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ABSTRACT
Characteristics of Butanol Isomers Oxidation in a Micro Flow Reactor
Muhamad Firdaus Bin Hamzah

Ignition and combustion characteristics of n-butanol/air, 2-butanol.air and isobutanol/air mixtures at stoichiometric ( = 1) and lean ( = 0.5) conditions were
investigated in a micro flow reactor with a controlled temperature profile from 323
K to 1313 K, under atmospheric pressure.
Sole distinctive weak flame was observed for each mixture, with inlet fuel/air
mixture velocity set low at 2 cm/s. One-dimensional computation with
comprehensive chemistry and transport was conducted. At low mixture velocities,
one-stage oxidation was confirmed from heat release rate profiles, which was
broadly in agreement with the experimental results. The weak flame positions w ere
congruent with literature describing reactivity of the butanol isomers. These weak
flame responses were also found to mirror the trend in Anti-Knock Indexes of the
butanol isomers.
Flux and sensitivity analyses were performed to investigate the fuel oxidation
pathways at low and high temperatures. Further computational investigations on
oxidation of butanol isomers at higher pressure of 5 atm indicated two-stage
oxidation through the heat release rate profiles. Low temperature chemistry is
accentuated in the region near the first weak cool flame for oxidation under higher
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pressure, and its impact on key species – such as hydroxyl radical, hydrogen
peroxide and carbon monoxide – were considered.
Both experimental and computational findings demonstrate the advantage of
employing the micro flow reactor in investigating oxidation processes in the
temperature region of interest along the reactor channel. By varying physical
conditions such as pressure, the micro flow reactor system is proven to be highly
beneficial in elucidating oxidation behavior of butanol isomers in conditions in
engines such as those that mirror HCCI operations.
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Chapter 1
Introduction
1.1 Trends in Energy Demand
In 2014, the annual world primary energy supply was estimated at 13,699 million
tonnes of oil equivalent (mtoe). Fossil fuels accounting for 81.1% of the total
supply, with oil as the major fuel at 31.3% [1]. The global oil demand is expected to
grow until 2040, mostly due to lack of alternatives to oil in terms of petrochemicals,
aviation and road freight [2]. The transportation sector will continue to remain an
important energy-consuming sector alongside other sectors including industry and
power generation, as forecasted by British Petroleum (BP) in Figure 1 [3]. Along
with the projection of rising global energy consumption, the dependency on fossil
fuels will continue.
1.2 Impacts of Emissions from Fossil Fuel Combustion
Consequently, concerns on the environmental impact of gaseous and particulate
emissions from burning of fossil fuels have been raised in recent decades. For
example, nitrogen dioxide (NO2) – the most prevalent form of oxides of nitrogen
(NOx) – reacts in the atmosphere to form ozone (O 3) and acid rain. Acute exposure
of laboratory animals to NO 2 and O3 at concentrations above 150 ppm and above 2
ppm respectively, causes death by acute pulmonary edema – fluid accumulation in
the tissue and air spaces of the lungs [4] [5]. Last et al. investigated the interactions
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Figure 1 : Liquids demand projection [3]

* Trucks including Sport Utility Vehicles (SUVs)
† Cars include two-wheelers and other light duty vehicles

between O 3 and NO2, and found a resultant syndrome in laboratory animals – i.e.
progressive pulmonary fibrosis – unlike those elicited by either agent individually,
under subchronic exposures of mixtures of O 3 and NO2 [6]. On the other hand,
particulate matter – i.e. mixture of fine solid and liquid particles suspended in air –
causes about 3% of mortality from cardiopulmonary disease and about 5% of
mortality from cancer globally [7]. As a result, regulation laws around the world
have increasingly tightened to restrict the pollutant levels from emissions.
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Figure 2 : Total carbon emissions from fossil fuel consumption and cement production [8]

Beyond the threat to human health, the potential threat of climate change has been
under extreme scrutiny. Out of the 32,381 million tonnes of carbon dioxide (CO2)
emitted in 2014, 95.5% of the total emission was attributed to fossil fuels. Over the
past century, CO 2 emissions have rapidly increased, as reported by Boden et al. in
Figure 2 [8]. Leduc et al. investigated how the regional climate changes in response
to the cumulative CO 2 emissions, and found that the rise in temperatures in most
parts of the world correspond linearly to cumulative CO 2 emissions through
employing simulation results from 12 global climate models [9]. The associated
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climatic change trends could impact human and natural systems aversely, creating
skepticism on the sustainability of fossil fuel usage [10, 11, 12].
As such, the reduction of CO2 emissions has evolved into a major subject matter of
research in the last decade due to the detrimental cumulative environmental impact
of CO2 as a greenhouse gas. In December 2015, 195 countries adopted a global,
legally-binding climate deal named “The Paris Agreement” at the 2015 United
Nations Climate Change Conference [13]. One of the main commitments outlined in
this agreement is of nations to mitigate emissions in limiting the increase in global
temperature with a long-term goal of net greenhouse gas neutrality. This further
heightens interest in energy industry and legislators towards scientific and
technological solutions that achieve reductions in CO 2 emissions from fossil fuels.
1.3 Future Engines
With a strong push by legislators to reduce emissions resulting from combustion of
hydrocarbons, more effective and efficient internal combustion engines have been
sought out to be investigated by the industry and research community alike. One of
the intensely researched engine options is the Homogenous Charge Compression
Ignition (HCCI) engines.
1.3.1 Homogenous Charge Compression Ignition Engines
The HCCI process involves the premixed fuel-air charge of equivalence ratio ()
between 0.15 and 1.0 being compressed until the ignition temperature is reached
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[14]. This results in extremely rapid combustion due to ignition occurring at
multiple points in the cylinder.
With the operation occurring at lower temperatures and leaner fuel conditions, this
eliminates conditions that are responsible for formation of exhaust emissions,
particularly oxides of nitrogen and particulate matter [15]. The coupling of rapid
heat release and leaner charge mirrors an almost-constant volume combustion with
low peak temperatures. This contributes to higher thermal efficiencies and
decreased heat losses through walls [16].
However, a major challenge of HCCI is the relatively high levels of unburnt
hydrocarbons (UHCs) and carbon monoxide (CO) emissions [17]. The low
temperature does not allow the full extent of oxidation of significant amounts of
fuel/air mixture which were trapped in the crevice regions of the engine during the
compression stroke [18]. Additionally, gas combustion does not take place along the
engine cooler cylinder surfaces as a result of thermal quenching [19].
1.4 Alternative Fuels
Exploring alternatives to the source of carbon is one of the main research topics in
abating carbon emissions. A viable energy option under detailed investigation is
biofuel. Biofuels refer to a wide variety of fuels – e.g. bio-char, vegetable oil,
biodiesel, biogas – that are largely derived from biomass [20]. Although burning
biofuels produced from biomass would release CO 2, the amount of CO 2 released
would be equal to the CO 2 consumed by the plant during photosynthesis. Thus, such
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biofuels would be able to mitigate global warming, as they are a carbon-neutral
energy source [21].
1.4.1 Bio-Ethanol
Today, more than 90% of the total world biofuel usage is accounted by ethanol [22].
On top of being a carbon-neutral energy source, the physical properties of ethanol –
depicted in Table 1 – also provide significant incentives when blended with
gasoline. Namely, its higher octane rating – research octane number (RON) 109 and
motor octane number (MON) of 90 – enables improved engine efficiency through
increased resistance of auto-ignition and knock in a gasoline engine [23]. Thus, by
blending ethanol, higher octane gasoline fuels can be produced. In the United States,
almost all of the gasoline sold is about 10% ethanol by volume [24]. Still, there are
limitations and challenges for ethanol usage as a fuel, which include its lower flash
point and corrosiveness. The flash point refers to the lower fuel ignition temperature
when exposed to an ignition source. Flash point characteristics of blends are
dominated by the fuel component with the lowest flash point. With ethanol having a
much lower flash point than diesel, extra caution is necessary in handling diesel
blends with ethanol [25, 26]. Ethanol’s corrosive properties also affect its storage
and usage. For example, a blend with dry ethanol that has been left standing in a
tank for sufficient time would allow moisture from the surroundings to be absorbed
by the ethanol. This may cause the blend to be more corrosive as it passes through
the fuel injection system, due to azeotropic water that oxidizes most metals [27, 28].
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1.4.2 Bio-Butanol
A competitive alternative for biofuels that has been investigated closely is butanol.
Similar to ethanol, butanol is a biomass-based renewable fuel. Compared to the 2carbon structure of ethanol, butanol has a 4-carbon structure and a more complex
alcohol. Butanol has four isomers: 1-butanol (butan-1-ol), 2-butanol (butan-2-ol),
iso-butanol (2-methylpropan-1-ol), and tert-butanol (2-methylpropan-2-ol). Isomers
of butanol and the respective relevant properties are shown in Table 1. Various
properties of butanol favours its usage as an alternative biofuel:
(I) Butanol’s energy content is 30% greater than that of ethanol, which
increases the mileage to gasoline blend ratio [29] ;
(II) The higher flash point of butanol results in lower vapor pressure. This
makes butanol easier and safer to handle [30] ;
(III) Butanol is not sensitive to water, and thus, less corrosive than ethanol [30] ;
(IV) Butanol can be blended into fuels at any concentration, and its usage does
not require modifications to existing car engines [30].
The production of butanol from biomass feedstock dates back to the 19th century. In
1862, Louis Pasteur first discovered butanol as a direct product of fermentation of
lactic acid and calcium lactate [31]. Thereafter, various researchers investigated the
production of acetone-butanol and related solvents between 1876 and 1910 [32]. In
1912, after initially investigating on obtaining butadiene from butanol for synthetic
rubber production, Chaim Weizmann discovered Clostridium acetobutylicum
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Table 1: Structure and selected properties of ethanol and butanol isomers

Flash Point a
(C)

LHV b
(MJ/L)

RONc

MONc

AKId

Cetane
number e

Ethanol

14

21.4

109

90

99.5

8

n-Butanol
(Butan-1-ol)

35

26.9

98

85

91.5

20

2-Butanol
(Butan-2-ol)

27

26.7

105

93

99

8.5

iso-Butanol

28

26.6

105

90

97.5

8.5

tert-Butanol

11

25.7

107

94

100.5

5.6

Fuel

Structure

a Flash point values are from Haas et al. [33]
b Lower heating values for ethanol, n-butanol, 2-butanol and iso-butanol are obtained from
Christensen et al. [17] ; value for tert-butanol is derived from ΔH C.
c Neat RON and MON values for n-ethanol are obtained from Hunwartzen [23]; neat RON and
MON for butanol, 2-butanol, and iso-butanol are obtained from Christensen et al. [17] ; neat
RON and MON for tert-butanol are obtained from Sharif [34].
d Anti-Knock Index (AKI) is calculated as (RON+MON)/2, and is used as a measure of octane
rating in North America
e Cetane number values for ethanol and n-butanol are from Chen et al. [35]; derived cetane
number values for 2-butanol, iso-butanol and tert-butanol are from Haas et al. [33]

organism, which successfully fermented large amounts of sugars to produce a
mixture of acetone-butanol- ethanol (ABE) in the molar proportion of 3:6:1 [36].
The advent of World War 1 then accelerated the development of this biological
fermentation process to commercial scale, due to great interest in acetone for
manufacturing of explosives [37]. However, after the following World War 2, ABE
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production rapidly declined due to sharp rise of the cost of biomass feedstock and
development of cost-effective petroleum derived solvents.
More recently, researcher scientists and entrepreneurs have invested significant
resources in investigating sustainable and commercially-viable ways to produce biobutanol. A review of bio-butanol research activities by Nigam and Singh suggests
the existence of biological pathways for the production of 1-butanol, iso-butanol,
and 2-butanol [38]. In 2009, BP and DuPont jointly created Butamax Advanced
Biofuels – a joint venture with the mission to commercialize bio-isobutanol as a
blending component for gasolines [39]. Commercial scale production of n-butanol
has also commenced, owing to advances on laboratory-scale advances of its
production [40] [41]. Although tertiary butanol does not have any known biological
process to produce it yet, it is used to enhance octane rating in gasoline fuels. With
heightened interest in butanol as a biofuel, combustion studies on all four butanol
isomers are vital to understand their detailed chemistries in current or future use in
engines.
1.4.3 Combustion Studies on Butanol Isomers
Various combustion studies on butanol isomers have been carried out. On a practical
level, engine-related studies present information on feasibility and performance of
butanol isomers in functional systems. Table 2 outlines these investigations
conducted in spark-ignition engines, compression-ignition engines, motored engines
and – more recently – homogenous charge compression ignition (HCCI) engines.
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Table 2 : Engine-related studies on butanol isomers

Butanol Isomer

Engine Type
Spark Ignition

n-Butanol

Compression Ignition
Motored
HCCI
Spark Ignition

Iso-Butanol

2-Butanol

Tert-Butanol

Compression Ignition
HCCI
Spark Ignition
Compression Ignition
HCCI
Compression Ignition
HCCI

References
[42] [43] [44]
[49] [50] [51]
[42] [55] [56]
[61] [62] [63]
[68] [69] [70]
[71]
[72] [73] [74]
[79] [80]
[81] [82] [83]
[86] [54]
[70] [87] [88]
[79] [80]
[50]
[66] [70]
[79]
[70]
[79]

[45]
[52]
[57]
[64]

[46]
[53]
[58]
[65]

[47] [48]
[54]
[59] [60]
[66] [67]

[75] [76] [77] [78]
[84] [50] [64] [85]
[89] [90]

On a fundamental level, research on combustion science provides data and insight
on ways to optimize engine design and performance. Table 3 summarizes the
experimental studies on pyrolysis and combustion of the butanol isomers. Through a
range of different reactors and conditions – i.e. flow reactor, jet-stirred reactor,
shock tube, rapid compression machine, premixed laminar flames and non-premixed
laminar flames –, various relevant parameters and characteristics – i.e. ignition
delay time, speciation profile, laminar burning velocity, laminar flame st ructure and
spray characteristics – have been recorded.
With the available experimental results from postdictive studies, chemical kinetic
models for butanol isomers have been developed. Moss et al. proposed a chemical

24

kinetic model describing high temperature oxidation of butanol isomers, validated
by shock tube experiments [91]. Similarly, Grana et al. built a reaction mechanism
for the high temperature oxidation of butanol isomers, validated against
experimental data obtained in flow reactor, batch reactor, shock tube and jet-stirred
reactor [92]. A more comprehensive work by Sarathy et al. includes detailed highand low-temperature pathways – i.e. from 300 K to 1500 K –, validated against
experimental data acquired from premixed laminar flames, shock tube, rapid
compression machine and jet-stirred reactor [93].
A detailed review of alcohol combustion chemistry included in-depth discussion on
butanol isomers, especially on its feasibility in different current and future engine,
and reaction classes for high-temperature and low-temperature oxidation [94].
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Table 3 : Experimental pyrolysis and combustion studies on butanol isomers

Butanol Isomer

Experimental Study
Flow Reactor
Premixed Laminar Flame
Non-Premixed Laminar Flame

n-Butanol

Shock Tube
Rapid Compression Machine

Iso-Butanol

2-Butanol

Jet-Stirred Reactor
Spray Chamber
Flow Reactor
Premixed Laminar Flame
Non-premixed Laminar Flame
Shock Tube
Rapid Compression Machine
Jet-Stirred Reactor
Flow Reactor
Laminar Flame
Non-premixed Laminar Flame
Shock Tube
Rapid Compression Machine
Jet-Stirred Reactor
Flow Reactor
Premixed Laminar Flame

Tert-Butanol

Non-premixed Laminar Flame
Shock Tube
Rapid Compression Machine

References
[95] [96] [97]
[98] [99] [100] [101] [102] [103]
[104] [105] [106] [107] [108]
[109] [110] [111] [112]
[92] [113] [114] [115] [116] [117]
[91] [118] [119] [120] [121] [122]
[123] [124]
[125] [126] [127] [128] [129]
[130] [131]
[100] [132] [133] [134]
[135]
[136] [137]
[98] [101] [103] [106] [107] [138]
[92] [113] [114] [115] [116]
[91] [122] [123] [139] [140]
[128] [141] [142] [143]
[144]
[95] [145]
[98] [101] [103] [106] [107]
[92] [113] [114] [115] [116]
[91] [122] [123] [139] [146]
[128] [142]
[144]
[95] [137] [147] [148] [149]
[98] [101] [103] [106] [107] [150]
[151]
[92] [113] [114] [115] [116]
[91] [122] [123] [146] [152]
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Chapter 2
Micro Flow Reactor
2.1 Micro-Combustion
With the broad potential application for heat, electrical power and mechanical
power, small scale combustion – i.e. meso-combustion and micro-combustion – is
receiving heightened interest [153] [154] [155] [156] [157] [158]. Through the
coupling of small scale combustors with the usage of hydrocarbon fuels – which has
a much higher energy density than lithium ion batteries –, the range of possible
applications includes sensors, wearable electric devices, unmanned air vehicles and
devices for biomedical applications.
Meso-combustion and micro-combustion are differentiated based on different
reference length scales. Table 4 displays the comparison of these two regimes based
on three different length scales, as reported by Ju and Maruta [156]. The combustion
regime of interest in this study is defined by the flame quenching diameter. It is
characterised by the inner diameter of its reactor channel that is smaller than the
ordinary quenching diameter, and thus, constitutes as micro-combustion.
Table 4 : Definition of micro-scale and meso-scale combustion
using different length scales [156]

Basis of definition
Flame Quenching
Diameter
Physical Length
Device scale

Combustion Regime
Meso-scale
Micro-scale
Meso-scale
Micro-scale
Micro-scale

Length Scale
∼ Quenching diameter (equilibrium)
Quenching diameter ∼ Mean-free path
(non-equilibrium)
1–10 mm
1–1000 μm
Smaller than conventional engine size
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2.2 Micro Flow Reactor
Micro flow reactor was first reported by Maruta et al. in examining premixed
combustion in a heated channel [159]. In micro-combustion, the large surface-tovolume (S/V) ratio leads to a much greater heat loss effect. To counter the heat loss
and sustain stable combustion, thermal management such as heat recirculation is
typically needed. In the micro flow reactor system, an external heat source is
utilised to resemble heat recirculation with a thermally thick wall. In addition, the
flow in the reactor channel is laminar and reaction occurs at a constant pressure.
Figure 3 depicts a schematic of the micro flow system and the fixed temperature
profile prescribed along the inner surface of the cylindrical quartz tube wall.
Figure 3 : A schematic of the micro flow reactor and temperature
profile along inner wall of tube [160]
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2.3 Flame Phenomenon in Micro Flow Reactor
In early studies employing the micro flow reactor, investigation on combustion and
ignition characteristics of a methane/air mixture demonstrated three types of flame
dynamics that can be observed: (1) normal flames in high flow velocity, (2) flames
with repetitive ignition and extinction (FREI) in intermediate flow velocity, and (3)
flames with weak luminescence called weak flames in low flow velocity [159] [160]
[161]. These flames are depicted in Figure 4.
With the observation of a range of dynamic flame behaviours, one-dimensional
stability analysis and computation with detailed chemistry have been undertaken to
elucidate the flame stability in different velocity regimes and the mechanism of
these
Figure 4 : Flame images of methane-air mixture (1) Normal flame (u = 50 cm/s),
(2) FREI (u = 20 cm/s) and (3) Weak flame (u = 2 cm/s) [160]

(1)

(2)

(3)
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flames. Minaev et al. provided detailed description of the linear and non-linear
analyses, which considered a conventional one-dimensional model with constantdensity and localized reaction zone [161]. As detailed calculations and analysis can
be found in the quoted article, a summary of the equations and conditions are
presented here. Equations representing the mentioned framework model are:
𝜕𝑇1,2
𝜕𝜏

=

𝜕𝐶1
𝜕𝜏

𝜕2 𝑇1,2

=

𝜕𝑥 2

− 𝑈

1 𝜕2 𝐶1
𝐿𝑒 𝜕𝑥 2

𝜕𝑇1,2
𝜕𝑥

− 𝑈

− Ω (𝑇1,2 − 𝜃(𝑥 ))

𝜕𝐶1
𝜕𝑥

,

𝐶2 ≡ 0

(E1)

(E2, E3)

where subscripts 1 and 2 correspond to the region of fresh reactant mixture and
combustion products respectively ; 𝑇 and 𝜃 are the temperatures of the gas and tube
wall respectively, in units of adiabatic temperature of combustion products, 𝑇𝑏 ; 𝐶
is the scaled concentration, normalized by its value in the fresh mixture, 𝐶𝑜 ; 𝜏 is
the non-dimensional time, normalized by 𝐷𝑡ℎ /𝑈𝑏 2 where 𝐷𝑡ℎ is gas thermal
diffusivity and 𝑈𝑏 is adiabatic flame speed ; 𝑥 is the non-dimensional space
coordinate normalized by 𝐷𝑡ℎ /𝑈𝑏 ; 𝑈 is the gas velocity, in units of 𝑈𝑏 ; 𝐿𝑒 is the
Lewis number ; Ω is the heat exchange parameter, defined by 4𝑁𝑢/𝑃𝑒 2 , where 𝑁𝑢
and 𝑃𝑒 are the Nusselt number and Peclet number respectively.
The above equations E1 and E2 are subjected to the boundary conditions E4 through
E8 below:
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𝐶1 → 1 , 𝜃 → 𝜎 , 𝑇1 → 𝜎 ,

𝑎𝑠 𝑥 → −∞

(E4, E5, E6)

𝑇2 → Θ , 𝜃 → Θ ,

𝑎𝑠 𝑥 → +∞

(E7, E8)

where 𝜎 and Θ are defined by To/Tb and Tw/Tb respectively, with To characterizing
the temperature of fresh mixture, and Tw describing the wall temperature at the
heated end of the tube.
At the interface of the flame, where 𝑥 = 𝑥𝑓 (𝜏), the conditions for the system are:

1 𝜕𝐶1
𝐿𝑒 𝜕𝑥

(E9)

𝐶1 = 0

(E10)

= exp [

𝜕𝑇2
𝜕𝑥

𝑇1 = 𝑇2 = 𝑇𝑓

−

𝜕𝑇1
𝜕𝑥

𝑇𝑎
2𝑇𝑏

=

(1 −

1−𝜎 𝜕𝐶1
𝐿𝑒

𝜕𝑥

1
𝑇𝑓

)]

(E11)

(E12)

where 𝑇𝑎 and 𝑇𝑓 are the activation temperature and the temperature at the interface
of the flame.
Further treatment of the mentioned equations has been detailed by Minaev et al.,
which results in the typical 𝑈(𝑥𝑓𝑠 ) dependency graph shown in Figure 5. Two stable
flame branches and one unstable flame branch were identified. Regime A
corresponds to the stable, normal flame at high velocity. Here, the ignition kernel
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Figure 5 : The 𝑼(𝒙𝒇𝒔 ) dependency evaluated at σ = 0.2, Ω = 0.627, η = 0.059, Θ = 0.847,
N = 10, Le = 0.9. Thick lines represent stable regions of (a) normal flame
and (c) weak flame. Dotted lines represent unstable region of (b) FREI.

moves upstream and stabilized at the upstream position after self-ignition
downstream. Regime B represents the FREI at intermediate velocity. As described
by Maruta et al., this cyclic phenomenon involves the moving of flame upstream
after self-ignition downstream, quenching of the flame due to large heat loss caused
by low wall temperature, and finally re-ignition after a time delay in quenching
[162]. In regime C, stationary, weak flames at low velocity were observed. Due to
low luminosity of the flame, long exposure time – i.e. between 60 to 2400 seconds –
was necessary to capture images of the weak flame. Tsuboi et al. have shown that
weak flames in the micro flow reactor reflected the ignition behaviour of the fuel of
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Figure 6 : Measured temperature difference between flame and
inner surface of reactor tube at the weak flame position

interest [160]. The temperature of the weak flame is considered to be close to the
temperature of the inner surface of the reactor tube. Investigation on the low
velocity regimes in methane-air mixtures established the difference in temperatures
of the weak flame and inner surface of the reactor tube at the weak flame position.
Figure 6 presents this observation, where the mentioned difference becomes less as
the flow velocity of the mixture decreases. In addition to the temperature differences
at the weak flame position, the effect of radical quenching was also studied in
methane/air flames. Kizaki et al. found no significant differences in computational
flame locations between inert and quench wall cases at atmospheric pressure [163].
Some effects of radical quenching were, however, observed at reduced pressures of
0.1 atm and 0.05 atm.
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2.4 Investigations Employing Micro Flow Reactor
Modelled as a plug flow reactor, the micro flow reactor has been utilized to study
single and multiple stage oxidation and ignition phenomena of several fuels.
Yamamoto et al. reported three-stage oxidation phenomena of n-heptane/air
mixtures, corresponding to three simulated heat release rates (HRR) peaks , as shown
in Figure 7. Increase in reaction pressures resulted in intensified low temperature
oxidation [164]. Suzuki et al. studied ignition and combustion characteristics of
diesel

surrogates

including

n-cetane,

n-decane,

n-heptane,

iso-octane,

α-

methylnaphthene and their mixtures. It was found that weak flame position and
structure is a function of the cetane number of the fuel used [165]. Similar results
were also reported for the octane number dependence of weak flames characteristics
of liquid and gaseous hydrocarbons [166] [167]. Table 5 lists the range of
investigations undertaken by employing the micro flow reactor setup.
Figure 7 : Weak flame images at pressures between 1–4 atm, d = 1 mm, and u = 3.0 cm/s [164]
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Table 5 : List of investigations employing micro flow reactor

Fuel
Methane
n-Butane
n-Heptane
n-Cetane
iso-Cetane
Acetylene
Ethylene
Propylene
1-Butene
1-Pentene
Ethanol
Dimethyl Ether
Ammonia
Syngas a
Natural gas
components b
PRF c
n-Heptane +
Toluene
Diesel Surrogate d

Oxidiser +
Diluent
O2 + N2
O2 + CO2
O2 + Xe
O2 + N2
O2 + N2
O2 + N2
O2 + N2
O2 + N2
O2 + N2
O2 + N2
O2 + N2
O2 + N2
O2 + N2
O2 + N2
O2 + N2
O2 + N2
O2 + N2
O2 + N2
O2 + N2
O2 + N2

Pressure
(atm)
0.05 – 1
1
1
1 - 12
1-4
1
1
1-5
1
1
1
1
1-5
1
1
1
1-5
1
1-5
1-5

Equivalence
Reference
Ratio, 
1.0
[163]
1.0
[168]
0.3 - 0.7
[169]
1.0
[170]
1.0
[164]
1.5 - 4.5
[171]
1.5 - 4.5
[171]
1.5 - 4.5
[172]
1.0
[173]
1.0
[173]
1.0
[173]
1.0
[173]
1.0
[174]
1.0
[175]
1.0
[176]
1.0
[177]
1.0
[167]
1.5 - 4.0
[178]
1.0
[179]
1.0
[166]

O2 + N2

1-5

1.0

[165]

a

Blends of CO and H2
Methane, ethane, propane, n-butane
c
Blends of n-heptane and iso-octane
d
n-cetane, n-decane, n-heptane, iso-cetane, α-methylnaphthalene
b

2.5 Thesis Objective
In this thesis, oxidation and ignition characteristics of butanol isomers were
investigated by employing the micro flow reactor setup. N-butanol, 2-butanol and
iso-butanol were the targeted isomers of interest due to pre-established chemical
pathways in their respective formation from biomass. Through a controlled
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temperature profile between 323 K and 1313 K, the weak flame responses of the
mentioned butanol isomers were investigated at mixture inlet velocity of 2 cm/s,
conditions of  = 1 and  = 0.5, and atmospheric and higher pressure of 5 atm, with
the aim of understanding the isomers behavior in conditions that reflect those of the
HCCI engine.
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Chapter 3
Methods
3.1 Micro Flow Reactor Experimental Setup
A schematic of the present experimental setup is shown in Figure 8. A quartz tube
of inner diameter 2 mm is employed as the reactor, as the inner diameter is smaller
than the ordinary quenching diameter. In the actual experimental micro flow reactor
setup in King Abdullah University of Science and Technology (KAUST),
commercially available McKenna hydrogen (H 2) flat-flame burner is used as the
external heat source to generate a stabilized, stationary temperature profile across
the reactor tube wall [180]. This burner is utilized as H 2 flames stabilize with no
chemiluminescence – unlike hydrocarbons –, and thus allow capturing of weak
luminescence of the burning fuel inside the reactor. The wall temperature was
measured using a K-type thermocouple inserted into the exit of the reactor. As the
wall temperature was measured directly, there is negligible radiative heat loss from
the thermocouple [181]. Stationary temperature profile from 323 K to 1313 K was
stabilized on the inner wall of the reactor, as presented in Figure 9. The exact values
of temperature against distance along the reactor tube can be found in Appendix A.
The maximum temperature on the reactor was controlled by adjusting the
equivalence ratio of H 2/air mixture in the burner. Chilled water at 16 C was
continuously supplied using Thermo Scientific ™ ThermoFlex 900 Recirculating
Chiller to cool and maintain optimal operation of the McKenna burner.
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Figure 8 : A schematic of micro flow reactor setup in KAUST

Heated Jacket
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Figure 9 : Measured temperature profile across inner wall of reactor tube

In a chemiluminescent reaction, part of energy released is materialized as an excited
electronic state [182]. This momentary energy state then relaxes via mechanisms
including non-radiative collisional deactivation and spontaneous photon emission
[183] [184]. The wavelength of the photon is unique to the emitting species,
indicating its presence. In this experiment, CH* is chosen as the emission source of
interest in capturing chemiluminesence, and has a characteristic wavelength of
431.5 nm. The selection of CH* is due to its production spatially close to
temperature rise in the reaction zone of a flame, and depicted by an outline of blue
or violet photons. To capture images in the micro flow reactor tube, a Nikon D70
Digital Single-Lens Reflex (DSLR) camera was coupled with Micro-Nikkor 55mm
f/2.8 AIS lens and CH* band-pass filter of 431.5 nm, and placed in front of the
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reactor tube. A long exposure time of 180 seconds was applied for each weak flame
photo capture. Appropriate background subtraction is performed on images for
better visualization of weak flames.
Gas Chromatography (GC) grade n-butanol, 2-butanol and iso-butanol with purity of
more than 99.0% were used to conduct experiments. Gaseous mixtures of respective
butanol isomers with air were prepared in 3 phases, using the concept of vapor
pressure of liquids below boiling point: (i) first, the micro flow system was heated
up to 323 K, from the fuel injection port to the inlet of the reactor tube; (ii) next, 5
ml of butanol species was injected into the pre-evacuated heated vaporizer tank. The
vapor pressure inside the vaporizer tank was then monitored by an MKS 740C
Baratron® Manometer; (iii) after the pressure stabilized at/near the obtained vapor
pressure of the butanol isomers from thermodynamic data, nitrogen was introduced
into the vaporizer tank. The amount of nitrogen introduced was equivalent to its
relative amount in air, relative to the amount of oxygen required to oxidize the fuel
in the given equivalent ratio. However, for equivalent ratios below 0.5, total
vaporizer tank pressure typically exceeds 100 psi, which is the maximum range of
the MKS 740C Baratron ® Manometer. In this event, nitrogen is split into two lines,
with the remaining nitrogen introduced downstream with oxygen.
The flow rates of the gases and vapor mixtures were controlled using MKS 1179A
Mass-Flo® General Purpose Mass Flow Controller – with a full scale range of 10
standard cubic centimeter per minute (sccm) of nitrogen –, which were connected to
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MKS 647 Microprocessor-Based Multi-Channel Flow Controller. The default gas
correction factors (GCF) for nitrogen and oxygen were 1.00, whilst the gas
correction factors for each butanol-nitrogen mixtures were individually calculated
and set as an input to the multi-channel flow controller These gas correction factor
calculations were in accordance to the manual provided by MKS on usage of MKS
1179A Mass-Flo® General Purpose Mass Flow Controller, and represented by the
equation below [185] :

𝐺𝐶𝐹𝑥 =

(0.3106) (𝑆)
(𝑑𝑥 ) (𝐶𝑝𝑥 )

(E13)

where subscript 𝑥 represents the gas of interest ; 𝑑𝑥 and 𝐶𝑝𝑥 are the standard
density and specific heat of the gas at 273.15 K and 760 mmHg in units g/L and
cal/gC respectively; 𝑆 is the molecular structure correction factor where its value is
1.00 for diatomic gases and 0.88 for polyatomic gases.
3.2 Computational Methods
One-dimensional steady computations were conducted using PREMIX-based code
in CHEMKIN Pro [186] [187]. The energy equation from PREMIX code was
modified in the Application Programming Interface (API) to include the calculation
of convective heat transfer between gas and wall, which is represented by the last
term in the following equation:

41

𝑑𝑇
𝑀̇
−
𝑑𝑥

+

𝐴
𝑐𝑃

1 𝑑
𝑐𝑃 𝑑𝑥

(𝜆𝐴

𝑑𝑇
𝑑𝑥

) +

∑𝐾
𝑘=1 𝜔̇ 𝑘 ℎ𝑘 𝑊𝑘 −

𝐴
𝑐𝑃

∑𝐾
𝑘=1 𝜌𝑌𝑘 𝑉𝑘 𝑐𝑝𝑘

𝐴 4𝜆𝑁𝑢
𝑐𝑃 𝑑 2

𝑑𝑇
𝑑𝑥

(𝑇𝑤 − 𝑇) = 0

(E14)

where subscript 𝑘 represents the species of interest, out of total 𝐾 number of species
; x is the spatial coordinate ; 𝑇 is the temperature ; 𝑇𝑤 is the temperature of the inner
surface of the reactor tube ; 𝑀̇ is the mass flow rate that is represented by the
continuity equation and is equivalent to 𝜌𝑢𝐴, where 𝜌 is the mass density of the gas
mixture, 𝑢 is the gas mixture velocity and 𝐴 is the cross-sectional area of the reactor
tube ; 𝜆 is the thermal conductivity of the gas mixture; 𝑐𝑃 is the constant-pressure
heat capacity ; 𝜔̇ is the molar rate of production by chemical reaction per unit
volume; 𝑌 is the mass fraction ; 𝑉 is the diffusion velocity ; ℎ is the specific
enthalpy ; 𝑑 is the inner diameter of the reactor tube.
The Nusselt number in the energy equation was set to be constant (Nu = 4) based on
Nusselt numbers for constant heat flux (Nu = 4.36) and for constant wall
temperature for a steady, fully developed, laminar flow of a constant density fluid
(Nu = 3.66). The simulations also accounted for thermal diffusion – i.e., Soret effect
– and mixture-averaged transport was assumed. The computational domain of 10 cm
was selected based on the length of the reactor and temperature profile of interest.
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Chapter 4
Results and Discussion
4.1 Weak Flames at Stoichiometric Condition
Stable weak flames with very weak luminescence were observed, with the premixed
butanol-air inlet velocity (U) of 2.0 cm/s. For all cases of n-butanol, 2-butanol and
iso-butanol at different equivalence ratios of 0.5 and 1.0, only one distinctive weak,
hot flame were identified downstream of the reactor tube at atmospheric pressure.
Figure 10 shows the weak flame images for the butanol isomers of interest at
stoichiometric equivalence ratio. The weak flame of n-butanol–air mixture was
captured at location 5.767cm at the recorded wall temperature of 1162.3 K. Isobutanol–air and 2-Butanol–air mixtures produced weak flame images at 5.792 cm
and 5.797cm, at temperatures of 1177.5 K and 1175.2 K respectively.
Computational heat release rate (HRR) profiles and associated measured wall
temperatures of the butanol isomers at stoichiometric conditions are shown in
Figure 11. Both HRR profiles and experiments show a single chemiluminescence
zone, which corresponds to the weak flame position.
In comparing the total heat release by the butanol isomers, a comparison o n
adiabatic flame temperature is conducted. The adiabatic flame temperature is the
maximum temperature achieved by a mixture of reactants in a combustion process
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Figure 10 : Weak flame responses with corresponding flame
location and wall temperature inset, at = 1.0, u = 2 cm/s

Figure 11 : Computed HRR profiles of butanol isomers  = 1, u = 2 cm/s
with corresponding wall temperatures inset
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that takes place adiabatically with no shaft work [188]. Wu et al. investigated the
differences in the respective adiabatic temperatures of one-dimensional planar flame
and the effects of  and pressure on the adiabatic flame temperatures, by employing
butanol isomers mechanism by Sarathy et al., as depicted in Figure 12 [107]. It can
be seen that the differences between n-butanol, 2-butanol and iso-butanol are very
small – i.e. less than 10 K. Still, observable minute differences in magnitude – less
than 1% in total – was noted in computational results of total heat released in the
micro flow reactor through HRR profiles, where total heat released by n-butanol is
slightly greater than 2-butanol, followed by iso-butanol. This observation is similar
to the trend recorded in Figure 12.
Figure 12: Computed adiabatic temperatures of 1-D planar flame for the butanol isomers [107]

45

4.2 Weak Flames at  = 0.5
Similar to weak flames at stoichiometric conditions, only one distinctive weak flame
was also distinguished for each butanol isomer at  = 0.5. These weak flame images
– with the respective weak flame location and wall temperature – are depicted in
Figure 13. All experimental weak flames at  = 0.5 were observed to move upstream
towards a lower wall temperature. Figure 14 captures the HRR profiles of both  = 1
and  = 0.5, with the corresponding wall temperatures at peak HRR of  = 0.5
shown inset. It can be seen that the computational peak HRR values shift upstream
to lower wall temperature values, in agreement with the upstream pattern o bserved
experimentally.
Figure 13 : Weak flame responses with corresponding flame
location and wall temperature inset, at  = 0.5, u = 2 cm/s
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Figure 14 : Computed HRR profiles of butanol isomers for  = 0.5 and 1, at u = 2 cm/s,
with corresponding wall temperatures inset for  = 0.5

4.3 Reactivity of Butanol Isomers
These results mirror the trend in ignition delay times measured in shock tube for
high temperature, low pressure oxidation of butanol isomers by Stranic et al.,
depicted in Figure 15 [122]. Comparing at 1000/T value of 0.8 – reflective of weak
flame temperatures measured at  = 1.0 –, n-butanol is the most reactive amongst
the butanol isomers, followed by iso-butanol, which is slightly more reactive than 2butanol.
To explain the trend in reactivity of butanol isomers, comparisons can be made on
the molecular structure of each butanol isomer. The hydroxyl (OH) moiety
connected to the hydrocarbon chain affects thermochemical and kinetic properties of
the molecule such as weaker C–H bond strengths on α C-H site – i.e. where the
carbon is bound to the OH group – and hydrogen bonding interactions when reacting
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Figure 15 : Low pressure shock tube IDT measurements of butanol isomers at  = 1 [122]

with OH and hydroxyperoxyl (HO2) radicals [94]. Figure 16 displays the butanol
isomers with the respective bond energies of C-H bonds in the butanol isomers. The
following observations contribute to the reactivity trend: (i) n-butanol and isobutanol are primary alcohols, and 2-butanol is a secondary alcohol. Reactivity for
oxidation reactions is highest in primary alcohols, followed by secondary and
tertiary alcohols [189] ; (ii) bond energies of α C-H sites on n-butanol are lower by
Figure 16 : C–H bond energies for butanol isomers in kcal
calculated at the CBS-QB3 level of theory [123]
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0.4 kcal than that of iso-butanol. H-abstraction reactions are the main means by
which fuel alcohols are consumed in combustion. A weakened α C-H site would
influence H-abstraction greatly ; (iii) steric hindrance limiting access to α C-H site
due to branching is greatest in 2-butanol, followed by iso-butanol, while there is no
branching – and thus, no steric hindrance – in n-butanol. These factors explain the
reactivity trend of butanol isomers with n-butanol being the most reactive, followed
by iso-butanol and lastly, 2-butanol.
4.4 Relationship between Reactivity Weak Flame Position and Anti-Knock
Index
Similarly, reactivity of the fuel can also be linked to measured parameters such as
octane rating. Previously, Hori et al. and Kamada et al. had studied the RON
dependencies of weak flame positions with primary reference fuels (PRFs) and
natural gas components respectively. Here, the relationship between the wall
temperature at weak flame positions in the micro flow reactor and Anti-Knock Index
(AKI) was examined for butanol isomers at stoichiometric condition. AKI values for
1-butanol, 2-butanol and iso-butanol are 91.5, 99.0 and 97.5 respectively, as shown
in Table 1. AKI was selected as a measure of comparison so as to include MON, as
RON for both 2-butanol and iso-butanol is 105. The demonstration of this
relationship in Figures 17 and 18 for  = 1 and  = 0.5 respectively, reflects the
previous trend in ignition delay times, with uncertainties of wall temperature at the
weak flame position denoted by an error bar for each isomer.
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Figure 17 : Relationship between weak flame position of butanol isomers
and AKI, at  = 1, u = 2 cm/s

Figure 18 : Relationship between weak flame position of butanol isomers
and AKI, at  = 0.5, u = 2 cm/s
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4.5 Effect of 
Stranic et al. investigated the effect of  on IDT of butanol isomers in a shock tube
[122]. Parallel to the trend described by IDT values computed by utilizing butanol
oxidation mechanism of Grana et al., the results showed a decrease in IDT – and
therefore, increase in reactivity – when comparing IDT values for  = 1 and  = 0.5
at atmospheric pressure and high temperature conditions [92] [122]. Figure 19
encapsulates these results, reflecting the effect of  on IDT.
Unique to the micro flow reactor, the location of the weak flame represents the
merger of two separate phenomena – ignition and flame propagation [156]. As such,
laminar flame speed of mixtures would affect the weak flame position in the tube.
Based on comparative studies between butanol isomer mechanism developed by
Sarathy et al. and experimental studies in University of Southern California (USC) –
represented by Figure 20 –, reducing  to 0.5 would cause a decrease in laminar
flame speed. By analogy, the weak flame would appear upstream for  = 0.5.
Figure 19 : Computational and experimental shock tube IDT results for (a) n -butanol,
(b) 2-butanol and (c) iso-butanol at P = 1.5 atm, xO2 = 0.04, diluted in Ar [122]
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Figure 20 : Predicted and experimental atmospheric pressure premixed laminar flame velocity
for the four butanol isomers. Experimental data is obtained from USC [93] [102] [104].

4.6 Temperature Differences between Flame and Wall
Described by Tsuboi et al. and shown in Figure 6, the difference between flame
temperature and wall temperature is dependent on mixture inlet velocity and
equivalence ratio [160]. This was investigated in the current study, with
computations of n-butanol at equivalence ratios of 1, 0.5 and 0.2, and inlet mixture
velocities of 2 cm/s, 1 cm/s and 0.3 cm/s. The result indicated a similar monotonic
relationship, as shown in Figure 21. The temperature difference becomes smaller
Figure 21 : Measured temperature difference between the flame and inner wall
of reactor tube at the weak flame position ( = 1.0, 0.5 and 0.2)
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with decreasing mixture inlet velocity and is almost zero at velocity of 0.25 cm/s by
extrapolation, where the wall temperature is around 1164 K, regardless of mixture
composition.
4.7 Flux and Sensitivity Analyses
Flux analyses were conducted for the butanol isomers at  = 0.5. Due to the varying
temperature conditions along the micro flow reactor, two distinct points along the
micro flow reactor were selected for flux analyses – (i) at 20% fuel consumed, and
(ii) at 80% fuel consumed along the reactor.
Figure 22 represents the flux analyses of n-butanol, 2-butanol and iso-butanol
mixtures at the location where 20% of the fuel had been consumed. The wall
temperatures of the flux analyses at this point were around 900 K. From the flux
analyses, it is apparent that low temperature oxidation is taking place. The presence
of major reactions involving initial alkyl radicals (R) from fuels reacting with
oxygen (O2) to form alkyl peroxy radicals (RO 2) confirms the low temperature
oxidation pathways. Hydrogen (H)-atom abstraction by OH radicals contributed the
most to fuel consumption rates – i.e. greater than 60% –, followed by HO2
radicals – a key species under low temperature chemistry – of about 25%.
Figure 23 represents the flux analyses of the second case, where the 80% of each
butanol fuel has been consumed. The temperature at this point of interest is about
1100 K. At this stage, the rates of formation of RO 2 from initial alkyl radicals were
less than 1%. The absence of RO 2 in the major species denotes the lack of low
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temperature oxidation pathways. Also, contribution of H-abstraction rates by HO 2
towards fuel consumption diminished for all butanol isomers – i.e. less than 5% –,
while contribution by H increases significantly to about 20%.
With regards to secondary fuel pathways, chemical reactions that results in increase
of H-radical pool contribute more significantly when comparing flux analyses in
Figures 22 and 23. For example, in the case of iso-butanol combustion, three new
major reaction pathways emerge, shown in Figure 23:
IC4H8OH-1  IC3H6CHOH + H

(R1)

IC4H8OH-1  IC3H7CHO

+H

(R2)

IC4H8OH-2  ICH3CH2OH + H

(R3)

IC4H8OH-2  IC3H6CHOH + H

(R4)

The increase in H-radical pool was also observed through other H-production
pathways, reflected in Figure 24. As H-radical pool increases in the system, this will
directly affect the main chain branching reaction to increase OH pool:
H + O2  O + OH

(R5)
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Figure 22 : Reaction path analysis for (a) n-butanol, (b) 2-butanol and (c) iso-butanol
combustion at ~ 900 K, and Φ = 0.5. The reaction fluxes are given for 20% fuel consumption.
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Figure 23 : Reaction path analysis for (a) n-butanol, (b) 2-butanol and (c) iso-butanol
combustion at ~ 1100 K, and Φ = 0.5. The reaction fluxes are given for 80% fuel consumption.
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Figure 24 : Rates of production of major reactions contributing to H-production
for iso-butanol combustion at  = 0.5, u = 2.0 cm/s

Figure 25 depicts the sensitivity analyses of iso-butanol combustion at  = 0.5, and
locations in the reactor tube where (a) 20% of fuel is consumed, and (b) 80% of fuel
is consumed. By altering the rate constants for a few elementary reactions, the
effect on a specified species is large, with hundreds or thousands of other re actions
assumed to be in quasi-steady state and partial equilibrium theory. Positive
coefficients represent the promotion of the molecule or radical of interest, while
negative values represent the converse scenario – i.e. species consumption. These
coefficients are generated from partial derivative of the model output with respect to
reaction rate coefficients in a constant time, thus representing the dependence of
concentrations on parameters. Ten most major reactions affecting each OH
production and consumption are shown. It can be discerned that at higher
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temperatures, production of OH is increasingly sensitive to the main branching
reaction R5. At both locations, OH production is highly sensitive to the following
reactions:
CH3 + HO2  CH3O + OH

(R6)

H2O2(+M)  2OH(+M)

(R7)

CH2O + HO2  HCO + H 2O2

(R8)

which denotes the importance of hydrogen peroxide (H2O2), formaldehyde (CH2O)
and HO2 in OH-radical pool for the two points of interest. These insights mirror
sensitivity results of n-butanol and 2-butanol. Figures 26 and 27 detail selected
major species profiles for combustion all butanol mixtures through the micro flow
reactor, at  = 0.5. In agreement with the trend in reactivity discussed earlier, Figure
26 highlights the fuel consumption to be fastest in n-butanol, followed by isobutanol and 2-butanol. Figure 27 further complements this trend in reactivity
through highlighting key species involved in increasing OH pool.
In n-butanol combustion, the total pool of CH2O, H2O2 and HO2 is the highest.
This would in turn enhance production of OH by a greater extent than that of other
butanol isomers. As OH plays the most significant role in H-abstraction rates of
fuel, this corroborates the highest reactivity of n-butanol. Trends in species profiles
in Figure 27 also highlight the greater reactivity of iso-butanol over 2-butanol.
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Sensitivity analysis was also conducted for iso-butanol at  = 1 under the condition
of 80% fuel consumption, as shown in Figure 28. A similar wall temperature of
about 1100 K was also recorded for this point of interest. Though most of the
reactions are similarly present in iso-butanol combustion in stoichiometric
condition, the main branching reaction R5 is absent for the list of major reactions of
which OH production is most sensitive, and thus, indicative of a lower reactivity at
higher equivalence ratio.
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Figure 25 : OH sensitivity analyses for iso-butanol combustion for  = 0.5, u = 2 cm/s,
at (a) 20% fuel consumed and (b) 80% fuel consumed
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Figure 26 : Major species profiles (fuel, O2, CO2, H2O, CO) at  = 0.5, u = 2 cm/s for (a) nbutanol, (b) 2-butanol and (c) iso-butanol. Dotted lines represent weak flame positions.
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Figure 27 : Major species profiles (CH2O, H2O2, HO2, OH O, H) at  = 0.5, u = 2 cm/s for
(a) n-butanol, (b) 2-butanol and (c) iso-butanol. Dotted lines represent weak flame positions.
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Figure 28 : OH senstivity analyses for iso-butanol combustion for  = 1, u = 2 cm/s,
at (a) 20% fuel consumed and (b) 80% fuel consumed

4.8 Multi-Stage Butanol Oxidation at Higher Pressure
A computational investigation was performed on all butanol isomer mixtures at  =
0.5 and 𝑢 = 2 cm/s, with higher pressure of 5 atm. The comparative HRR profiles of
combustion of the butanol isomers at 5 atm and 1 atm are shown in Figure 2 9.
The computational results indicate the presence of two-stage oxidation phase of
each butanol isomer/air mixture. In typical transient multi-stage ignition, low
temperature pathways – or cool flames – are characterized by the formation of H 2O2
and CH2O [190] [191]. The detailed descriptions of low temperature pathways for
the butanol isomers are provided by Sarathy et al. [93]. Further flux analyses were
conducted – with the reference molecule being n-butanol – to discern between the
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two cases at two cases at different pressure conditions. Figures 30 and 31 detail
selected major species profiles for n-butanol combustion at (a) 1 atm and (b) 5atm
through the micro flow reactor, at  = 0.5 and 𝑢 = 2 cm/s.
At pressure conditions of 5 atm, two weak flames for n-butanol combustion at  =
0.5 are detected computationally. The cool weak flame is located at 5.406 cm along
the micro flow reactor at a wall temperature of 955.2 K, while the hot weak flame is
positioned at 5.909 cm with the associated wall temperature being 1222.6 K.
Figure 29 : Computed HRR profiles of butanol mixtures at 1atm and 5atm for  = 0.5 and u =
2 cm/s

64

Figure 30 : Major species profiles (fuel, O2, CO2, H2O, CO) for n-butanol at  = 0.5, u = 2
cm/s, (a) P = 1 atm, (b) P = 5 atm. Dotted lines represent weak flame positions.
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Figure 31 : Major species profiles (CH2O, H2O2, HO2, OH) for n-butanol at  = 0.5, u = 2
cm/s, (a) P = 1 atm, (b) P = 5 atm. Dotted lines represent weak flame positions.
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Near the region of the cool weak flame, n-butanol is consumed rapidly with the first
stage of oxidation at low temperature. It is worthy to note the high molar fraction of
intermediate carbon monoxide (CO) being formed in this region, before diminishing
downstream of the reactor tube. Figure 32 evaluates the major reactions responsible
for rate of CO consumption along the reactor tube for n-butanol combustion at 5
atm. It can be deduced that the main reaction that results in CO consumption is:
CO + OH  CO2 + H

(R9)

which involves consumption of OH. At low temperatures, OH is promoted by chain
propagation and chain promoting reactions from hydroxyalkyl hydroperoxide
(QOOH) radicals, which is derived from intramolecular H-abstraction of RO 2.
Figure 32 : Rates of production of major reactions contributing to CO consumption
for n-butanol combustion at  = 0.5, u = 2 cm/s, P = 5atm
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Towards intermediate temperatures of about 900 K, low temperature pathways
significantly decrease, causing a decrease in total OH pool, and thus inhibits CO
consumption to CO 2. This is an important point to note, as HCCI engines tend to
emit higher levels of CO due to lower temperature operation for combustion. At
high temperatures of more than 1100 K, OH pool increases with the increasing rate
of main chain branching reaction R5, and thus, converting CO to CO 2 downstream.
With CH 2O and H2O2 representative of low temperature pathways, Figure 31
highlights the molar fraction profiles of these species along the reactor tube. CH 2O,
H2O2 and HO2 production can be observed to move upstream for higher pressure
combustion of n-butanol. To further investigate the effect of higher pressure on low
temperature chemistry of n-butanol combustion, a flux analyses was performed for
primary and secondary reaction pathways from n-butanol at 20% of the fuel
consumed, and displayed in Figure 33. The low temperature oxidation pathways
forming RO 2 are evidently and significantly promoted, as compared to flux analyses
at P = 1 atm for n-butanol in Figure 22.
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Figure 33 : Reaction path analysis for n-butanol  = 0.5,
u = 2 cm/s, P = 5 atm, at 20% fuel consumed
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Chapter 5
Concluding Remarks
Three butanol isomers – n-butanol, 2-butanol and iso-butanol – have been
extensively investigated in their potential as biofuels in concerted efforts by
governmental, industrial and research communities to reduce global carbon
emissions. Coupling the use of butanol in HCCI engines can offer a further
incentive of diminishing NOx emissions through operating at lower temperatures
and leaner conditions.
To better understand the chemical and physical behaviour of the three butanol
isomers in HCCI conditions, ignition and combustion characteristics of butanol/air
mixtures were investigated in the micro flow reactor. By generating a controlled
temperature profile across the reactor channel, oxidation characteristics at
temperature region of interest can be investigated locally.
Under atmospheric pressure and mixture inlet velocity of 2 cm/s, ignition and
combustion characteristics of n-butanol/air, 2-butanol/air and iso-butanol/air
mixtures at lean and stoichiometric conditions indicated a single-stage oxidation
with the presence of weak flames. This was corroborated by one-dimension
computational HRR profiles for each mixture. Literature discussion on molecular
structures of butanol isomers including effects of OH moiety on alcohols and
comparisons of C-H bond energies, and findings on IDT measurements confirmed

70

the experimental observation on weak flame positions which indicated n-butanol as
most reactive amongst the isomer pool, followed by iso-butanol and lastly, 2butanol. Leaner conditions resulted in greater reactivity of butanol isomers. In
addition, the weak flame responses were also correlated to the trend in AKIs of the
butanol isomers.
Through flux and sensitivity analyses, insights into fuel oxidation pathways in low
and high temperature conditions were obtained. Further computational study on the
oxidation of butanol isomers highlighted the reaction pathways and key species in
low temperature oxidation. For example, RO 2 is a key precursor to chain branching
and chain propagating reactions for low temperature oxidation, and its production
rates were increased at higher pressure. Investigations on oxidation of butanol
isomers at higher pressure of 5 atm also indicated two-stage oxidation through the
computational HRR profiles.
Both experimental and computational findings demonstrate the advantage of
employing the micro flow reactor in investigating oxidation processes in the
temperature region of interest along the reactor channel, with other physical
conditions variable according to requirements. Further experimental validation of
oxidation of butanol isomers at higher pressures and the coupling of quantitative
species diagnostic tool such as laser-induced fluorescence (LIF) system to micro
flow reactor would be highly beneficial in elucidating oxidation behavior of butanol
isomers in conditions that mirror those of HCCI.
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APPENDICES
Appendix A
Temperature profile employed for computational investigations
Distance (cm)
0.00
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.52
2.54
2.56
2.58
2.60
2.62
2.64
2.66
2.68
2.70
2.72
2.74
2.76
2.78
2.80
2.82
2.84
2.86
2.88

Temperature (K)
323.15
323.15
323.15
323.15
323.15
323.64
326.05
328.90
332.33
336.44
336.77
337.09
337.48
337.88
338.29
338.70
339.11
339.51
339.92
340.33
340.73
341.14
341.55
341.96
342.36
342.77
343.18
343.58
343.99
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2.90
2.92
2.94
2.96
2.98
3.00
3.02
3.04
3.06
3.08
3.10
3.12
3.14
3.16
3.18
3.20
3.22
3.24
3.26
3.28
3.30
3.32
3.34
3.36
3.38
3.40
3.42
3.44
3.46
3.48
3.50
3.52
3.54
3.56
3.58
3.60
3.62
3.64

344.40
345.06
345.97
346.89
347.80
348.71
349.62
350.54
351.45
352.36
353.27
354.19
355.10
356.01
356.92
357.83
358.75
359.66
360.79
362.05
363.31
364.57
365.83
367.10
368.36
369.62
370.88
372.14
373.40
374.66
375.92
377.19
378.95
380.87
382.80
384.73
386.66
388.58

94

3.66
3.68
3.70
3.72
3.74
3.76
3.78
3.80
3.82
3.84
3.86
3.88
3.90
3.92
3.94
3.96
3.98
4.00
4.02
4.04
4.06
4.08
4.10
4.12
4.14
4.16
4.18
4.20
4.22
4.24
4.26
4.28
4.30
4.32
4.34
4.36
4.38
4.40

390.51
392.44
394.37
396.30
398.22
400.15
402.54
405.03
407.52
410.02
412.51
415.00
417.49
419.98
422.47
425.24
428.54
431.83
435.12
438.41
441.70
445.00
448.29
451.58
454.87
459.09
463.35
467.61
471.86
476.12
480.38
484.63
489.17
494.79
500.40
506.01
511.62
517.24

95

4.42
4.44
4.46
4.48
4.50
4.52
4.54
4.56
4.58
4.60
4.62
4.64
4.66
4.68
4.70
4.72
4.74
4.76
4.78
4.80
4.82
4.84
4.86
4.88
4.90
4.92
4.94
4.96
4.98
5.00
5.02
5.04
5.06
5.08
5.10
5.12
5.14
5.16

522.85
527.76
532.64
537.53
542.42
547.31
552.81
559.08
565.35
571.62
577.88
584.61
593.35
602.09
610.28
618.36
626.44
634.51
642.10
648.65
655.20
662.09
669.09
677.86
690.04
702.22
709.65
716.43
723.79
731.60
741.22
753.73
764.19
770.94
780.17
790.49
802.39
814.36
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5.18
5.20
5.22
5.24
5.26
5.28
5.30
5.32
5.34
5.36
5.38
5.40
5.42
5.44
5.46
5.48
5.50
5.52
5.54
5.56
5.58
5.60
5.62
5.64
5.66
5.68
5.70
5.72
5.74
5.76
5.78
5.80
5.82
5.84
5.86
5.88
5.90
5.92

823.08
830.70
838.61
855.54
868.67
880.91
890.85
900.78
912.38
925.42
938.31
951.19
963.40
975.41
987.40
999.08
1010.77
1021.46
1032.03
1045.28
1060.98
1069.26
1080.17
1093.26
1104.75
1116.15
1127.35
1137.88
1148.41
1158.70
1168.92
1179.07
1187.28
1192.77
1200.07
1209.95
1219.83
1225.83

97

5.94
5.96
5.98
6.00
6.02
6.04
6.06
6.08
6.10
6.12
6.14
6.16
6.18
6.20
6.22
6.24
6.26
6.28
6.28
6.28
6.29
6.29
6.29
6.29
6.29
6.30
6.30
6.30
6.30
6.30
6.30
6.30
6.31
6.31
6.31
6.31
6.31
6.31

1231.77
1237.51
1241.78
1246.05
1249.43
1252.05
1254.67
1257.71
1264.06
1270.41
1272.63
1274.42
1277.68
1281.64
1285.60
1287.66
1289.50
1291.22
1291.39
1291.56
1291.73
1291.89
1292.06
1292.23
1292.40
1292.57
1292.73
1292.90
1292.99
1293.07
1293.15
1293.24
1293.32
1293.41
1293.49
1293.57
1293.66
1293.74

98

6.31
6.31
6.31
6.31
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.32
6.33
6.33
6.33
6.33
6.33
6.33
6.33
6.33
6.33
6.33
6.34
6.34
6.34
6.34
6.34
6.34
6.36
6.38
6.40
6.42
6.44
6.46
6.48
6.50

1293.83
1293.91
1293.99
1294.08
1294.16
1294.25
1294.33
1294.41
1294.50
1294.58
1294.67
1294.75
1294.83
1294.92
1295.00
1295.11
1295.22
1295.32
1295.43
1295.54
1295.65
1295.75
1295.86
1295.97
1296.08
1296.18
1296.29
1296.40
1296.51
1296.62
1298.77
1300.15
1301.45
1303.08
1304.97
1306.86
1308.18
1308.63

99

6.52
6.54
6.56
6.58
6.60
6.62
6.64
6.66
6.68
6.70
6.72
6.74
6.76
6.78
6.80
6.82
6.84
6.86
6.88
6.90
6.92
6.94
6.96
6.98
7.00
7.05
7.10
7.15
7.20
7.25
7.30
7.35
7.40
7.45
7.50
8.00

1309.16
1310.01
1310.86
1311.70
1312.55
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00
1313.00

