weak flame locations, high fuel reactivity was associated with the production of
formaldehyde (CH,0O) and hydrogen peroxide (HyO5) at low wall temperatures [74, 77, 91].
Other studies showed that at elevated pressures, all three weak flames (cool, blue and hot
flame) moved to lower wall temperatures [68, 73, 75]. Furthermore, the heat release of
the hot flame decreased while that of the blue flame and the cool flame increased. These
findings show again the capability of the MFR to investigate fuel reactivity in high detail

at various conditions.

Building upon the research of the MFR, this chapter aims to develop a novel index
number for fuel reactivity by using separated weak flames. The pressure inside the reactor
was chosen as 500 kPa as this is within the pressure range of practical ignition conditions.
The equivalence ratio was set to @ = 1.0. As fuels, iso-octane, iso-pentane, n-pentane,
n-heptane as well as PRF80 and PRF50 were chosen. These fuels cover a wide range
of reactivity with RON between 0 and 100 (see Table 3.1.1). For the experiments, a
vertical-type MFR was used [122] (see section 2.2.1). With this method, weak flames
can be separated spatially and can be analyzed and compared to computational results.
While computational results offer quantitative results for the heat release of the weak
flames, the experiment only allows for qualitative optical observations. Therefore, CH;O
concentrations were measured in the experiment by Gas Chromatography (GC) as it
is a marker species for fuel reactivity. This measurement could then be compared to
computational results quantitatively. This method allows for a better understanding of

low temperature chemistry and the connection between reactivity, weak flame response

72



3.2 Method

Table 3.1.1: RON of selected fuels.

Fuel RON

tso-Octane  100.0
iso-Pentane  92.3
PRFS80 80.0
n-Pentane 61.7
PRF50 50.0

n-Heptane 0.0

and fuel-inherent properties such as molecular structure.

3.2 Method

3.2.1 Experimental method

The experimental setup of this study was based on that of the previous investigation of
ultra-lean conditions (see section 2.2.1). It employed a vertical-type MFR consisting of a
quartz tube with a length of 15cm and an inner diameter of 2mm. A pressure regulator
was used at the outlet of the reactor to control the pressure up to 500 kPa. In a previous
study, the pressure effect on the wall temperature was investigated and it was found to be
negligible [73]. Similar to the previous study, the liquid fuels were inserted by a syringe
into the heated (373 K) and vacuumed tank, where they evaporated. The partial pressure
method was then used to add nitrogen at pressure of up to 600 kPa. Heated digital mass

flow controllers were employed to mix the fuel /nitrogen mixture and oxygen before being
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supplied to the quartz tube. The mixing of fuel, Ny and O5 was conducted in a manner
so that the ratios of Ny and O in air as well as the equivalence ratio were satisfied. The
mass flux into the reactor channel was kept constant at all pressure conditions. Therefore,
the inlet flow velocity into the reactor was set to 2.0cm/s at 100kPa and to 0.4cm/s
at 500 kPa. These flow velocities ensured the appearance of weak flames. In a previous
study, the variation of inlet flow velocity was shown to not influence the weak flame

locations [77, 91]. This makes the results comparable at different pressures.

A Nikon D800 digital still camera was used to take weak flame images. The exposure
time was set to 300 s and a band-pass filter with a transparent wave length of 432.2 nm and
a half-band width of 6.4 nm was used. This allowed for capturing the chemiluminescence
of exited CH* radicals, which is a good marker for the location of the separated weak
flames [69, 77]. Five flame images were take at each experimental condition and background
subtraction was performed. These images were then averaged to improve clarity and to
decrease the influence of the luminosity of the external hydrogen flame. Flame locations
and the respective wall temperatures could then be extracted from these averaged images.
The measurement uncertainty was largest for the cool flame where it was less than 1.5 mm
in the spatial dimension or 15 K on the temperature scale. For the blue flame, these values
decreased to 1.0mm and 10 K. These uncertainties were found to be almost independent
of the fuel and pressure conditions. These uncertainties are caused by the low luminosity
in these regions, which shows a rather high sensitivity to local changes. The uncertainty
for the hot flame showed a pressure dependence that increased from less than 2 K and
0.2mm at a pressure of 100kPa to 10 K and 1.0 mm at 500 kPa. The reason is again the

decreasing luminosity of the hot flame for increasing pressure.

To better investigate the separated weak flames, CH;O concentrations were measured
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using gas chromatography (GC). In order to measure the CH5O concentration in the cool
flame, the maximum wall temperature was decreased. This prevents the CH,O to be
oxidized in the blue flame and effectively freezes the chemical composition of the cool
flame. To achieve the reduced maximum wall temperature, the flow of O, and Hy of the
external hydrogen burner was reduced while also replacing added air, which contains more
Oy by pure Ny. Through this method, the maximum wall temperature was reduced to
600 K. Further downstream, the temperature rapidly decreased to 393 K, which was chosen
to prevent condensation of water vapor at elevated pressure. The exhaust gas was then
sampled by a GL Sciences AV-283 and sent to a Shimadzu GC-2014 gas chromatograph
with a Thermal Conductivity Detector (TCD). A Porapak T50/80 column was chosen for

species separation and helium was used as carrier gas.

3.2.2 Computational method

One-dimensional steady computations were performed by a modified Chemkin-Pro PREMIX
as was explained in section 2.2.2. The temperature profile of Fig. 2.3 was chosen for
computations with a maximum wall temperature of 1300 K. At this condition, the length
of the computational domain was set to 15cm. The pressure conditions were changed
between atmospheric pressure of 100 kPa and elevated pressure of 500 kPa. The inlet flow
velocity at 373 K was changed accordingly from 2.0cm/s to 0.4cm/s in order to assure
a constant mass flux. CH;0O mole fractions of the cool flame were calculated by using
a temperature profile with a maximum temperature less than 700 K. At this condition,
the total length of the computational domain was increased to 17cm. As the modified
KUCRS+FFCM mechanism of the previous chapter (see section 2.3.3) showed good

agreement with the experimental results, the KUCRS program [38] was used to generate

75



3 A novel reactivity index for SI engine fuels by separated weak flames

a separate reaction mechanism for each fuel. In these reaction mechanisms, the seven
hydrogen-oxygen reactions that were discussed in the previous chapter (see section 2.3.3),
were replaced by those of the FFCM mechanism [122] as these are important for all

hydrocarbon fuels.

3.3 Results

3.3.1 Experimental weak flame locations

The weak flame images of n-heptane and iso-octane at @ = 1.0 and at pressures between
100 kPa and 500 kPa are shown in Figure 3.3.1. The direction of the flow is from the left
of the images to the right. To make comparison between the images easier, the luminosity
along the center axis of the tube is given in Fig. 3.3.2. For both fuels and at all pressures,
the hot flame was located at the right side, in the region of high wall temperatures. At
atmospheric pressure, the hot flame had a circular shape and the center of the flame,
i.e., the location of highest luminosity was at a wall temperature of 1085 K in the case
of iso-octane and at 1046 K in the case of n-heptane. For increasing pressure, the shape
of the hot flame elongated and the center shifted to lower wall temperatures while the
luminosity decreased. For pressures of less than 200 kPa, the hot flame of iso-octane was
located at higher wall temperatures than that of n-heptane. As the pressure was further
increased, however, the hot flames of both fuels shifted towards the same position. At
the highest pressure of 500 kPa, the hot flame of n-heptane was at a wall temperature of
1016 K while that of iso-octane was at 1015 K. The blue flame was located at lower wall
temperatures than the hot flame for all conditions. As was the case for the hot flame, as

the pressure increased, the blue flame was elongated and moved to lower wall temperatures.
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Figure 3.3.1: Weak flame images of iso-octane and n-heptane at @ = 1.0 and pressures
between 100 kPa and 500 kPa. These images show the intensity of the blue component of
the RGB image after image processing. Note that the brightness of the weak flame region

(dashed lines) was enhanced for better visibility.

The center of the luminosity of iso-octane moved from 1010 K at a pressure of 100 kPa to
856 K at 500 kPa. In the case of n-heptane, the blue flame moved from 911 K at 100 kPa
to 838 K at 500 kPa. For both fuels, the shift of the blue lame was about twice as big
as that of the hot flame. The cool flame was only visible at elevated pressures at the
low temperature side. For iso-octane, the cool flame was only observed at 500 kPa with
its center at a wall temperature of approximately 660 K. In the case of n-heptane, the
cool flame appeared at a pressure of 200 kPa at a wall temperature of about 650 K and

moved to 620 K at 500 kPa. The existence of cool flames and blue flames at lower wall
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Figure 3.3.2: Intensity along the center of images in Fig. 3.3.1. Note that the scale of the

y-axis changes.

temperatures for n-heptane indicates higher reactivity than that of iso-octane. This agrees

with the results of previous studies that were shown in Fig. 1.7.

3.3.2 Computational weak flame locations

Previous studies showed that the locations of the Heat Release Rate (HRR) peaks cor-
responds to locations of the CH mole fraction peaks [77]. Based on this relation, the
experimental chemiluminescence peaks that are caused by exited CH* radicals can be
compared to the computational weak flame locations that are based on the heat release

rate peaks. It has to be noted, however, that only a comparison of the flame locations but
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Figure 3.3.3: Computational heat release rate profiles by modified KUCRS of #so-octane
and n-heptane at @ = 1.0 and pressures between 100 kPa and 500 kPa. Note that the scale

of the y-axis changes.

not the intensity of the flames is possible.

The computational HRR profiles by the KUCRS+FFCM mechanism for iso-octane and
n-heptane at pressures between 100 kPa and 500 kPa are shown in Fig. 3.3.3. Both fuels
show peaks for the cool flame, the blue flame and the hot flame. The peak value of the
hot flames decreased for increasing pressure, while the width of the hot flames increased.
For iso-octane, the peak of the HRR moved from a wall temperature of 1063 K at 100 kPa
to 1008 K at 500 kPa. In the case of n-heptane, the shift was from 1040 K at 100 kPa to

1007 K at 500 kPa. At 500 kPa, the hot flames of both fuels are almost at the same wall
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temperature, which agrees well with the experimental results.

For the blue flame, the peak value of both fuels increased slightly as the pressure
increased while the width of the profile became broader. In the case of iso-octane, the
blue flame moved from 953 K at 100 kPa to 821 K at 500 kPa. The blue flame of n-heptane
moved from 911 K at 100 kPa to 793 K at 500 kPa. For both fuels, the shifts of the blue
flames were larger than those of the other two weak flames, which shows a good agreement
with the experiment. Additionally, the peak value of the blue flame of iso-octane was
higher than that of n-heptane for all investigated pressures, which again shows good
agreement with the experimental results.

Similar to the blue flame, the peak values of the cool flame increased for increasing
pressure and moved to lower wall temperatures. At all pressures, the peaks of n-heptane
were higher than those of iso-octane. For iso-octane, the cool flame shifted from 675K
at 100kPa to 634 K at 500 kPa, while that of n-heptane shifted from 662 K at 100 kPa to

630 K at 500 kPa.

3.3.3 Computational flame structure

For a better understanding of the flame structure, the HRR and mole fraction profiles of
important species of iso-octane at pressures of 100 kPa and 500 kPa are shown in Fig. 3.3.4.
With increasing pressure, large parts of the fuel consumption (¢CgH;g) moved from the blue
flame to the cool flame. At 100kPa, only less than 10 % of the fuels was consumed in the
blue flame as compared to more than 50 % at 500 kPa. This increase of fuel consumption
in the cool flame led to a higher production of CH,O and HyO4 and peaks at about 100 K
lower wall temperatures. For both pressures, these intermediate species were consumed in

the blue flame and CO was produced. CO was then oxidized in the hot flame and CO,
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Figure 3.3.4: Computational species profiles by modified KUCRS of iso-octane at @ = 1.0

and pressures of 100 kPa and 500 kPa.

was formed as the final combustion product. Results of our previous study showed that
the oxidation of CO together with the third explosion limit of the H-O system control
the hot flame [122]. As the pressure is increased, this causes the mixture to become more

reactive, which in turn moves the hot flame to lower wall temperatures.

In the case of n-heptane, the species profiles show similar tendencies to those of iso-
octane (see Fig.3.3.5). As the pressure was increased, the fuel consumption shifted to
lower wall temperatures. At 500 kPa, almost all fuel reacted in the cool flame. This also
led to higher production of CH,0O and H,0, along with higher peak values at lower wall
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Figure 3.3.5: Computational species profiles by modified KUCRS of n-heptane at @ = 1.0

and pressures of 100 kPa and 500 kPa.

temperatures of about 700 K. These species were then consumed in the blue flame and
CO was formed. The hot flame was again controlled by the H-O system, which increased
the reactivity at higher pressure and shifted the hot flame and the CO oxidation to lower

wall temperatures.

In addition to the heat release rate profiles of iso-octane and n-heptane, those of PRFS80,
PRF50, iso-pentane and n-pentane are shown in Fig. 3.3.6. Depending on the fuel, the
width and the peak value of the heat release rate profile changed significantly. For the

cool flame, the peak location was almost independent of the fuel. Here, n-heptane and
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Figure 3.3.6: Heat release rate by modified KUCRS for different fuels at & = 1.0 and

500 kPa.

n-pentane experienced the strongest heat release. The other four fuels showed decreasing
heat release from iso-pentane over PRF50 and PRF80 to iso-octane. With the exception
of iso-pentane and n-pentane, this order of the heat release rate showed good agreement

with the order of the RON of these fuels (see Table 3.1.1).

At a wall temperature of approximately 700 K, the heat release of all the fuels changed
from the cool flame to the blue flame. Similar to the cool flame, the blue flame showed
a large variation of the HRR depending on the fuel. Here, fuels that had a low HRR in
the cool flame show high values in the blue flame and vice versa. Furthermore, fuels with

lower peak values had their peaks located at lower wall temperatures. For iso-octane, the
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peak was located at a wall temperatures of 821 K, while that of n-heptane was at 793 K.
The hot flame did not have evident differences between the fuels with regards to the
location and the peak value of the heat release rate. This is caused by the dominance of

the H-O system in the hot flame, which is practically independent of the used fuel.

3.3.4 Fuel reactivity by heat contribution index

The previous section showed that differences in the HRR profiles exist between fuels of
different reactivity. These differences at low, intermediate and high wall temperatures can
be quantified by introducing the separated weak flame Heat Contribution Index (HCI) as

shown in Eq. 3.1.

HCI = =

(3.1)

In this equation, Acg refers to the cross section of the reactor channel, 7 is the counter of
the separated weak flames from the cool flame over the blue flame to the hot flame and
WF is summation of all three separated weak flames. The HCI is calculated by dividing
the heat release of each weak flame by the total heat release of all three weak flames. The
HCI of the cool flame, the blue flame and the hot flame for each fuel are plotted against
their RON in Fig. 3.3.7. The Hot flame-HCI has a value of approximately 0.22, which is
constant for all the investigated fuels. As was shown in the previous chapter, the hot flame
is strongly governed by the H-O system and the oxidation of CO to COs (see section 2.3).
As these reactions are independent of the base fuel, the Hot flame-HCI takes the same
constant value of 0.22 for all the fuels.

In case of the PRFs, the Blue flame-HCI increases almost linearly with increasing RON
from 0.51 for n-heptane (RON=0) to 0.71 for iso-octane (RON =100). On the other

hand, the Cool flame-HCI shows to opposite trend and decreases from 0.27 for n-heptane
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Figure 3.3.7: The heat contribution index of the cool flame, blue flame and hot flame at

@ = 1.0 and P = 500 kPa plotted over the RON.

to 0.07 for iso-octane as the Hot flame-HCI is constant and the sum of all three HCIs
for any given fuel is unity. The non-PRF fuels iso-pentane and n-pentane, however, have
Blue flame-HCIs that are lower and Cool flame-HCIs that are higher then the PRFs of the
corresponding RON would have. This suggests that the values of HCI do not correspond
linearly to the RON. It depends, however, on the molecular structure of each fuel. The
structure of n-pentane is similar to that of n-heptane in that it is a straight-chain alkane.
This causes the values of the HCIs to be close to those of n-heptane. iso-Pentane, on
the other hand, is a single branched molecule. This leads to values of the HCIs that are

located between those of the straight chain n-heptane and triple branched iso-octane. As
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the Blue flame-HCI and the Cool flame-HCI were shown to be inverse to each other, solely

the Blue flame-HCI will be used to evaluate reactivity in the next part.

In the introduction (see section 3.1, Fig. 3.1.1) it was shown that the molecular structure
of the fuel has a strong impact on its reactivity and the Critical Compression Ratio
(CCR) [114]. Three main aspects of the fuel structure were found that decrease reactivity
and increase the CCR. The first is a shorter main carbon chain of the molecule. The
second is a more centralized molecule, i.e., a more highly branched isomer. The third is
the addition of methyl groups to the main chain. The comparison of the CCR and the
Blue flame-HCI plotted over the carbon atom number in the fuel molecule is shown in
Fig. 3.3.8. In case of the CCR, the straight-chain alkanes n-heptane and n-pentane show
the lowest values. The single branched iso-pentane shows an intermediate value while the
triple branched iso-octane has the highest CCR of the investigated fuels. When comparing
the CCR to the Blue flame-HCI it can be seen that the relationship to the fuel structure
is very similar (see Fig. 3.3.8). Again, the straight-chain alkanes n-heptane and n-pentane
show the lowest values. The single-branched iso-pentane is located at intermediate values.
The tripe-branched iso-octane shows again the highest values. PRF50 and PRF80, which
are mixtures of the straight chain n-heptane and tripe-branched iso-octane, have Blue

flame-HCI values that are located between those of the two base fuels.

In the theoretical analysis of the connection between the molecular structure and the
CCR it was found that the isomerization reaction ROy = QOOH (peroxyalkyl radical to
alkyl-hydroperoxide radical) is the rate determining step of the ignition at low temperature.
The QOOH can then further react with Oy to produce OOQOOH, which then decomposes
to form KOOH (keto-hydroperoxide) and OH. In a following step, KOOH releases another

OH. This formation of two OH radicals leads to chain branching at low temperature,
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Figure 3.3.8: Critical compression ratio (taken from Lovell [114]) and blue flame index

over number of C atoms in molecule.

which largely increases reactivity. The strongest influence on the propensity of the initial
isomerization reaction to proceed is the location of OO group (peroxy group) relative to
the location from where the H atom is transfered within the molecule. This location is
said to be in a-position if the H atom and the peroxy group are connected by two carbon
atoms, in [-position if they are connected by three carbon atoms, in y-position if they are
connected by three carbon atoms and so on. In the transition state from RO to QOOH,

the H atom, the carbon atoms in between and the peroxy group form a ring structure.
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They form at five-membered ring if the H atom is in « position, a six-membered ring if it is
in [ position, a seven-membered ring if it is in 7 position and so on. With increasing ring
size, the necessary strain energy that has to be overcome decreases, which enhances this
reaction and leads to higher reactivity at lower temperatures. This phenomenon was also
investigated by quantum chemistry, which is the basis for the KUCRS reaction mechanism
that was used throughout this investigation [38]. This elementary behavior explains the
higher reactivity of straight-chain alkanes and the corresponding lower CCR, and lower

Blue flame-HCI.

Another factor that influences the low-temperature reactivity is the type of bond between
C and H atom that has to be broken for the internal H transfer. The highest required
energy to break the C-H bond occurs for primary C atom, i.e., C atoms that have only
one bond with another C atom and three bonds with H atoms. Lower abstraction energy
is required for secondary C atoms, i.e., C atoms that have two bonds with other C atoms
as well as two bonds with H atoms. The lowest abstraction energy is required for tertiary
C atoms, i.e., C atoms with three bonds to other C atoms and only one bond to an H
atom. These characteristics further improve the understanding of fuel reactivity. For long
carbon chains, the number of secondary C atoms in the fuel increases, which enhances
low-temperature isomerization. In the case of n-heptane, the five secondary sites can be
in up to ¢ position to each other. This configuration explains n-heptane’s high reactivity.
The other straight chain alkane, n-pentane has only three secondary sites that can be in
up to S position to each other. This configuration still enables high reactivity but is lower
than in the case of n-heptane. The effect of centralization can be seen in iso-pentane,
which is a more centralized isomer of n-pentane. Through this isomerization, only one

secondary and one tertiary site are available, which are in a position to each other. On
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the one hand, tertiary C atoms have lower abstraction energy of the H atom. On the other
hand, only one H atom is available for abstraction. As the tertiary site is in a position
to the secondary site, the strain energy that has to be overcome is high. This leads to
higher CCR and Blue flame-HCI of iso-pentane as compared to n-pentane. The same
effects occur for iso-octane. It has three methyl groups added to the main chain and,

consequently, has the highest values for Blue flame-HCI and CCR of all the fuels.

In the simulations, the Blue flame-HCI can measure the fuel reactivity very well. In the
experiment, however, it is not possible to calculate the Blue flame-HCI as the HRR can not
be measured directly. In order to make simulations and experiments comparable, another
measure was developed. This measure was based on formaldehyde (CH0), as it is an
important species at low temperatures and was shown to be a good indicator of reactivity.
The CH50 mole fraction profiles of the computations by the modified KUCRS mechanism
at 500 kPa are shown in Fig. 3.3.9 for all investigated fuels. At a wall temperature of
670 K, large differences appear between the peaks of the fuels. This temperature range
was shown the be the location of transition from the cool flame to the blue flame (see

Fig. 3.3.6).

The HCI was calculated by the integration of HRR over each of the separated weak
flames. The CH>0 mole fraction can be viewed as the integration of the production of
CH,0. By taking the CHy0O mole fraction at the end of the cool flame, the FormAldehyde
Index (FAI) can be calculated that is similar to the HCI. To make the FAI comparable
to the HCI, it has to have values between 0 and 1. This can be achieved by dividing the
CH,0 mole fraction of a give fuel by that of n-heptane as it shows the highest value of all.
As the mole fraction in the cool flame corresponds to the Cool flame-HCI and as the Cool

flame-HCI and the Blue flame-HCI are inverse to each other, the CH,O mole fraction is

89



3 A novel reactivity index for SI engine fuels by separated weak flames

0.008
— n-Heptane
0.007 n-Pentane
v 0.006 -
5 PRF50
= 0.005 A
2
e 1so-Pentane
o 0.004 4
g PRF&0
O 0.003 -~ )
EN 1s0-Octane
“ 0.002 -
0.001 -~
0.000 T T T T T
500 600 700 800 900 1000 1100 1200

Wall temperature / K

Figure 3.3.9: CH50 mole fraction profiles as obtained by modified KUCRS at & = 1.0 and

P =500 kPa.

subtracted from 1 to make it correspond to the Blue flame-HCI. The FAI can then be

calculated by Eq. (3.2).

FA[ =1 — tCH0 (3.2)
LCH,0, n-heptane

The FAI and the Blue flame-HCI of the six investigated fuels as calculated by the
modified KUCRS mechanism are shown in Fig. 3.3.10 (the experimental values will be
discussed later). m-Heptane has the lowest FAI that is per definition zero. The other
straight chain alkane, n-pentane, has a FAI that is only slightly higher. This agrees well
with the trend of the CCR and the Blue flame-HCI. Its single branched isomer iso-pentane

has an intermediate FAI, while that of iso-octane is the highest. This trend again agrees
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Figure 3.3.10: Blue flame index and formaldehyde index for simulation and experiment

over number of carbon atoms in molecule.

very well with the CCR and the Blue flame-HCI. The mixtures of iso-octane and n-heptane,
PRF 80 and PRF50, show FAIs that are located between those of the base components.
For all investigated fuels, FAI shows a very good agreement with the Blue flame-HCI as
well as with the CCR. It was therefore decided, to calculate FAI by measuring CH,O
experimentally:.

The GC measurements of CH,O were conducted by using a wall temperature profile
of the MFR with a lower maximum wall temperature. The measured CH;O areas for n-
heptane at a pressure of 500 kPa are shown in Fig. 3.3.11 for maximum wall temperatures
between 615K and 650K. For each maximum wall temperature, the values of five
measurements were averaged. The peak value was found at 630 K and showed a low

measurement uncertainty of less than 5 %. Therefore, the measurement of the CH,O area
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Figure 3.3.11: Measured CH;O area and error bars of n-heptane over maximum wall

temperature at 500 kPa.

of all investigated fuels was conducted with a maximum wall temperature of 630 K.

Along with the computational values of the Blue flame-HCI and the FAI, the experimental
FAI is shown in Fig. 3.3.10. As the FAI of n-heptane is per definition zero, it is the same
in the experiment and in the simulation. The two pentane isomers also show very good
agreement between the experimental and the computational values. The experimental value
of FAI for iso-octane is the highest among all the fuels but is lower than the computational
value. This indicates that the KUCRS mechanism slightly under-predicts the iso-octane
reactivity. As PRF80 and PRF50 contain iso-octane, this under-prediction also applies for
them. In general, the agreement between the results of the experiment and those of the

simulation are in good agreement.
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Figure 3.3.12: Estimation of the linear relationship between experimental formaldehyde

index and critical compression ratio as taken from Lovell [114].

In Fig. 3.3.7, no clear correlation was found between the RON and the HCI. For FAI,
however, a correlation exists with the CRR and is shown in Fig. 3.3.12. The correlation is
linear and with low variation. Both measures are controlled by the same low-temperature
isomerization reaction ROy = QOOH and the following chain branching mechanism,
which leads to the good agreement between them. These results show the potential of the

MFR in the measurement of fuel reactivity in an easy to use and comprehensive way.
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3.4 Conclusions

In this chapter, a vertical-type Micro Flow Reactor with a controlled temperature profile
(MFR) was employed to study the reactivity of iso-octane, PRF80, PRF50, iso-pentane,
n-pentane and n-heptane by spatially separated weak flames. Investigations were carried
out at stoichiometry and at a constant pressure of 500kPa. Under these conditions,
low-temperature reactions were enhanced, while reactions at high temperatures were
independent of the base fuel. By analyzing the heat release rate, the Blue flame Heat
Contribution Index (Blue flame-HCI) was created. It is the ratio of heat release in the
blue flame to the total heat release throughout the MFR. This Blue flame-HCI was found
to well describe the reactivity of the investigated fuels. It is strongly dependent on the
molecular structure of the fuel. This dependency on the fuel structure is governed by
low-temperature chain branching reactions that strongly depend on the initial isomerization
reaction ROy, = QOOH. This reaction is stronger for long straight-chain alkanes than for
shorter and branched isomers. This can be seen in the higher reactivity of the straight-
chain n-heptane and n-pentane as compared to the single-branched iso-pentane and the
triple-branched iso-octane. The Blue flame-HCI showed good agreement with the critical
compression ratio (CCR) of the investigated fuels. This agreement is based on the same
low-temperature isomerization and chain branching. As the heat release of the hot flame
was constant for all fuels, the Cool flame-HCI and the Blue flame-HCI were inverse to
each other. Therefore, the CH,O concentrations in the cool flame were measured in the
experiment by gas chromatography and the FormAldehyde Index (FAI) was developed.
The FAI was again dependent on the molecular structure of the fuel and its trends agreed

well with those of the Blue flame-HCI. Furthermore, while no direct correlation with the
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RON was found, the FAI showed a linear correlation with the CCR. Based on these results,
the MFR offers the possibility to investigate fuels reactivity in an easy to use way by using

separated weak flames.
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Appendix

3.A Cool flame temperature profile

Figure 3.A.1 shows the measured temperature profile with T,., = 723K at 500 kPa

and @ = 1.0 together with the corresponding cool flame image. The beginning of the
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Figure 3.A.1: Wall temperature profile with T},., = 723 K and image of iso-octane cool

flame at 500 kPa and @ = 1.0.
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temperature profile is very similar to that of T,,., = 1300 K. Contrary to the larger profile,
however, the decreasing part behind the maximum is important too. As the cool flame
produces intermediate products, these can still react even if the temperature is decreasing.
In the presented case of T}, = 723 K, the temperature was still too high and the CH,O
concentration decreased as it reacted behind the cool flame. Therefore, in the main part

of this chapter, the maximum wall temperature was reduced to 630 K.

3.B Fuel structure and HCI

Figure 3.B.1 shows the relationship between molecular structure and the Blue flame-HCI

in more detail. The fuels are separated into three groups. In all groups, the first H atom
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Figure 3.B.1: Relationship between fuel structure and Blue flame-HCI. Primary carbon

atoms are colored red, secondary carbon atoms are colored green and tertiary carbon

atoms are colored blue.

98



3.C HCI of lean mixtures

abstraction is most likely to happen at a tertiary site (blue), then at a secondary site
(green) and lastly on a primary site (red). The most reactive fuels have a Blue flame-HCI
between 0.5 and 0.55. These fuels have in common that after the first H atom is abstracted
from a secondary site, another H atom at another secondary site is likely to be in
position or higher, i.e., separated by more than one carbon atom. This results in a low
energy barrier for internal H transfer of the isomerization reaction ROy = QOOH, which
leads to subsequent chain branching and higher reactivity.

Fuels in the intermediate group, however, have only have secondary C atoms in «
position, i.e., as direct neighbors. This makes isomerization more difficult and reduces
reactivity.

The last group does not have secondary C atoms but only primary C atoms in « position
to the site, where the first H abstraction is most likely to occur. This, in turn, reduces the
reactivity even more as the strain energy that has to be overcome in greatly increased.
These results show a clear relationship between chemical structure on an elementary level

to a macro phenomenon such as the blue flame.

3.C HCI of lean mixtures

The comparison of the HCIs for stoichiometric and ultra-lean conditions is shown in
Fig. 3.C.1 for PRFO0 to PRF100, S3R (RON=90) and Toluene (RON=120). The equivalence
ratio has the biggest effect for fuels with low RON;, i.e., fuels with high reactivity. While
the changes are less than 0.04, the biggest effect occurs for the blue flame, which gets
enhanced. The cool flame and the hot flame, however, reduce their HCI. For fuels with

higher RON, the trend is the same while the absolute changes are smaller. These results
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Figure 3.C.1: Heat contribution indexes of PRF0-100, S3R and Toluene at P = 500 kPa

and @ = 1.0 and 0.5.

shows that ultra-lean conditions reduce reactivity by shifting heat release from the cool

flame to the blue flame.

3.D HCI of other fuels

Fig. 3.D.1 shows an extended comparison of the critical compression ratio and Blue flame-
HCI of various alkanes. Similar to the results that were presented in the main part, the
agreement between these two measures is very high. As the main carbon chain gets longer,
low temperature isomerization is enhanced and the fuels become more reactive. This is

shown by their lower CCR and Blue flame-HCI. On the other hand, as the molecules
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Figure 3.D.1: Comparison of critical compression ratio [114] on the left side and Blue

flame-HCI by modified KUCRS for various fuels at 500 kPa and ¢ = 1.0 on the right side.

become more centralized or as methyl groups are added, low temperature isomerization is

limited and the reactivity decreases.
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4 Investigation of the chemical and
dilution effects of major EGR
constituents on the reactivity of PRF
by weak flames in a micro flow
reactor with a controlled

temperature profile

4.1 Introduction

Exhaust gas recirculation (EGR) is a measure that can decrease the maximum combustion
temperature in internal combustion engines (see section 1.2.2). Lower maximum combustion
temperatures decrease NO, emissions, decrease thermal losses and thereby increase thermal
efficiency and decrease fuel consumption and CO, emissions. EGR has three main effects,

namely the thermal effect, the dilution effect and the chemical effect (see section 1.2.2).
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4 The chemical and dilution effects of EGR on the reactivity of PRF

The first effect, the thermal effect is due to the higher heat capacity of chemical species
that are recirculated, e.g., CO, and H,O, than that of air. This decreases the maximum
combustion temperature, which in turn decreases thermal losses and NO, emissions. The
second effect, the dilution effect is based on reduced Oy and fuel concentrations as they
are partly replaced by exhaust gas. This concentration reduction was shown to cause
increased Ignition Delay Times (IDTs) [20, 26, 27]. The third effect, the chemical effect,
on the other hand, is caused by increased concentrations of exhaust gas species, such as
COs and H50. These species have high third body efficiencies and can act as collision
partners in three-body reactions, which they then enhance. Furthermore, their increased
concentrations can lead to shifts of the chemical equilibrium of important reactions, i.e.,

CO+ OH = CO, + H.

Our group previously performed a study, in which the effect of the EGR species COs,
H,0 and Nj on the reactivity of syngas/air mixtures was investigated by using a horizontal-
type Micro Flow Reactor with a controlled temperature (MFR) [76]. Here, it was found
that HyO has the strongest inhibiting effect on the hot flame through the promotion of
the chain-termination reaction H + Oq (+ M) = HO, (+ M). Despite cool flames and blue
flames being absent for syngas/air weak flames at atmospheric pressure, the results for the
hot flame showed that the MFR allows for a clear separation of the dilution effect and the
chemical effect from the thermal effect.

In order to examine the effect of the EGR constituents Ny, COy and HO not only
on the hot flame but also on the cool flame and the blue flame, the two components
of Primary Reference Fuels (PRF), iso-octane (PRF100) and n-heptane (PRF0), were
used in this study. The pressure was increased up to 500 kPa, as this is in the range of

the pressure at ignition timing in SIP gasoline engines. The equivalence ratio was set to
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4.2 Method

@ = 1.0. Experiments and steady one-dimensional computations were conducted for the
given conditions. As the pressure inside the MFR is increased, the separated weak flames
shift to lower wall temperatures. The agreement between experiments and simulations
for these high-EGR conditions are discussed. Furthermore, as the pressure is increased,
larger portions of the heat release shift from the hot flame to the blue flame and the
cool flame [73, 75, 123]. This effect was used in our previous study to introduce a novel
reactivity index, the Heat Contribution Index (HCI), which is based on the heat release
rate [123]. In the current study, the HCI will be used to quantify the effect of EGR-like

dilution on the reactivity of PRF /air mixtures.

4.2 Method

4.2.1 Experimental method

Similar to the previous chapters, a vertical-type micro flow reactor with a controlled
temperature profile (MFR) was used in the experiment to investigate spatially separated
weak flames. The MFR was discussed in more detail in section 2.2.1 and a scheme can
be seen in Fig. 2.2. Similar to the previous chapters, the reactor channel had a length of
15.0 cm and an inner diameter of 2.0 mm. The wall temperature profile had values between
373K and 1300 K and was shown in Fig. 2.3. A pressure regulator was used to control
the pressure inside the tube between 100 kPa and 500 kPa. The fuel/air/EGR mixture
preparation was done in a heated tank at a temperature of 373 K. A syringe was used
to insert the liquid fuels into the tank. The tank was then filled by the partial pressure

method with Ny, COy and/or HyO according to the EGR dilution conditions. Partial
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4 The chemical and dilution effects of EGR on the reactivity of PRF

pressures were used to calculate the dilution ratio of the EGR conditions by Eq. (4.1).

_ Pai
Pfuel + Pair + Pdil

Tdil (41)

The dilution ratios were set as 0%, 20 % and 50 %. The maximum pressure of the tank
was set to 600 kPa. Only in the case of HyO dilution, it was set to 300 kPa and HyO was
only added up to 20 % to prevent condensation. Digital mass flow controllers were then
used to combine the fuel/Ny /EGR mixture with Oy in accordance with the equivalence
ratio, the dilution ratio and the O, to Ny ratio in air. This combined mixture was then
inserted into the MFR at a temperature of 373 K to prevent condensation. For all pressure
conditions, the mass flux was kept constant, with an inlet flow velocity of 2.0cm/s at
100 kPa and 0.4 cm/s at 500 kPa. For weak flames, changes of the inlet flow velocity only
have a negligible effect on the flame locations [69, 77]. A Nikon D800 digital still camera
with an attached CH-filter was used to capture images of the weak flames. The average of
five images was calculated for each case with additional background subtraction. In the
analysis of the images, only the blue channel of the RGB images was used as the images
were taken through a 431 nm band-pass filter, which only lets light of the blue spectrum
pass. In these weak flame images, the locations and luminosity of the cool flame, the
blue flame and the hot flame were extracted. Especially at elevated pressures and high
dilution ratios, the noise-to-signal ratio gets high. Therefore, low-pass filtering was used
to better extract the locations of the luminosity peaks that correspond the the separated
weak flames. After all these steps, the uncertainty with regards to the wall temperature at
the location of the weak flames was within £15 K in case of the cool flame, 10 K in case
of the blue flame and £2 K in case of the hot flame. Previous MFR studies assumed that

the chemiluminescence was primarily caused by excited CH* radical. The photon emission
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from CH* radical, however, overlaps with the broad-band emission of excited CO} [124].
To account for this additional source of chemiluminescence, both sources were considered

in this chapter.

4.2.2 Computational method

The one-dimensional, steady simulations of the MFR were conducted by a modified
Chemkin-Pro PREMIX [92] (see section 2.2.2 for more details). The wall temperature
profile was taken from Eq. (2.1). Adaptive grid spacing was used on a total domain of 15 cm
with a minimum grid size of 50 pm in the region of the hot flame. Values of other conditions,
such as the inlet flow velocity and the pressure, were taken from experiment. The modified
KUCRS mechanism was used for both fuels [38, 122]. Additionally, computations were
done by the LLNL PRF mechanism for comparison [32]. The results by LLNL, however,
did not show good agreement with the experiment and were therefore moved to the
appendix 4.A. Previous MFR studies used the peak locations of the Heat Release Rate
(HRR) as an indicator of the locations of the separated weak flames. At atmospheric
pressure, the locations of the HRR peaks agreed well with the peaks of the concentration
of CH radicals [77]. These chemiluminescence was assumed to be mainly dependent on
this concentration. The actual photon emission, however, does not directly originate
from the CH radicals but rather from the quenching of excited CH* radials. Furthermore,
chemiluminescence with a wavelength of approximately 431 nm can also originate from
excited COj3. Therefore, the HRR-based approached will be evaluated again and the
chemiluminescence from the quenching of excited CH* and CO3; will be investigated. The
reactions that govern the formation and quenching of excited CH* are given in Table 4.2.1.

When a local steady-state is assumed, the CH* concentration can be calculated by Eq. (4.2),
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4 The chemical and dilution effects of EGR on the reactivity of PRF

Table 4.2.1: Chemiluminescence reactions used to model CH* formation and quenching.

Reaction A b E  Ref

R6 CoH+O=CH* +CO  6.023E+12 00 457.0 [125]
R7 CoH+ O, = CH*+CO, 6.023E-04 44 -2285.1 [125]
Ql CH*+H,0=CH+HO 53E+13 0.0 0.0 [126]

Q2 CH* 4 COy = CH + COq 2.41E-01 4.3 -1694.0 [126]

Q3 CH*+CO=CH+CO  244E+12 05 0.0 [126]
Q4 CH*+H, = CH + H, 1.47E+14 0.0 1361.0 [126]
Q5 CH*+ 0, = CH+ O, 2.48E+06 2.14 -1720.0 [126]
Q6 CH* 4N, = CH+ N, 3.03E+02 3.4 -381.0 [126]

Q7 CH*+CH,=CH+CH, L73E+13 00 167.0 [126]

with A being the Einstein coefficient of 1.85 x 107%s~! [124, 125]. The photon emission

rate of the chemiluminescence can the be calculated as icy+ (mole photons/cm?/s) by

Fq. (4.3).
(CH'] = kﬁ[CQIgg[;djiczH] = (4.2)
i = A[CH] (4.3)

For the excited CO$, the global formation reaction is given by Eq. (4.4) [127]. Based
on this, the emission rate of photons from quenching COj is directly proportional to the

concentrations of CO and O ([COJ and [O]) and can be calculated by Eq. (4.5) [128].

CO + 0 = CO%+ M (4.4)

ico; = 3.3(£0.3) x 10° exp(—2300K/T")[CO][O] (4.5)
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The concentrations of the species in the excited state is much smaller than the non-excited
state and, therefore, the calculations of these species can be done in a post-processing
step [125].

In the previous chapter, the Heat Contribution Index HCI was introduced as a measure
to evaluate fuel reactivity by separated weak flames (see section 3.3.4) [123]. The HCI
method will be used in this chapter for the evaluation of the effect of EGR on the reactivity

of the separated weak flames.

4.3 Results

In the following sections, experimental results are presented and compared to computational
results. Based on this, the effect of EGR-like dilution on the reactivity in the MFR is
investigated. To this end, the weak flames of iso-octane are analyzed first. As iso-octane
is a fuel with low reactivity, the focus will be on the hot flame and the blue flame. In a
next step, a fuel of high reactivity, n-heptane, will be examined with an additional focus

on the cool flame.

4.3.1 Experimental results

The images of the separated weak flames of iso-octane at a pressure of 200 kPa with
dilution rates of 0 %, 20 % and 50 % by Ny, CO5 and H,O are shown in Fig. 4.3.1 The blue
flame and the hot flame are visible from left to right as two bright zones at all conditions.
Chemiluminescence of the cool flame was not observed due to the low reactivity of iso-
octane, decreased chemiluminescence at higher pressures [122] and the high dilution ratios.

For the dilution by Ny, the length of the blue flame decreased, it moved to higher wall
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Figure 4.3.1: Weak flame images of iso-octane at P = 200 kPa and ¢ = 1.0 for dilution

ratios of 0%, 20% and 50% of Ny, CO5 and HyO (only 20%).

temperatures and its luminosity decreased. The hot flame also decreased in length and
moved to higher wall temperatures. For dilution by CO,, the response of the blue flame
was similar to the case of Ny, while the hot flame showed lower luminosity but over a
wider region. The dilution by H,O had no evident effect on the length or the location of
the blue flame or the hot flame. It, however, led to a decrease of the luminosity that was
stronger than for the dilution by Ny or COs.

For the dilution by CO,, the luminosity profiles along the center axis of the reactor
channel as seen in Fig. 4.3.1 are shown in Fig. 4.3.2. For an increase of dilution ratio
by CO, to 50 %, the luminosity decreased by about 50 %. Furthermore, the beginning
of the blue flame and the hot flame as well as their peak locations shifted to higher wall
temperatures. For the blue flame, the shift of its peak was 50 K, while that of the hot
flame was 23 K.

The effect of increasing pressure on the weak flames of iso-octane for a dilution of 20 % by

COy is shown in Fig. 4.3.3. For increasing pressure, the blue flame decreased in luminosity
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Figure 4.3.2: Luminosity profiles (intensity of blue color channel of RGB image) of iso-

octane at P = 200kPa and @ = 1.0 for CO, dilution ratios of 0%, 20% and 50%.

while it moved to regions of lower wall temperature. The hot flame also decreased in
luminosity, while it broadened and moved to lower wall temperatures. The luminosity
profiles of Fig. 4.3.3 along the central axis are shown in Fig. 4.3.4. For an increase of the
pressure from 100 kPa to 500 kPa, the peak value of the hot flame decreased by almost
90 %, while it moved to lower wall temperatures by 62 K. As the pressure was increased
from 100 kPa to 200 kPa, the blue flame peak luminosity only changed slightly, while its
location moved to lower wall temperatures by 60 K. For a further pressure increase to
500 kPa, its peak value decreased by about 75 %, while the location moved 60 K more to

lower wall temperatures.
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P = 500 kPa
P = 300 kPa
P = 200 kPa
P = 150 kPa

P =100 kPa

Figure 4.3.3: Weak flame images of iso-octane for a dilution ratio of 20% CO, at @ = 1.0

and pressures between 100 kPa and 500 kPa.

4.3.2 Computational results

The computational HRR profiles by the modified KUCRS mechanism for iso-octane at a
pressure of 200 kPa with dilution by COs of 0%, 20% and 50 %, i.e., the conditions of
Fig. 4.3.2, are shown in Fig. 4.3.5. For all three dilution rates, three peaks that represent
the cool flame, blue flame and hot flame are visible. In all cases, only a small fraction of
the heat is released in the cool flame, while the majority of the heat is released throughout
the blue flame. Here, the peak HRR decreased by a little more than 50 % as the dilution
ratio was increased from 0% to 50 %. At the same time, the peak location moved to higher
wall temperatures by 14 K. The peak value of the hot flame decreased by about 40 % for

an increase of the dilution ratio to 50 % and moved to higher wall temperatures by 19 K.

The effect of pressure on the HRR profiles of iso-octane with 20 % dilution by CO,
by the modified KUCRS mechanism is shown in Fig. 4.3.6. For a pressure increase from
100 kPa to 500 kPa, the HRR of the cool flame increased and its peak shifted to lower
wall temperatures. Its share of the total HRR, however, stayed small. For the blue flame,
the peak HRR increased by about 50 %, while the peak location moved to lower wall

temperatures by 141 K. The blue flame behavior with regard to the flame location shows a
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Figure 4.3.4: Luminosity profiles (intensity of blue color channel of RGB image) of iso-
octane for a dilution ratio of 20% CO, at & = 1.0 and pressures between 100 kPa and

500 kPa.

good agreement with the experiment for increasing pressure with a difference of less than
35 K. For the hot flame, the peak HRR showed a strong reduction by more than 90 % as
the pressure was increased to 500 kPa. The peak locations, however, moved irregularly
for increasing pressure. The first increase of the pressure from 100 kPa to 150 kPa moved
the peak location to lower wall temperatures by 12K. The next pressure increase to
200 kPa shifted the peak to higher wall temperatures by 8 K before moving to lower wall
temperatures again by 57 K for an increase of the pressure to 500 kPa. In the experiments,

the hot flame moved steadily to lower wall temperatures as the pressure was increased
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Figure 4.3.5: Heat release rate profiles of iso-octane at P = 200kPa and ¢ = 1.0 for

COg-dilution ratios of 0%, 20% and 50%, as obtained by the modified KUCRS mechanism.

and did not show any irregularities. Based on this behavior, it was concluded that the
current definition of the flame location based on HRR is not sufficient. Therefore, a new
method for the determination of the flame location in the computations was developed.

This will be discussed in the next section.

4.3.3 Determination of flame location

One of the main sources of the experimental chemiluminescence comes from excited CH*-
radicals. These release light at two peak wavelengths of 390 nm and 431 nm. Here, the

dominant peak is usually the second one [129]. In the experiment, images of the weak

114



4.3 Results

9
—— P=100kPa
81 — P=150kPa N
74 —— P=200kPa
¢ —— P =300 kPa
A —— P=500kPa
L2 5 4
2
g
= 34
2 -
1 -
0 - I I I
600 700 800 900 1000 1100
Wall temperature / K

Figure 4.3.6: Luminosity profiles of iso-octane for a dilution ratio of 20% CO, at @ = 1.0
and pressures between 100 kPa and 500 kPa, as obtained by the modified KUCRS mecha-

nism.

flames were taken through a band-pass filter with a transparent wavelength of 431 nm.
Previous studies at 100 kPa, with ¢ = 1.0 and without dilution show a good agreement
between the computed peak position of non-excited CH radicals and the HRR peaks [77].
One drawback of this comparison, however, was that non-excited CH radicals were used,
while the actual photon emission is caused by quenching of excited CH* radicals. The
formation and quenching of excited CH* radicals is not included in the current KUCRS
mechanism. A mechanism for these reactions is, however, provided in [124, 130] and is

based on [125, 126]. For the Arrhenius parameters of these reactions see Table 4.2.1.
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4 The chemical and dilution effects of EGR on the reactivity of PRF

Another source of chemiluminescence in the range of 431 nm is excited CO35. As the
quenching of COj emits a broad-band spectrum, only a fraction of its total chemilumines-
cence is captured by taking images through the band-pass filter. Reactions including CO;3
are also included in [124, 130] The formation, the quenching and the following photon
emission from the excited CH* (see Eq. (4.3)) and CO} (see Eq. (4.5)) were calculated in a
post processing step. This was possible as the concentration of exited species was assumed
to be orders of magnitude smaller than that of the non-exited species [125]. In order
to make the experimental chemiluminescence and the calculated photon emissions from
CH* and CO} comparable, their values were normalized by their respective peak values.
A comparison between these normalized values for iso-octane at a pressure of 200 kPa
with a dilution rate of 20 % by COs is shown in Fig. 4.3.7. As CO} emits a broad-band
emission that is filtered through the band-pass filter, only a fraction is registered in the
weak flame images. Therefore, a calibration factor was introduced that is multiplied by
the COj emission and added to the photon emission of CH* (see Eq. (4.6)). The best

calibration results were achieved for a factor of 5 x 107°.

itotal = ton + 5 X 10 %ic0; (4.6)

The total photon emission as calculated by the equation is given in Fig. 4.3.7. It can be
seen that by using the HRR definition of the flame location, the blue flame is predicted at
lower wall temperatures than the peak of the luminosity in the experiment, while the hot
flame is predicted at higher wall temperatures than in the experiment. Additionally, it
predicts the intensity of hot flame to be lower than that of the blue flame, which is the
opposite trend of the experiment. On the other hand, by using the photon emission from

the quenching of the excited CH* radical, very godd agreement with regard to the flame
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Figure 4.3.7: Comparison of experimental luminosity profile of iso-octane for a dilution
ratio of 20% CO5 at @ = 1.0 and P = 200 kPa with computational results by modified
KUCRS for heat release rate, CH* chemiluminescence, CO} chemiluminescence and a
combination of CH* and COj chemiluminescence. Note that the values were normalized

for easier comparison.

locations of the blue flame and the hot flame was achieved. However, the ratio of the
peak value of the blue flame to that of the hot flame was still too large. By looking at
the photon emission profile of COJ, it can be seen that it does not have a peak for the
blue flame and that the peak for the hot flame is very close to that of CH*. By combining
the photon emission by CH* and COj through the calibration factor, the best agreement
for both the flame locations as well as the peak values was obtained. For the other cases,

i.e., for n-heptane, different diluents and dilution ratios and different pressures, similar
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agreement was found between the experiment and the newly calculated photon emissions.
Therefore, the newly developed method for the determination of the flame location will be

used in the following section.

4.3.4 Effect of pressure and EGR-like dilution on stoichiometric

flame locations

Figure 4.3.8 shows the comparison between the experiment and the simulation of the blue
flame and hot flame locations of iso-octane at pressures between 100 kPa and 500 kPa,
with dilution ratios of 0%, 20% and 50 % by N3, COy and H5O. As the pressure was
increased from 100 kPa to 500 kPa in the experiment, the blue flame of the case without
dilution (base case, solid black line) moved by 145K from a wall temperature of 995K to
850 K. As the dilution ratio was increased to 20 % by Ny and CO,, the blue flame moved
to locations that are within the measurement uncertainty of the base case of 20 K. For
the dilution by 20 % H,O, however, a different trend was seen. For pressures up to 150 kPa,
the flame location was within the measurement uncertainty of the base case and those of
the other two diluents. As the pressure reached 200 kPa, however, it started to separate
from the other flame locations and moved to lower wall temperatures. The separation
became even stronger for a pressure of 300 kPa. Here, the blue flame location of the HyO
case was at a wall temperature that was 35 K lower than that of non-diluted case. An
increase of the dilution ratio to 50 % for Ny and CO5 moved the blue flame in the other

direction, i.e., by 35K to higher wall temperatures than that of the base-case.

For the hot flame, the change of pressure and dilution had smaller effects than for the

blue flame. In case of no dilution (base-case), the pressure increase to 500 kPa moved
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Figure 4.3.8: Wall temperature at the blue flame (left side) and hot flame positions (right
side) of iso-octane at @ = 1.0 and pressures between 100 kPa and 500 kPa as obtained by
the experiment and computations by the modified KUCRS mechanism, based on iy
Diluents and dilution ratio are indicated by color and line style, black line represents the

base case without dilution.
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the hot flame by 65 K to lower wall temperatures, which is less than half of the shift of
the blue flame. For the cases of 20 % dilution by Ny and COs, the hot flame locations
shifted to higher wall temperatures by up to 13 K. Towards the maximum pressure of
500 kPa, the locations of the hot flames converged towards the base case and were within
its measurement uncertainty. When HyO was used as a diluent, the trend was different
from the other two diluents but similar to the trend of the blue flame. Up to 200 kPa, the
hot flame of the HyO dilution case was close to or at slightly higher wall temperatures
than the base case. For a further increase of the pressure to 300 kPa, however, it was at
13 K lower wall temperature than the base case. As the dilution ratio for Ny and CO, was
further increased to 50 %, the hot flames moved to higher wall temperatures between 9 K
for CO4 at 500 kPa and 26 K for N, at 100 kPa. For increasing pressure, the hot flames

converged again towards the flame location of the base case.

The lower part of Fig. 4.3.8 shows the flame locations as obtained by the modified
KUCRS mechanism, based on the calculated total photon emission. In general, with the
exception of the H,O cases, the trends are similar to those of the experiment. Without
dilution (base case), the agreement of the position of the blue flames with the experiment
is within 5 K. They moved to lower wall temperatures by 142 K for increasing pressure
to 500 kPa. The effect on the blue flame of dilution by 20 % of Ny and CO, was small
and only moved the flame locations by less than 10 K to higher wall temperatures with
the exception of 100 kPa, where the flame was moved by 35K for dilution by N,. The
effect of dilution by HoO was similar to the other two diluents, which, however, is different
from the experiment. As the dilution ratio was increased to 50 %, the blue flames moved
further to higher wall temperatures. The largest shift again occurred at 100 kPa and was

65 K for dilution by COs. On the other hand, dilution by HoO showed the smallest shift
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of only 40 K. For increasing pressure, the flame locations of all diluents converged and
were within 10 K.

For the hot flame, the effect of the diluents was similar to that of the blue flame with
the exception of HyO. For an increase of pressure, the hot flame of the base case shifted
to lower wall temperatures by 68 K, which agreed well with the experimental results. For
a dilution of 20 % by Ny and CO,, the hot flames were located closely to the base case
within 11 K. Dilution by HyO had a larger effect and shifted the hot flame by 35K to
higher wall temperatures at 100 kPa. For an increase of the pressure to 500 kPa, all hot
flame locations converged towards the base case. When the dilution ratio was increased to
50 %, the hot flames shifted further to higher wall temperatures. For dilution by Ny, the
hot flame moved by 22 K at a pressure of 100 kPa, while for CO5 it moved by 40 K and by
89K for HyO. For increasing pressure, the flame locations of all diluents converged again
towards the base case. Overall, a good agreement was found between the results by the
modified KUCRS mechanism and the experiment. The exception, however, is the case of
dilution by 20 % H5O, where in the experiment the blue flame and the hot flame moved

to lower wall temperatures but in the simulation they moved in the opposite direction.

4.3.5 Effect of EGR diluents on iso-octane weak flames

In order to investigate the role of each diluent on the reactivity of the weak flames, a
reaction path analysis was performed for the computational results. The best agreement
between the experiment and the simulation was found for the hot flame. Therefore,
important reactions of the hot flame will be investigated first. The previous chapters
showed that the hot flame reactivity is strongly controlled by H-O reactions [76, 122].

Important reactions that will be investigated in this section are R1932, R1938, R1940,
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4 The chemical and dilution effects of EGR on the reactivity of PRF

R1945/1946 and R1947.

O, +H=0H+O (R1932)

Oy + H(+M) = HO, (+M) (R1938)
H + HO, = OH + OH (R1940)
HO, + HO, = Hy04 + O, (R1945/1946)
H,0, (+M) = OH + OH (+M) (R1947)
CO+OH = CO, +H (R1959)

All these reactions are part of a system that converts H radicals to OH radicals. The OH
radicals, in turn, are important for the oxidation of CO through R1959, which produces
another H radical that can restart the cycle. The reaction path analysis for iso-octane was
conducted at 500 kPa as this is in the range of the pressure at ignition in a gasoline engine.
The analysis was conducted at a wall temperature of 970 K, which is at the beginning
of the hot flame in all cases. A graphic representation of the reaction path analysis
is given in Fig. 4.3.9. In order to make comparison between the different cases easier,
all rate of progress variables were normalized by that of the important chain branching
reaction R1932. The value of the rate of progress variable of R1932 was largest for the
no-dilution case. For the dilution by 20 % and 50 % N, the rate of progress variable
reduced by only 5 % and 23 %, respectively. This shows that the reduction does not linearly
correlate with the dilution ratio. When CO, was used as the diluent, the reduction was
by 24 % and 60 %, which is higher than the dilution rate would suggest. For the usage of
H50, the rate of progress variable decreases by 54 % and 85 %, respectively.

A reaction that is in direct competition with the chain branching reaction R1932 is the

three-body chain termination reaction R1938. In all dilution cases, the rate of progress
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Figure 4.3.9: Main reaction pathways of hydrogen-oxygen reactions at 7, = 970K for
iso-octane at 500 Pa as obtained by the modified KUCRS mechanism. Dilution ratios of
0% (indicated as base), 20% and 50% of Ny, CO5 and H2O. Rate of progress of reaction
R1932 (right side) shown as absolute values for each dilution case. Rate of progress of
remaining reactions shown as normalized values by the corresponding rate of progress of

R1932 for each dilution case.

variable of R1938 is significantly larger than that of R1932. A strong factor in this higher
rate of progress variable is the elevated pressure of 500 kPa that enhances this three-body
reaction. In the no-dilution case, the rate of progress variable of R1938 is approximately
16 times larger than that of R1932. When N, is added as a diluent, this factor decreases
by 13 % for a dilution ratio of 20 % and by 32 % for a dilution ratio of 50 %. When Nj is
added as a diluent, it decreases the concentration of chemical species with high enhanced
third body efficiencies. Among these are COy with an enhanced third body efficiency that

3.6 times larger than that of Ny and HyO with an enhanced third body efficiency that
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is 16.5 times larger than that of Ny. This decrease of enhanced third body efficiency by
increasing Ny concentration weakens R1938. When CO, is used as a diluent, the effect on
R1938 is small. Compared to Ns, it has a higher enhanced third body efficiency and would
enhance this reaction. At the same time, however, it reduces the concentration of HyO
with its higher enhanced third body efficiency. Therefore, these two effects cancel each
other out and only change R1938 little. In the case of H,O addition, its high enhanced
third body efficiency is dominant and increases R1938 compared to R1932 by 68 % in the

case of 20 % dilution and by 180 % in the case of 50 % dilution.

R1938 produces HO5, which can react in R1940 with an H radical to form two OH
radicals. In this reaction, there is only little difference between the diluents and the
rate of progress variable is only slightly smaller than that of R1932. Most of the HO,,
however, is converted by R1945 and R1946 to form HyO,. The rate of progress variable
is approximately half of that of R1938, which is based on the fact that these reactions
consume two HO, radicals, while R1938 produces only one. Here, again, Ny shows a
decreasing effect on the reaction rate, while CO5 shows only little change and HyO increases
the reaction rate, which is based on the effect of these species on R1938. This trend
further propagates to R1947, which produces two OH radicals from the dissociation of
H505. Overall, the three diluents have different effects on the consumption of H and the
formation of OH radicals. When Nj is used as a diluent, it decreases conversion of H by
R1938 and shifts it more towards the direct OH production by R1932. In the case of COs,
its enhanced third body efficiency is higher than that of Ny but not as high as that of HyO.
This leads to CO4 not having a big effect on the ratio of H conversion between R1932 and
R1938. As H,0 is added as a diluent, its large enhanced third body efficiency strengthens

R1938. As the conversion of H to OH progresses through the intermediate formation of
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HO5 and H50,, it decreases the overall reactivity. This decrease is responsible for the shift
of the hot flame to higher wall temperatures for the addition of HyO. This shift was seen
in Fig. 4.3.8, where the hot flames of dilution by H,O were located at the highest wall

temperatures.

The results of the effect of the different diluents on the hot flame show good agreement
with those of a previous study on syngas [76]. Here, H,O showed the strongest retarding
effect in the experiment and simulation. In the current study, however, H,O only had a
retarding effect in the simulation, while it shifted the hot flame to lower wall temperatures
in the experiment. This hints at H,O having an effect on the reactivity that is not included
in the simulation. While syngas only shows a single hot flame, iso-octane has an additional
blue flame that is also influenced by the added third bodies. An important reaction in
the blue flame is the chain branching reaction R1947 [131, 132]. This reaction also has
enhanced third body efficiencies and is therefore expected to be sensitive to the diluents.
The values of the enhanced third body efficiencies of R1947 are similar to those of R1938.
The difference between these reactions, however, is that R1947 is a chain branching reaction
while R1938 is a chain termination reaction. When the mixture was diluted by Ny and
COg, the chain branching of R1947 was decreased, which led to the blue flame being
located at higher wall temperatures in both the experiment and the simulation. HyO,
however, has the highest enhanced third body efficiency, which is expected to increase
chain branching and reactivity. This is observed in the experiment, where the blue flame
shifted to lower wall temperatures as HyO was added. This effect, however, was not
observed in the simulation. This missing promoting effect of H,O on the blue flame is
assumed to further influence the hot flame in the same manner. These observed differences

between the simulation and the experiment show that further investigations of three-body
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reactions and the enhanced third body efficiencies of diluents are necessary.

4.3.6 Effect of EGR diluents on n-heptane weak flames

For n-heptane, the locations of its separated weak flames as obtained by the experiment and
the modified KUCRS mechanism are shown in Fig. 4.3.10. The trends for the experimental
flame locations of the blue flame and the hot flame are similar to those of iso-octane.
In the experiment, the trends of the blue flame and the hot flame were similar to those
of iso-octane. For pressures above 100 kPa, an additional cool flame appeared, which
was not observed for iso-octane. For the hot flame of the case without dilution (base
case), as the pressure was increased from 100 kPa to 500 kPa, its location shifted to lower
wall temperatures by 40 K. Compared to iso-octane, it was at up to 29 K lower wall
temperatures. As diluents were added with a dilution ratio of 20 %, it had only little effect
on the location of the hot flame, which was within 10 K of the base case. Furthermore,
differences between the three diluents were small. As the dilution ratio by CO, was
increased to 50 %, the hot flame moved to higher wall temperatures. For the addition of
50 % Ns, a slightly different trend was observed. As the pressure was increased to 150 kPa,
the hot flame shifted slightly to higher wall temperatures. For a further increase of the
pressure, however, it shifted to lower wall temperatures and moved towards the base case.
This behavior was not observed for iso-octane.

The flame location of the experimental blue flame (base case) moved to lower wall
temperatures by 60 K as the pressure was increased to 500 kPa. This shift is less than half
of that of iso-octane. As Ny and CO, were added at dilution ratios of 20 %, the locations
of the blue flames were within 10 K of the base case, which is within the measurement

uncertainty. For a dilution ratio of 50 %, a stronger effect was observed. In the case of
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Figure 4.3.10: Wall temperature at the cool flame (left side), blue flame (middle) and
hot flame positions (right side) of n-heptane at @ = 1.0 and pressures between 100 kPa
and 500 kPa as obtained by the experiment and computations by the modified KUCRS
mechanism, based on .. Diluents and dilution ratio are indicated by color and line

style, black line represents the base case without dilution.
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N, addition, the blue flame was located at 20 K higher wall temperature than the base
case at 100 kPa and at 20 K lower wall temperature at 500 kPa. For the dilution by H,O
of 20 %, the blue flame moved up to 25K to lower wall temperatures than the base case,

which is similar to the results of iso-octane.

The cool flame only appeared for pressures above 100 kPa. It, however, showed only little
response to increasing pressure and the addition of diluents. Without dilution (base-case),
the location of the cool flame moved to lower wall temperatures by 20 K for increasing
pressure, which is half of that of the hot flame and one third of that of the blue flame. For
dilution by 20 % Ny and CO,, the flame moved to higher wall temperatures by less than

10 K, which is within the measurement uncertainty of 15 K.

As H50 was used as a diluent, it showed the largest shift at 150 kPa, where the cool
flame moved by 20K to higher wall temperatures. For higher pressures, however, the
wall temperatures at the cool flame location were similar to those of Ny and CO,. By
increasing the dilution rate of Ny to 50 %, the cool flame was only visible at 500 kPa. In
this case, the wall temperature at the flame location was the same as in the base case. For
50 % of COg4, cool flames were visible for pressures between 150 kPa and 500 kPa and were

located at up to 15K higher wall temperatures than in the base case.

The flame locations of the simulations for n-heptane are shown in the lower half of
Fig. 4.3.10. For the base case, the trend of the hot flame as the pressure was increased
to 500 kPa shows a similar behavior as that of 50 % dilution by Ny in the experiment.
For an increase of the pressure to 150 kPa, the hot flame shifted slightly to higher wall
temperatures. As the pressure was further increased to 500 kPa, it moved to lower wall
temperatures again. This trend was also observed for dilution by 20 % of Ny and CO4 and

dilution by 50 % of Ny. In the case of HyO, this trend was not observed. At 100kPa, the
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hot flame was located at 34 K higher wall temperatures than the base case. For increasing
pressure, the flame location converged towards the base case and was similar to those
of the other two diluents. For Ny, as the dilution ratio was increased to 50 %, the flame
location changed only little, while it showed the same turning for increasing pressure as
the dilution by 20 %. CO, had a stronger effect as the dilution ratio was increased to 50 %.
Here, the location of the hot flame shifted by up to 28 K to higher wall temperatures.
Dilution by 50 % of H,O showed the largest effect and moved the hot flame to up to 87K
higher wall temperatures (100 kPa). For increasing pressure, the hot flame locations of all

cases converged towards the base case. This behavior is similar to that of iso-octane.

The base case blue flame of the modified KUCRS mechanism moved to lower wall
temperatures by 99 K for an increase of the pressure from 100 kPa to 500 kPa. Here, the
flame locations were within 24 K of the experimental results. For the dilution by 20 %
of all diluents, the change of the flame location was small, which is in good agreement
with the experiment. A further increase of the dilution ratio to 50 % led to a shift of the
hot flame to higher wall temperatures by up to 41 K in the case of HoO dilution. For
Ny and COs, this shift is slightly less. Overall, these results show good agreement with
the experimental results. Only H,O shows different trends between the simulation and
the experiment, which is similar to the results by iso-octane. Compared to iso-octane,

increasing pressure and dilution had smaller influence on the blue flue flame locations.

In the base case, the cool flame as obtained by the modified KUCRS mechanism moved
to lower wall temperatures by 32 K for an increase of the pressure to 500 kPa. Compared
to the experiment, it is located at up to 24 K higher wall temperatures. For dilution by
N,, CO5 and H5O at both dilution ratios, the effect was small and the flames moved less

than 2 K to higher wall temperatures, which is much smaller than the effect on the hot
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flame and the blue flame.

For iso-octane, the chemical effect of Ny, CO5 and H>O on the hot flame and the blue
flame was discussed in the previous section and applies to n-heptane as well. A big
difference between the experimental results of iso-octane and those of n-heptane, however,
was found for the dilution by N,. Here, for an increase of the pressure to 150 kPa, the hot
flame shifted to higher wall temperatures, which is opposite to the results for iso-octane.
As the pressure was further increased, the flame moved to lower wall temperatures again.
For the higher dilution ratio of 50 % by N, this trend was further intensified. For dilution
by CO, and H,O, however, this trend was not observed. In the simulations, this trend
occurred for the base case, for dilution by Ny and for dilution by CO,. For dilution by
H50O, however, this trend did not occur. As was shown in chapter 2, reactions of the
hydrogen-oxygen system strongly control the reactivity of the hot flame. For the H-O
system, as the pressure is increased, the explosion limit shows a transition from the second
to the third limit (see Fig. 4.3.11). This behavior is similar to that of the hot flames that
first moved to higher and then to lower wall temperatures for increasing pressure. In the
H-O system, the competition between the chain branching reaction R1932 (corresponds
to R1 in Fig. 4.3.11) and the chain termination reaction R1938 (corresponds to R9 in
Fig. 4.3.11) controls the second explosion limit. The line of transition from the non-
explosive to the explosive regime is given by Eq. (4.7) in KUCRS reaction numbers. Here,
k is each reaction’s rate constant and [M] is the concentration of the mixture (including

enhanced third body efficiencies).

2k1932 = k193s[M] (4.7)

As was shown before, R1938 (R9) strongly depends on the composition of the mixture as
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Figure 4.3.11: Explosion limits of stoichiometric Hy-Og mixture. Data obtained from [15].

it is a three body reaction with enhanced third body efficiencies. Fig. 4.3.12 shows the
rate constant of R1932 (multiplied by 2 as in Eq. (4.7)) and the rate constant of R1938
multiplied by [M] for different diluents at 100 kPa. The intersection of the curves shows
the transition point from the non-explosive to the explosive regime. In the case without
dilution, this point is located at 1005 K. For dilution by 50 % N, this point moves to
985 K. On the other hand, when Hy0O is used as a diluent, this point moves to 1145 K.
These shifts take place at constant pressure and therefore shift the line of transition in
Fig. 4.3.11 to the right (higher temperatures) for addition of HyO or to the left (lower
temperatures) for the addition of Ny. In case of Ny addition, this moves the point of

transition from the second explosion limit to the third explosion limit to higher pressures.
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Figure 4.3.12: Comparison of the rate constants of R1932 and R1938 for different dilution

conditions at 100 kPa as obtained by the modified KUCRS mechanism.

This shift to higher pressures was shown for the experiment in Fig. 4.3.10, where higher
N, concentrations shifted the transition point to pressures higher than 100 kPa. The same
trend for Ny addition was found in the computational results by the modified KUCRS
mechanism. When H,O is added, however, the transition point moves to lower pressures.
For the computations, this trend can be seen in Fig. 4.3.10 as this transition is absent.

This indicates that the transition point is at a pressure below 100 kPa.
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4.3.7 Heat contribution index

At low pressures, the locations of the separated weak flames are good indicators for the
reactivity [72-74, 122]. At elevated pressures, however, another method exists for the
evaluation of reactivity, the Heat Contribution Index (HCI) (see section 3.3.4) [123]. The
HCT is determined by the ratio of the heat release in each of the three separated weak
flames to the total heat release throughout the MFR (see Eq. (3.1)). Based on this
definition, the sum of the Cool flame-HCI, Blue flame-HCI and Hot flame-HCI is unity.
Without dilution, the value of the Hot flame-HCI was constant and independent of the
base fuel. This was explained by the governing role of the H-O system and the oxidation
of CO, which were the same for all cases. On the other hand, the Cool flame-HCI and
the Blue flame-HCI showed large differences between the fuels. High-reactivity fuels, such
as n-heptane, showed high values for the Cool flame-HCI and low values for the Blue
flame-HCI. Low-reactivity fuels, e. g., iso-octane, on the other hand, showed low values for

the Cool flame-HCI and high values for the Blue flame-HCI.

The HCIs of iso-octane for the dilution by Ny, CO5 and HyO at 500 kPa as obtained by
the modified KUCRS mechanism are plotted in Fig. 4.3.13. The Cool flame-HCI decreases
with increasing dilution ratio from 0.072 (no dilution) to 0.049 (50 % dilution), while it
does not show significant differences between the diluents. This shows that the dilution
effect is dominant over the chemical effect for the cool flame. Furthermore, as the dilution
ratio is increased, the lower Cool flame-HCI indicates lower reactivity at low temperatures
of the cool flame. When compared to PRF cases without dilution of the previous chapter,

the decreasing Cool flame-HCI can be regarded as an increase of the RON by 12.

Among the three HCIs, the Blue flame-HCI shows the largest values. This agrees with
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Figure 4.3.13: Heat contribution index of the cool flame, blue flame and hot flame of iso-

octane at @ = 1.0 and P = 500 kPa for different diluents and dilution ratios as obtained

by KUCRS.
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the results of the previous chapter. For the addition of Ny and CO,, the Blue flame-HCI
decreases slightly with increasing dilution ratio, while the differences between these two
diluents is small. As the sum of all three HCIs is unity, the Hot flame-HCI increases
accordingly. This shift of the heat release from the blue flame to the hot flame shows a
reduction of the reactivity when dilution is performed by Ny and COy. When H5O is used
as a diluent, the Blue flame-HCI increases slightly with increasing dilution ratio, while
the Hot flame-HCI increases less than for Ny and CO,. This shows that HyO promotes
reactivity at intermediate temperatures, which was already shown by experimental results
in the previous section. There, this effect was explained by the enhancing effect of H,O
on the chain branching reaction R1947. Overall, however, the addition of H,O leads to a
slight reduction of reactivity compared to the base case, as less heat is released in the cool
flame and more heat is left to be released in the hot flame. The differences between HyO
and the other two diluents agrees well with the experimental results, where the addition

of H,O moved the blue flame and the hot flame to lower wall temperatures than for N,

and COQ

The corresponding HCIs of n-heptane are shown in Fig. 4.3.14. The values of the Cool
flame-HCI are about five times larger than those of iso-octane. For increasing dilution
ratios, the Cool flame-HCI decreases, which is similar to iso-octane. The values for dilution
by Ny and CO, are similar and decrease from 0.270 without dilution to 0.233 for 50 %
dilution by CO;. When this decrease is compared to Cool flame-HCIs of PRF without
dilution, it represents an increase of the RON by 24. When H5O is used as a diluent, the
reduction of the Cool flame-HCI is larger. This can be explained by its influence on the
equilibrium of the important low-temperature reaction nC;H;s + OH =nC;H;5 +H50 as

the concentration of HyO is increased. For dilution by HyO, the Cool lame-HCI decreases
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Figure 4.3.14: Heat contribution index of the cool flame, blue flame and hot flame of

n-heptane at @ = 1.0 and P = 500 kPa for different diluents and dilution ratios as obtained

by KUCRS.
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from 0.270 without dilution to 0.215 with 50 % dilution. This change represents an increase
of the RON by 28. The results for all diluents indicate lower reactivity of the cool flame as
dilution ratios are increased. The relatively large reduction of the Cool flame-HCI shows
good agreement with previous studies [28], which found a stronger dilution effect for fuels

with multi-stage ignition, such as n-heptane.

For the blue flame, the HCI increases for the addition of all three diluents, which is
different from the results of iso-octane. Similar to iso-octane, H,O shows the biggest effect
on the blue flame, which is inverse to that of the cool flame. Again, this can be explained
by the enhancing effect of HyO on the three-body chain branching reaction R1947. For N,
and COg, the increase of the Blue flame-HCI is approximately half of that of H,O, which

is less than the decrease of the Cool flame-HCI.

For the hot flame, the addition of HyO does not show an effect on its HCI as the decrease
of the Cool flame-HCI is compensated by the increase of the Blue flame-HCI. On the other
hand, the addition of Ny and CO, increases the Hot flame-HCI. Overall, these results
show that HyO reduces reactivity at low temperatures, increases reactivity at intermediate
temperatures and does not influence reactivity at high temperatures. For Ny and CO,,
the inhibiting effect at low temperatures is weaker, the promoting effect at intermediate

temperatures is weaker too, while the reactivity at high temperatures is increased.

The results of this chapter show that the weak flame locations as well as the HCI can be
used to eliminate the thermal effect and to separate the chemical and the dilution effects
for different diluents at low, intermediate and high temperatures. n-Heptane, a fuels with
strong multi-stage ignition, is strongly influenced by EGR-like dilution. Here, HyO, a
species with a large enhanced third body efficiency, has the largest effect on reactivity.

It decreases low temperature reactivity, while it increases reactivity at intermediate and
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high temperatures. The same trends were found for investigations of iso-octane. For the
hot flame, however, H,O has an inhibiting effect due to its large enhanced third body

efficiency that enhances chain termination.

4.4 Conclusions

In this chapter, separated weak flames in a vertical-type micro flow reactor with a controlled
temperature profile were used to investigate the chemical and the dilution effects of Ny, CO,
and HyO on n-heptane and iso-octane. To further analyze their impact chemical reactions
and the heat release rate, one-dimensional steady computations were performed. In the
experiments, as the pressure was increased, the cool flames, blue flames and hot flames of
both fuels moved to lower wall temperatures. For Ny and CO,, the dilution by 20 % had
only little effect on the flame positions. As this dilution ratio was further increased to
50 %, however, the blue flame and the hot flame moved to higher wall temperatures. For
both fuels, when HyO was added as a diluent, however, the blue flame and the hot flame

moved to lower wall temperatures.

In order to make flame locations between the experiment and the simulation more
comparable, a new method for the determination of the flame locations based on photon
emission by excited CH* and COj; was developed. By using this new method, good
agreement between the simulation and the experiment was found. Furthermore, reaction
path analysis was performed and showed that the enhanced third body efficiency of the
dilution species had a strong effect on three body chain branching and chain termination
reactions. At intermediate temperatures, the addition of HoO promotes reactivity while at

high temperatures it has an inhibiting effect. For Ns, the effect is opposite, while CO,
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only had a weak influence. For n-heptane it was furthermore found that the addition of
N shifts the point of transition from the second explosion limit of the hydrogen-oxygen
system to the third limit to higher pressures.

As an additional measure, the heat contribution indexes for the addition of diluents
were calculated for all three separated weak flames. For both fuels, the heat release of
the cool flame was decreased and shifted to the blue and the hot flame as the dilution
ratio was increased. For the addition of 50 % H,O, this shift corresponded to an increase
of the RON by 28 for n-heptane and to an increase by 12 for iso-octane. Overall, these
results show that separated weak flames in the MFR offer great potential to investigate the

influence of EGR species on fuel reactivity at low, intermediate and high temperatures.
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Appendix

4.A Results for LLNL

Figure 4.A.1 shows the comparison of the experimental luminosity profile for iso-octane
with a dilution by 20% CO, at a pressure of 200 kPa as well as the computational heat
release rate and calculated photon emission by Eq. (4.6) for the LLNL PRF mechanism.
Compared to the results of the modified KUCRS mechanism in Fig. 4.3.7, the heat release
rate in the cool flame is much stronger, while the blue flame is weaker. The calculation of
the total photon emission by CH* and CO} showed a good agreement for the location of
the blue flame with the experiment. However, the location of the hot flame was located at
a wall temperature that is 75 K higher than in the experiment.

Figure 4.A.2 shows the flame locations of the blue flame and the hot flame of iso-octane
for the experiment and the simulations by LLNL. The locations of the blue flames by LLNL
showed similar results to those of KUCRS (see Fig. 4.3.8). For the base case, the blue
flame shifted upstream by 161 K as the pressure was increased to 500 kPa. The agreement
with the experiment was within 10 K. Here, again, the 20% dilution conditions shifted the
blue flame only slightly to higher wall temperatures. The addition of 50% diluents showed

a larger shift, which was up to 45K for H,O at 100 kPa. For an increase of the pressure,

141



4 The chemical and dilution effects of EGR on the reactivity of PRF

104 — Experiment
—— HRR
— ey
v 0.8 7 :
— — lIco;
,-
—_— - total
£ 0.6
<
i
=
£ 04 -
o
Z
0.2 -
0.0 T T T
600 700 800 900 1000 1100
Wall temperature / K

Figure 4.A.1: Comparison of experimental luminosity profile of iso-octane for a dilution
ratio of 20% COy at 200 kPa with computational results by LLNL for heat release rate,
CH* chemiluminescence, CO3 chemiluminescence and a combination of CH* and CO}

chemiluminescence. Note that the values were normalized for easier comparison.

the flame locations converged towards the base case. In general, the results for the blue

flame agreed well with the experimental results.

The wall temperature at the location of the hot flame, however, showed rather large
differences as compared to the experiment and KUCRS. For the base case, as the pressure
was increased from 100 kPa to 150 kPa, the flame shifted to lower wall temperatures. As the
pressure was further increased to 200 kPa, the flame shifted to higher wall temperatures
again. At higher pressures, the flame changed direction another time and moved to
lower wall temperatures. The overall change was 38 K for increasing pressure, with flame

locations up to 46 K higher than in the experiment. The same behavior occurred when
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Figure 4.A.2: Wall temperature at the blue flame (left side) and hot flame positions (right
side) of iso-octane at pressures between 100 kPa and 500 kPa as obtained by the experiment
and computations by the LLNL mechanism, based on iyy,. Diluents and dilution ratio

are indicated by color and line style, black line represents the base case without dilution.
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the peak of the heat release rate was used as the flame location and lead to even larger
differences with the experiment, which was up to 65K at 500 kPa. The cases with dilution
showed similar trends of changing flame direction for increasing pressure, except for the
50% H,0 case, which showed a shift of up to 69 K at 100 kPa as compared to the base
case.

Overall, the results by LLNL showed good agreement with the experiment for the blue
flame, while the locations of the hot flames only had poor agreement. This was caused
by their changing direction as the pressure was increased and their locations being at
higher wall temperatures than the experiment and the results by the modified KUCRS
mechanism.

Figure 4.A.3 shows the flame locations of the cool flame, the blue flame and the hot
flame of n-heptane for the experiment and the simulations by LLNL. Similar to the results
for iso-octane, the results for the blue flame show good agreement except for dilution by
H50O. Furthermore, the hot flames are located at up to 100 K higher wall temperatures than
in the experiment. Additionally, the transition from the second to the third explosion limit
is seen for all conditions except for the dilution by 50% HyO at pressures up to 300 kPa
for the dilution by 50% Ny. Similar to the results by the modified KUCRS mechanism
(see Fig. 4.3.10), the cool flame is not affected by the addition of diluents. Again, LLNL

shows agreeable results for lower temperatures but large discrepancies for the hot flame.

144



4.A Results for LLNL

500 7 fo Base—
¥ 20%50%
3} 400 i ll N2 -——-  amman
i : COZ___ .....
— : HZO-_- .....
O]
§ 300 - *
¢
A~ .
200 4 *&x ‘
Y e L T
¥ ™ Uncertainty Uncertainty)(\ o
100 - cool flame  blue flame § Nev
500 -
400
<
@ [
0]
E 300
5
A~
200
100
I I I I I
600 700 800 900 1000 1100
Wall temperature / K

Figure 4.A.3: Wall temperature at the cool flame (left side), blue flame (middle) and hot
flame positions (right side) of n-heptane at pressures between 100 kPa and 500 kPa as
obtained by the experiment and computations by the LLNL mechanism, based on #sta.
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base case without dilution.
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5 Conclusions and outlook

5.1 Conclusions

In this thesis, a novel method for the determination of fuel reactivity was developed based
on separated weak flame in a micro flow reactor with a controlled temperature profile
(MFR). To achieve higher resolution with regard to weak flame locations, a vertical-type
MFR was constructed. Experimental results were complemented by one-dimensional
steady computations by Chemkin-Pro. The capability of the vertical-type MFR was first
tested on stoichiometric and ultra-lean (¢ = 1.0, 0.75 and 0.5) PRF /air (PRF100, 90, 80)

weak flames at atmospheric pressure. The following conclusions were made:

e The new MFR allowed for a clear spatial separation of hot flames of fuels with

differences in RON of 10.

e The new MFR allowed for a clear spatial separation of flames for difference in

equivalence ratio of 0.25.

e It was found that computations by the KUCRS PRF mechanism showed the op-
posite trend for decreasing equivalence ratio as compared to the experiment and

computations by the LLNL PRF mechanism.
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e By analyzing the reactions and replacing seven hydrogen-oxygen reactions of the

KUCRS mechanisms by those of FFCM, the trend for decreasing @ was inverted and
very good agreement between the modified KUCRS mechanism and experimental

results was achieved.

This change of hydrogen-oxygen reactions did not show any effect on simulations of
ignition delay times and laminar flame speed. Therefore, the MFR method offers
a unique way to analyze chemical reactions and reaction mechanisms that is not

possible by other approaches.

After it was shown that the MFR is capable of separating even small difference in

reactivity, a reactivity index was developed that is based on separated weak flames. For

this, the pressure inside the MFR was increased to 500 kPa, as this pressure is close to

that at ignition in a spark-ignited gasoline engine. Investigations were conducted for fuels

of RON between 0 and 100 and the following results were obtained:
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e At elevated pressure, the fraction of heat that is released in the hot flame becomes

independent of the base fuel as it mainly consists of hydrogen-oxygen reactions on

CO oxidation, which are the same for all investigated hydrocarbon fuels.

The fraction of heat release in the cool flame and the blue flame are inverse to each
other and well describe fuel reactivity. Based on this finding, the heat contribution

index (HCI) was developed.

It was found the HCI does not directly correlate with the RON of the investigated
fuels but that it was tied to the molecular structure of the fuel. Here, straight-chain
molecules showed high reactivity whereas branched molecules showed low reactivity.

These results agree well with previous investigations of critical compression ratios.



5.1 Conclusions

e To measure reactivity experimentally, formaldehyde concentrations were measured
and the formaldehyde index was introduced. Experimental and computational results

showed good agreement with each other as well as with the heat contribution index.

The final part of this thesis was the investigation of the chemical and dilution effects of
the EGR constituents Ny, CO5 and HyO on the reactivity of PRF by separated weak flames.
Here, elevated pressure of 500 kPa as well as dilution ratios of up to 50 % were chosen in
order to investigate the effect on low, intermediate and high temperature reactivity. The

following observations were made:

e The agreement of the computations by the modified KUCRS mechanism and the
experiment with regard to blue flame and hot flame locations was poor. Up to this
point, computational flame locations were defined as the points of maximum heat
release rate. As experiments capture chemiluminescence, however, this comparison

was not accurate.

e As chemiluminescence was filtered through a 431 nm band-pass filter, the captured
photons were emitted by excited CH* and COs* radicals. Their photon emissions
were calculated based on the computational results and a very good qualitative

agreement with the experiment was found.

e Using this new method, it was found that while Ny and CO; move blue flames
and hot flames to higher wall temperatures, H,O shifted to flames to lower wall

temperatures.

e By analyzing reaction paths it was found that HyO enhances the three-body chain
branching reaction HyOo( + M) = OH + OH( 4+ M), which is especially important
in the blue flame, where it increases reactivity.
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e By analyzing the HCIs for EGR-like dilution it was found that these conditions have
the strongest effect on high-reactivity fuels, such as n-heptane. Here, the decrease of
reactivity corresponded to an increase of the RON by 28, whereas for iso-octane it

was only 12.

5.2 Qutlook

Based on this work, further investigations of fuel reactivity can be pursued. Future work
on weak flames should employ the vertical-type MFR as it provides an improved resolution
needed for reactivity measurement. The modifications to the KUCRS reaction mechanism
that were done in this work make it applicable for a wide range of fuels and conditions,
including ultra-lean and EGR conditions. Furthermore, comparison of flame locations
should be based on the newly proposed photon emission calculations. The usage of the
heat contribution index makes for an inexpensive investigation method as fuel consumption
is minimal. Furthermore, it allows for separate investigation of low, intermediate and
high temperature reactions. Future work might include investigations on more complex

surrogates as well as investigate elementary reactions such as the three body reactions

HyO2(+ M) = OH + OH(+ M) and H + Oy( + M) = HOq( + M).
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