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Abstract 
The economic, social and cultural development of our entire human society is 

highly depended upon a consistent supply of energy, and combustion technology is 

and will still be the backbone of energy conversion processes. More fundamental 

understandings of the underlying sub-processes and their mutual interaction in the 

complex combustion system are indeed needed. Flame-wall interaction (FWI) is one 

specific problem that demands our great attention. Wall surface acts as both a heat 

sink and a surface reaction site for species, which may quench the flame due to the 

decreased flame temperature and the reduced number density of active intermediates. 

These phenomena are referred as wall thermal and chemical effect respectively. 

Previously studies with the methane normal flame suggested that the wall chemical 

effect only exert influence on the flame with high wall temperature (> 1000 K), while 

wall thermal effect is dominant for low temperature wall. Since for most of the 

applications, e.g. engine, the wall temperature is hard to reach 1000 K, wall chemical 

effect has been considered as negligible for many studies.  

However, the above conclusion is only given for the high-temperature oxidation 

(with high gas-phase temperature and reactivity). The wall chemical effect on the 

low-temperature oxidation (with low gas-phase temperature and reactivity) has not 

been investigated before. The low-temperature oxidation is the process that prepared 

the radical pool for the thermal ignition, thus it has a significant influence on ignition 

control, engine knocking control and emission reduction. Investigation of the wall 

chemical effect on low temperature oxidation provided an important opportunity to 

advance our knowledge of the flame-wall interaction during the ignition process.   

The weak flame is chosen as the target flame, since it is a stable flame, but has the 

same characters as the ignition process. In this thesis, the species (DME, CO, CO2, 

HCHO and OH) distributions of the weak flame in the channel with different wall 

materials have been measured with gas chromatography (GC) and planar laser-

induced fluoresces (PLIF) system. Numerical simulations with detailed gas-phase and 

surface reactions have been conducted to compare with the experimental data. New 

surface reaction model has been proposed to reproduce the phenomenon observed in 

experiments.  

This work begins by the development of a detachable rectangular micro flow 

reactor with a streamwise temperature gradient. Instead of using a circular quartz tube 
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as in previous studies, a rectangular quartz channel with a detachable wall is adopted 

for a better optical access and for the thin film deposition on the channel inner 

surface. The flame response to the mean inlet flow velocity is examined in this 

rectangular channel, and compared with the result from previous study. The HCHO 

and OH-PLIF is used to visualized the weak flame, flame with spatially separated 

low- and high-temperature oxidation zones, checking whether the weak flame is well 

established or not in the rectangular channel developed for this work. 

The radical quenching phenomenon, which has reported for the normal flames, has 

been examined for the weak flame. Alumina or SUS321 film has been coated on one 

channel sidewall. The OH wall normal distribution, measured with OH-PLIF, in such 

an asymmetric channel was compared with that in the pure quartz channel. 

Comparing the experimental data with the simulated results, the initial sticking 

coefficients (S0) for alumina, quartz and SUS321 in the weak flame have been 

estimated and compared with previous estimated value from the normal flame. 

Sensitivity analysis has been conducted for both weak and normal flame to identify 

the weight of each adsorption reaction on the OH distribution. 

Quartz has been identified as more close to inert material for radical quenching in 

the weak flame. SiC, SUS321 and Inconel600 have been identified as active to radical 

quenching in previous work. Thus these materials have been chosen as the typical 

materials for illustrate the wall chemical effect on cool flame. To further understand 

the effect of individual component in the alloys, Fe, Ni and Cr are also been tested. 

SiC, SUS321, Inconel, iron, nickel and chromium are coated as thin films on the both 

sidewalls of the quartz channel. DME is measured by the gas chromatography-mass 

spectrometer (GC-MS), while CO and CO2 are measured by the GC with thermal 

conductivity detector (TCD). OH and HCHO distribution in the quartz and SUS321-

coated channel are measured with the planar laser-induced fluorescence (PLIF). The 

species streamwise distributions in channel with different wall materials are compared 

to investigate the wall chemical effect on weak flame. 

Numerical simulations with detailed gas-phase and surface reactions haven been 

done to compare with the experimental phenomenon. Firstly, radical quenching model 

is attempted to describe the wall chemical effect on the species streamwise 

distribution in the SUS321-coated channel. Since SUS321 has around 10% Ni, the 

surface reaction of Ni is adopted as a base for developing the new model. Based on 

the experimental data, two hypotheses have been proposed for SUS321: DME 
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synthesis and HCHO adsorption. The proposed surface reaction mechanism is also 

applied to the wall-stabilized cool flame, to examine the wall chemical effect on other 

flame structure. 

This work provides the very first evidence that wall materials will affect both low- 

and high-temperature oxidation. The experimental results are remarkable, because 

previous studies suggested that wall chemical effect is weak with the low wall 

temperature (< 1000 K), however, present work shows that wall materials affect the 

low-temperature oxidation even when wall temperature is only 600 K. In the other 

words, the wall chemical effect may not be negligible in practical applications as 

engine, even when the operating wall temperatures are low. The surface reaction over 

alloy or metal surface may affect the low-temperature oxidation, further leading to an 

ignition delay for the hot flame. Some hypotheses for the surface reaction mechanism 

have been proposed for the SUS321 surface, but further research is needed for 

completing the surface reaction model.  
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Introduction 

 1 

Chapter 1 Introduction 
 

1. 1. Internal Combustion 

1. 1. 1.  Energy Outlook 

It can be said without exaggeration that nowadays our world is built around the 

fossil fuel, which supplies much of the energy needs of our society and the industrial 

revolution. However, with an urgent need of energy supply, the world fossil fuel 

consumption has outpaced newfound reserves. According to the statistics published in 

2016, energy demand of the world will grow more 30% by 2035 [1] as shown in 

Figure 1-1. To address this issue, various efforts has been made, and the global energy 

map is changing due to a retreat from nuclear power in some country, continued rapid 

growth in the use of solar and wind technologies and the boosts of unconventional gas 

production. However, in spite that all those new developments and policies are 

involved, and regardless of the growth in low-carbon energy sources, fossil fuels, 

without any doubts, are still dominant in the energy structure. In 2015, fossil fuels 

contribute to 85% of the global primary energy consumption, and the share will 

remain to be 78% till 2035 according to the prediction [1]. Moreover, even the share 

is decreasing, but the total demand will not stop increasing. 

In order to solve the sustainability problem, a lot of efforts have been made for the 

penetration of renewable energy. Renewables is the fastest growing energy source 

nowadays. Their share of the primary energy consumption will grows from 3% in 

2015 to 10% in 2035 [1]. The renewables include solar, geothermal, wind power, 

hydropower, biomass and biofuels. Figure 1-2 gives the U.S. renewable energy supply 

summary [2]. It is apparent that biomass and biofuels take a considerable share of the 

renewable energy supply. In 2016, biofuel contribute to 14% share, while 23% share 

is contributed from biomass.  

The increasing energy demand is a consequence of the fast-growing economy. 

Without hurting the economy growth, improving the energy efficiency is 

acknowledged as an alternative to reduce the consumption. Figure 1-3 [1] shows the 

energy intensity changes in the past 50 years. The world’s energy intensity is keep 

declining, and expected to reach half of the value in 1965 by 2035. Since the chemical 
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energy in the primary energy as fossil fuel, biomass and biofuels are converted to 

other energy forms by the combustion process, a better understanding of the 

combustion phenomenon will be a great help for improving the energy efficiency. On 

the other hand, combustion of hydrocarbon fuels, as the main source for the CO2 

emission, the study of combustion is also critical for reversing the climate change 

tendency. 

 

1. 1. 2. Energy Conversion for Vehicle 

The increasing transport demand drives the continual growth of energy demand, 

especially for oil. As shown in Figure 1-4 [1], transport is one of the largest markets 

for final energy consumption, which accounts for nearly 20% of the total 

consumption. According to the forecast shown in Figure 1-5 [1], the global car fleet is 

expected to double from 0.9 billion cars in 2015 to 1.8 billion by 2035, and the non-

OECD countries, including China and India, will attribute to 90% of the increment. 

Recent years, many efforts have been made for the electric vehicle and the fuel cell 

vehicle development, considering them as alternates of conventional internal 

combustion engine cars. As shown in Figure 1-5, the number of electric vehicle will 

rise significantly from 1.2 million in 2015 to 100 million by 2035, but still 94% of the 

vehicles will remains to be the conventional cars in 2035 [1]. Limited by current 

technologies, the costs of both electric and fuel cell vehicles are high, which is a fatal 

weakness considering the major transport demand is coming from the developing 

countries. Not mention that the electric and fuel cell vehicles are facing the criticism 

of low efficiency and carbon emission during the electricity generation or H2 

production for the fuel cell. Moreover, the improvements in fuel efficiency 

significantly reduced their potential growth. Therefore, there are reasons to believe 

that internal combustion engine will still be the dominant energy conversion 

technology for vehicle for not a short time.  

 

1. 1. 3. HCCI Engine 

Homogeneous charge compression ignition (HCCI) engine has been considered as 

one of the ultimate combustion engines due to it feature of ultra-low emission and 

high efficiency. A comparison of HCCI engine and the conversional compression-

ignition (CI) engine and spark-ignition (SI) engine is given in Figure 1-6 [3]. The 
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biggest difference is that in HCCI engine, ignition happens simultaneously at multiple 

positions, therefore, it is not necessarily limited by the mixing rate at the fuel jet and 

oxidizer interface as the CI engine, and also do not have any discernible flame front 

and localized high-temperature reaction region as the SI engine [4]. This feature 

allows the HCCI engine operating in a lean and low-temperature condition, which can 

avoid the soot and NOx formation as shown in Figure 1-7 [5]. However, because of 

the multiple-point ignition, the ignition control becomes one of the principal 

challenges for the HCCI engine. And in the meanwhile, due to the homogenous gas-

phase reaction in the whole chamber, the flame-wall interaction may also been 

enhanced. 

 

1. 2. Flame-Wall Interaction 
The mutual interaction between flame and wall is not avoidable in all types of 

internal combustion system regardless the scale. The chemical kinetics in the gas-

phase is heavily influenced by the presence of wall, and so as the flow field. Figure 

1-8 (reproduced form [5]) illustrates the most prominent interaction among the flame, 

wall and flow field. Wall surface acts as both a heat sink and a surface reaction site 

for species, which may quench the flame due to the decreased flame temperature and 

the reduced concentration of active intermediates. These phenomena are referred as 

wall thermal and chemical effect on the flame respectively. The wall also impacts the 

approaching flows as the boundary layer forms. In the meanwhile, the near-wall 

species concentration not only governed by the chemical kinetic but also the species 

transportation, which is under the control of the flow field. And the near-wall species 

concentration turns to determine the surface reaction rate. Understanding flame-wall 

interactions (FWI) based on studying of thermal, fluidic and chemical kinetic 

properties is of fundamental importance for near-wall flames in all kinds of internal 

combustion systems [7]. 

 

1. 2. 1. Flame Quenching 

Figure 1-9 [8] demonstrated three typical types of flame quenching: head-on 

quenching (HOQ), sidewall quenching (SWQ) and quenching in tubes. Flame 

quenching in tubes with high surface-to-volume ratio has been a bottleneck of micro 
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combustor development for decades. To establish stable combustion in small 

channels, both thermal and chemical approaches have been proposed. The concept of 

excess-enthalpy combustion by using heat recirculating burners such as Swiss-roll 

combustor is proposed by Weinberg et al. (shown in Figure 1-10), aiming to stabilize 

the flame by increasing the temperature [9]. On the other hand, catalytic reaction is 

introduced into the Swiss-roll combustor [10], to promote the reactivity.  

The head-on quenching and sidewall quenching have received great attention, 

since they are highly related to the incomplete combustion caused primary pollution 

generation in the internal combustion engine and gas turbines. A. Bohlin et al. [11] 

measured the near-wall temperature development during the ignition in a HOQ case. 

As shown in Figure 1-11, the near-wall gas-phase temperature is increased due to the 

flame propagating towards the wall surface, but cooled down due to the heat loss to 

the wall, and finally caused the flame quenching in the near-wall region. To further 

understand the thermo-chemical state during flame-wall interaction, T. Fuyuto et al. 

measured the near-wall OH, HCHO and CO concentration as well as temperature for 

a SWQ [12] (shown in Figure 1-12); M. Mann et al. observed the CO concentration 

development for a HOQ including both laminar and turbulent cases [13] (shown in 

Figure 1-13). The near-wall species concentration may be under the influence of both 

wall thermal and chemical effect: the near-wall temperature determines the gas-phase 

kinetic; while the surface acts as a sink or a source for the gas species via adsorption 

or desorption. It is necessary to decouple these two effects to have a better understand 

of the FWI. 

 

1. 2. 2. Wall Thermal/Chemical Effect 

Numerous studies have attempted to investigate the explicit quenching mechanism 

and reveal the interaction between thermal and chemical effect. Miesse et al. [14] and 

Kim et al. [15] measured the quenching distance of methane flame separately. Their 

results, shown in Figure 1-14 and Figure 1-15, are consistent with each other and 

suggested that the thermal quenching caused by heat loss is dominant when the wall 

temperature is lower than 500 ˚C; while the radical destruction becomes more 

important for higher wall temperatures. However, bulk materials have been used in 

these two studies, which raise the doubts on the different wall thermal boundaries due 

to the different thermal conductivity. Instead of using bulk materials, Y. Saiki et al. 
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developed a narrow combustion channel using quartz plates with thin film deposition 

of different materials to achieve the identical thermal boundaries for different 

chemical boundary conditions, and made OH-PLIF measurement of the methane 

flame [16][17]. As shown in Figure 1-16, the near-wall OH concentration is identical 

over different wall materials at low wall temperatures, but becomes different when the 

wall temperature is over 700 ˚C. In the meanwhile, to characterize the wall materials, 

initial sticking coefficients, S0, for alumina, quartz and SUS321 are estimated to be 0, 

0.01 and 0.1, respectively [17]. Similar experiment has been done for SiC. The 

estimated S0 is 0.04, as shown in Figure 1-17, which is closer to the SUS321 results 

[18]. 

 

1. 3. Flame Chemistry 
New combustion technologies, usually at extreme conditions, often lead to new 

flame regimes, and break our traditional cognition of the flame chemistry. As such, it 

is of great importance to advance our fundamental understanding of combustion 

chemistry. For instant, HCCI engine, as mentioned in section 1.1.3, is expected to 

operate in the ultra-lean and low temperature conditions. And since the ignition is 

happening at multiple points, the understanding of chemistry during the ignition 

process is critical for the combustion phase control.  

 

1. 3. 1. Low- & High-Temperature Oxidation 

When a fuel has a chain length over 3, a very clear distinction between the types of 

dominate reactions can be found when temperature rise from below 850 K to beyond 

1200 K [19]. If we examine it more carefully, three regimes with respect to 

temperature can be divided for hydrocarbon oxidation path: (a) low temperature 

regime, where peroxy oxidation chemistry occurs; (b) intermediate temperature 

regime, where HO2 and H2O2 chemistry dominates; (c) high temperature regime, 

where small size radical chemistry occurs [20]. One example is given in Figure 1-18 

[21][22], in which the overall reaction scheme for DME oxidation is illustrated. When 

the gas-phase temperature is not high enough (< 600 K), fuels cannot directly undergo 

the β-scission, but the H atom abstraction takes place. The peroxy oxidation then 

occurs after the isomerization. With an increased temperature to a range around 600 ~ 
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750 K, β-scission starts but more stable species such as HO2, H2O2 and HCHO instead 

of OH radical are generated, leading to the negative temperature coefficient (NTC) 

region. As the temperature is further increased, fuels can directly undergo the β-

scission, and more OH is formed from the decomposition of H2O2, which finally leads 

to the thermal ignition.  

 

1. 3. 2. Cool Flame 

Associated with the low and intermediate temperature oxidation, cool flame, a 

flame accompanied by pale chemiluminescence and low heat release rate, was first 

reported by Humphry in 1812 [23] and named by Emeleus in 1929 [24]. The cool 

flame prepares the radical pool for the thermal ignition. As such, the cool flame has 

been identified as an important contributing factor for ignition control, engine 

knocking, and other issues related to the unexpected auto-ignition phenomenon. 

Figure 1-19 illustrates an ignition process of a DME-HCCI engine, operating with an 

equivalence ratio of 0.28 [25]. A two-stage ignition can be seen from the simulated 

pressure and heat release rete (HRR) profile, as the first HRR peak locates at the 

crank angle of 340º, and the second one locates at 360º. The experimental measured 

species concentration shows that HCHO has a high concentration between the two 

ignitions in the negative temperature coefficient (NTC) region, while OH is largely 

generated during the second ignition due to the high temperature oxidation. Ignition 

delay measurement with shock tube is widely used to examine the low-temperature 

oxidation mechanism [26]. Figure 1-20 gives the typical pressure and CH emission 

profiles for a shock tube experiment, in which the pressure and the emission signal 

rising marks the ignition delay for a certain operating condition. By further comparing 

the data with the simulated ignition delay, as shown in Figure 1-21 [26], modification 

of chemistry kinetic can be done.  

However, it is not easy to track the gas-phase temperature history and investigate 

the concentration of different species in such a short time scale. Therefore, researches 

have been made to obtain a stabilized cool flame. Y. Ju and his group [28][29] used 

ozone to establish a self-sustaining cool diffusion flame with an experimental setup 

shown as Figure 1-22 (a). It can be seen in Figure 1-22 (b) and (c), once it had been 

ignited, the cool flame can sustain even after turning off the ozone addition. K. 

Maruta and his group [30][31][32] discovered the weak flame in a micro flow reactor 
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with a controlled temperature profile. In the weak flame, reactions in different 

temperature level can be spatially separated.  

 

1. 3. 3. Flame Chromatography  

Figure 1-23 shows a micro flow reactor with a prescribed temperature profile, 

which adopted by K. Maruta and his group as a flame chromatography [31]. Three 

flame patterns can be found in this reactor as shown in Figure 1-24: 1) when flow 

velocity is over 30 cm/s, a stable normal flame appears; 2) when flow velocity is 

between 4 cm/s to 30 cm/s, unstable dynamic oscillatory combustion was observed; 3) 

when flow velocity is lower than 4 cm/s, a stable weak flame with weak luminescence 

which is marked as the multiple reaction zones were observed [31].  

In the weak flame, the first reaction zone is the cool flame, where the low 

temperature oxidation happens. After the cool flame, an NTC zone can be seen, as no 

luminescence can be noticed. The second reaction zone is referred as a blue flame, 

where intermediate species, as HCHO and H2O2, are consumed, and lead to a thermal 

ignition, in where the third reaction zone, hot flame, locates. The weak flame has the 

same characters as the ignition process, which is an ideal tool for chemistry kinetic 

study. 

 

1. 4. Objective and Outline of This Thesis 

1. 4. 1. Objective and Approaches 

Flame-wall interaction and low-temperature oxidation are two important aspects to 

understand the combustion phenomenon. Previous studies of flame quenching reveal 

that, for a hot flame, the wall thermal effect is dominant when the wall temperature is 

low. The wall chemical effect only exerts influence when the wall temperature is over 

700 K. Since for most of the applications, especially for macro scale combustors, the 

wall temperature is hardly to reach such a high level, the wall chemical effect is 

usually neglected. This is reasonable because in high-temperature oxidation, the gas-

phase reactivity is much faster than the surface reactions over a cold wall, so the 

effect of surface reaction is minor. Moreover, the high gas-phase temperature leads to 

a high heat loss between the flame and the wall, which makes the thermal effect to be 

dominant. However, new combustion technologies, as the HCCI engine, lead to new 
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operating condition, which may break the convectional cognition. In the HCCI 

engine, the combustion is happened at low temperatures, and the flame is ignited 

homogenously in the whole chamber, which may close to the wall surface. Due to the 

low gas-phase temperature, the wall thermal effect is suppressed due to the smaller 

temperature difference between the gas-phase and the wall. In the meanwhile, when 

the ignition happens close to the wall, the cool flame will interact with the wall 

surface. Since the gas-phase reactivity of the cool flame is much lower than that of the 

hot flame, the surface reaction rate may become comparable to the gas-phase reaction. 

Therefore, the wall chemical effect may be of great importance of the ignition control. 

As such, it is worth to investigate weather wall chemical effect is important for low 

temperature oxidation or not. 

The weak flame in the micro flow reactor is an ideal tool for study the wall 

chemical effect on the low temperature oxidation, since a stable cool flame can be 

established, in the meanwhile, the micro reactor offers a large surface-to-volume 

ratio. Therefore, the objective of this study is to reveal the wall chemical effect on the 

low-temperature oxidation by examine the influence of wall materials on the weak 

flame. It may shed some important insights on the flame-wall interaction for the 

ignition process as well.  

The approaches in this work for this specific objective include the development of 

the flow channel, experimental measurements and numerical simulations. A micro 

flow reactor with a better optical access and with different wall materials is developed 

in order to investigate the wall chemical effect under the same thermal boundary 

conditions. In the weak flame established in the micro flow reactor with the 

steamwise temperature gradient, the species distributions, including DME, CO, CO2, 

HCHO and OH, are measured with gas chromatography. Planar laser induced 

fluorescence measurements of OH and HCHO are also made to capture spatial 

distribution of those species for different wall materials. In addition, numerical 

simulations with detailed gas-phase and surface reaction mechanisms are made for 

discussion of possible mechanisms of the wall chemical effect on the flame structures.  

 

1. 4. 2. Outline 

Contents in this thesis is arranged as following: 
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In Chapter 1, previous studies about the flame-wall interaction and the low-

temperature oxidation have been reviewed. Extensive research has shown that 

existence of the wall quenches the hot flame and causes the increased emission level. 

And the wall thermal effect has been considered as the dominant reason for the hot 

flame quenching when wall temperature is low. On the other hand, the cool flame, as 

an expression of the low-temperature oxidation, has been identified to be critical for 

ignition control. However, there has been no existing study, which investigates the 

chemical interaction between the cool flame and the wall. The present study attempts 

to reveal the wall chemical effect on the low-temperature oxidation with both 

experimental and numerical mythologies, which may shed a new insight on the wall 

effect on the ignition. 

In Chapter 2, a rectangular micro flow reactor with a streamwise temperature 

gradient is introduced. Comparing with the circular tube reactor in previous studies 

[30][31][32], a better optical access and the variable wall chemical boundaries can be 

obtained. The flame response to the inlet flow velocity has been examined and 

compared with previous study, to ensure the weak flame can be established in this 

rectangular channel. 

In Chapter 3, the radical quenching effect has been examined in the hot flame of 

the weak flame. Quartz, alumina and SUS312 have been chosen as the three typical 

wall materials. By comparing the measured OH distribution in the weak flame with 

the simulated results, the initial sticking coefficients in the radical quenching model 

have been estimated for different materials. The values have been compared with 

previous results with the normal flame. And the sensitivity analysis for the radical 

quenching model has been done for identify the critical reactions.  

In Chapter 4, DME, CO and CO2 distributions have been measured in the quartz, 

SiC-coated, SUS321-coated and Inconel600-coated channels with either GC-MS or 

GC-TCD. For further understanding of the role of individual metal, the DME 

distributions in the Fe-, Ni- and Cr-coated channel have been also measured with GC-

MS. HCHO and OH distributions in the quartz and SUS321-coated channel have been 

also examined with a PLIF system. Influence of the wall materials on the weak flame 

has been discussed.  

In Chapter 5, the surface reaction mechanism for SUS321 has been discussed. A 

reaction pathway analysis is conducted with DETCHEM Batch, showing the possible 

path for the higher DME concentration in the SUS321-coated channel. Radical 
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quenching model has been examined. To reproduce the experimental results, 

hypotheses have been proposed. The proposed surface reaction mechanism has been 

verified with the FLUENT 2-D simulation. The surface reaction model has also been 

applied to the wall-stabilized cool flame, showing the wall chemical effect may 

influence the flame structure other than the weak flame as well. 

The conclusions are given in Chapter 6. 
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Figure 1-1 Primary energy consumption by fuel [1]. 

 

 

Figure 1-2 U.S. renewable energy supply [2]. 
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Figure 1-3 Energy intensity (toe per thousand - $2010 GDP) [1]. 

 

 
Figure 1-4 Total energy consumption by final sector [1]. 

 

 
Figure 1-5 The global car fleet: 2015 -2035 (billions) [1]. 
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Figure 1-6 Different types of engine [3]. 

 

 
Figure 1-7 NOx-soot map of conventional diesel, PCCI and HCCI combustion [5]. 
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Figure 1-8 Illustration of mutual interactions between flame, wall and flow field. 

Reproduced from [6]. 

  

 

Figure 1-9 Sketches of quenching configurations [8]. 

 

 

Figure 1-10 Left: Schematic of Swiss-roll combustor. Right: Illustration showing how 

super-adiabatic combustion temperatures can be achieved. [9] 
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Figure 1-11 (a) Evaluated 1D mean temperature profiles as a function of ignition 

delay time. Equivalence ratio U = 1.0. Each profile is averaged from 100 single shots. 

(b) Standard deviation of the evaluated temperatures. [11] 

 

 
Figure 1-12 LIF signal distribution of measured species in the quenching boundary 

layer. Case 1: U = 0.1 m/s; Case 1: U = 0.2 m/s. [12] 
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Figure 1-13 CO scatter plots for flame and at quenching for different distances from 

the solid surface. The instant of quenching is denoted by red data points. [13] 

 

 

Figure 1-14 Quenching distance over various surface materials [14]. 
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Figure 1-15 Quenching distance for SUS304 and alumina under different wall 

temperatures [15]. 
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Figure 1-16 OH distributions in the vicinity to the different wall materials under 

various wall temperate. The simulated OH profiles with different S0 are also plotted. 

[16][17] 
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Figure 1-17 OH distribution over SiC surface. The simulated OH profiles with 

different S0 are also plotted. [18]  

 

 
Figure 1-18 Overall reaction scheme of dimethyl ether oxidation [21][22]. 
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Figure 1-19 Simulated pressure and heat release rate with the measured time-resolved 

HCHO and OH distributions in an DME-HCCI engine [25]. 

 

 
Figure 1-20 Typical endwall pressure and CH emission traces used to determine 

ignition delay time for a shock tube study [26].  
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Figure 1-21 Comparison of the measured ignition delays and the simulated results 

with different mechanisms [26].  Solid line – CH4/DME 2014 [26]; dashed line – 

Zhao et al. [27]; dotted line – DME 2000 [21][22]. 

 

 

Figure 1-22 (a) Schematic of ozone stabilized cool flame. (b) Cool diffusion flame 

with ozone. (c) Cool diffusion flame without ozone. [29] 
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Figure 1-23 Schematic of the micro flow reactor with a prescribed temperature profile 

[31]. 

 

 
Figure 1-24 Experimental flame responses as a function of a mixture flow velocity at 

the tube inlet for a stoichiometric DME/air mixture [31]. 
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Chapter 2 Micro Flow Reactor for Wall Chemical Effect 

Study 
 

Flame chromatography is proposed by Maruta et al. [33] for the investigation of 

gas-phase reactions. By flowing the fuel/air mixture at the flow velocity lower than 4 

cm/s into a 2 mm-in-diameter quartz tube, a weak flame with multiple reaction zones 

can be obtained when the temperature gradient is imposed in the streamwise direction. 

The weak flame is an ideal tool for the study of ignition process, because it is a stable 

flame with spatially separated low- and high-temperature oxidation zones.  

However, with the circular tube, PLIF measurement near the wall surface is 

difficult. In addition, it is impossible to make deposition of different materials onto 

the inner wall surface. Therefore, in the present study, a detachable micro flow 

channel with a rectangular cross section is developed, and the flame behavior in this 

rectangular channel is compared with that in previous studies. 

 

2. 1. Micro Flow Reactor 

2. 1. 1. Micro Channel with a Streamwise Temperature Gradient 

Figure 2-1 shows the quartz micro flow reactor developed in this study. The flow 

reactor has a 100-mm-long rectangular channel with a cross-section of 1.5 mm × 5 

mm, while the outside dimensions are 130 mm in length and 10.5 mm × 30 mm for 

the cross-section after assembling. This quartz micro flow reactor made with synthetic 

silica has a very high transmission both for the ultraviolet range used in OH 

chemilluminescence and OH PLIF and for the visible light used in HCHO PLIF. Two 

black quartz (Nb-doped) layers are fusion-bonded to the top and bottom plates at the 

downstream part for the absorption of infra-red (IR) light from the IR lamp heater 

(GA298, Thermo Riko). Due to the heat conduction along the quartz channel and the 

radiation heat loss to the ambient, a wall temperature profile with a streamwise 

gradient is formed in the channel. 

The geometry of this micro flow reactor is designed based on a 1-D energy balance 

model [34] as show in Eq. (2-1); 
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(2-1) 

where a1 and b1 are the outside thickness and the width of the micro flow reactor; a2 

and b2 are the inside thickness and the width of the channel; λ is the thermal 

conductivity, ε is the emissivity; σ is the Stefan-Boltzmann constant (5.670373×10−8 

Wm−2K−4);  hwo and hwi are the heat transfer coefficient between flow reactor and 

ambient, flow reactor and the inside gas flow, respectively; Tamb and Tgas are the 

ambient temperature (300 K) and the temperature of inside gas flow, respectively; θ  

is the temperature of the flow reactor. In Equation (2-1), the four terms on the LHS 

stand for the heat conduction, radiation and heat transfer between the reactor and the 

ambient, the reactor and the inside gas flow, respectively. Figure 2-2 illustrated the 

calculated temperature profile with different outside thickness. With a larger outside 

dimensions, a milder temperature gradient will be formed in the streamwise direction, 

which is suitable for forming separated reaction zones. However, limited by the lamp 

heater power, the required wall temperature for the hot flame ignition may not be 

achieved for a thick channel. As such, an outside thickness of 10.5 mm and a width of 

30 mm are chosen. The calculated temperature gradient at Tw = 1100 K is ~ 400 

K/cm, which is similar with Maruta et al.’s reactor with a circular tube [33]. 

Figure 2-3 [35] shows the schematic and photo of the heating system. An infrared 

lamp is used as the heat source, which is mainly for generating the near-infrared light. 

A long quartz circular rod is used to guide the collected near-infrared light. To 

introduce the near-infrared light from the lamp to the rod, gold spheroid mirrors are 

set in between. The lamp and the rod are placed at the two focus points of the mirrors 

respectively. Collected near-infrared rays travel straight through the rod, while the 

other rays reflected repeatedly over the internal surface of the rod until they reach the 

other end. As a result, low energy loss is possible during the light transportation from 

the lamp to the heat output.  The maximum IR lamp power for the heater is 2 kW, 

which can give a maximum heating temperature of 1500 K within a 20 mm-diameter 

circular area on the sample. Both water- and air-cooling are installed for the IR 

heaters. The cooling water is driven by the magnet pump, with a flow rate over 2 

L/min for each heater.  

€ 

λ a1b1 − a2b2( )∂
2θ
∂x 2

+ 2εσ a1 + b1( )θ 4 −Tamb4( )+ 2hwo a1 + b1( )θ −Tamb( )+ 2hwi a2 + b2( )θ −Tgas( )= 0
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A 0.5 mm diameter hole is opened parallel to the halfway line of the black quartz 

at the position 3 mm away from the channel’s inner surface for both top and bottom 

wall. Two R-type thermocouples with a 0.3 mm diameter, which is connected to a 

data acquisition/switch unit (Agilent, 34970A), can be inserted into holes to monitor 

the temperature. The power of the IR lamp is manually adjusted to reach an identical 

prescribed wall temperature distribution between the two sidewalls and among all the 

measurements as well.  

The flow rates of fuel and air are regulated via the mass flow controllers, so as the 

equivalence ratio. 

 

2. 1. 2. Bubbling System 

A bubbling system shown in Figure 2-5 is adopted to introduce n-heptane for n-

heptane/air flame and to supply the reference gas for the laser intensity calibration of 

OH/HCHO PLIF measurements. Carrier gas with a constant flow rate is introduced 

into the liquid in a stainless bottle, of which temperature is kept constant with a 

mantle heater, and is mixed with a certain amount of the vapor at its saturated vapor 

pressure . The ribbon heater over the tubing is to prevent the condensation. The vapor 

concentration can be further adjusted by a secondary carrier gas flow.  

Equation given by Willingham et al. [36], i.e., 

,                                  (2-2) 

where Phpt is the partial pressure of n-heptane (in mmHg), and T is the temperature (in 

°C), is used to calculated the partial pressure of n-heptane. As showing in Figure 2-6, 

the partial pressure of n-heptane is 7782.62 Pa at 30 °C, corresponding to the mole 

fraction of n-heptane is 0.0768 at the atmospheric pressure. The equivalence ratio φ is 

varied by changing the flow rate of the additional air.   

Acetone/air mixture is used as the reference flow for calibrating the OH-PLIF 

measurement. Acetone is stored in the bottle, while air is used as a carrier gas. The 

saturated acetone vapor pressure can be given as [37] 

, (2-3) 

where Pacetone is the partial pressure of acetone (in mmHg), and T is the temperature 

(in °C). The profile is shown in Figure 2-7. 

log10 Phpt = 6.90342−
1268.636
T + 216.951

log10 Pactone = 7.125267−
1214.208
T + 230.002
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A reference flow for HCHO-PLIF can be obtained by using nitrogen flowing 

through formalin solution. The liquid-vapor equilibrium of HCHO solutions in water 

can be expressed as [38]  

, (2-4) 

where PHCHO is the partial pressure of HCHO expressed in Pa, XHCHO is the mass 

fraction of HCHO in liquid solution, R is the gas constant, and T is the temperature in 

K. The profile of the HCHO vapor pressure from formalin (40% HCHO in water) is 

shown in Figure 2-8. 

 

2. 1. 3. Setup for Flame Chemiluminescence Imaging 

A high-speed ICCD camera (FASTCAM, Photron) equipped with a f = 105 mm 

1:4.5 UV Nikkor lens is used to capture the OH chemiluminescence (Figure 2-9). It 

can capture up to 2000 frames per seconds, so that a time-resolved flame behavior can 

be observed. OH chemiluminescence images are taken with an optical band-pass filter 

of 307 nm CWL, 10 nm FWHM, by which the ambient light is filtered out.  

 

2. 2. Laser-induced Fluorescence System 
The overall experimental setup for the PLIF measurement of the weak flame is 

shown in Figure 2-10. The laser beam is separated to two optical paths: one for 

monitoring the incident laser power, the other is transferred to a thin laser sheet and 

introduced to the flame. Specific species in the flame is exited according to the laser 

wavelength, and emits fluorescent that can be captured with the ICCD camera or the 

spectrometer. The synchronization between the laser and the camera is ensured with a 

programmable logic/timing controller (LC880, LabSmith). The connection is shown 

in Figure 2-11. 

 

2. 2. 1. Principle of LIF 

Laser-induced fluorescence (LIF) is a non-intrusive flow diagnostic tool that can 

measure gas-dynamic properties, such as velocity, temperature, pressure, species 

concentration. With optical units, laser sheet can be formed to acquire planar 

snapshots of flow, and realize flow visualization with 2D images.  

PHCHO (XHCHO,T ) = (
1.667
XHCHO

− 0.667)−0.9052.325×1013 exp −
60.3×103

RT
⎛

⎝
⎜

⎞

⎠
⎟
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As shown in Figure 2-12, laser induced fluorescence takes place via a multi-step 

process. The ground state atom or molecule is pumped to the excitation state by the 

laser with the certain wavelength. Since it is not stable in the excitation state, the atom 

or molecule returns to a lower energy state, companying with a variety of energy 

transfer process. A part of the excess energy is released as fluorescence with longer 

wavelength. 

The LIF yield in the linear regime [40][41] is written as 

, (2-5) 

where Cexp is an experimental constant dependent on various condition including the 

optical setup, B12 is the adsorption coefficient, N is the total number density of the 

species, Iv is the incident laser energy, f1 is the population fraction of the “ground 

state” for the particular excitation, A21 is the spontaneous emission coefficient, and 

Q21 is the collisional quenching rate.  

 

2. 2. 2. OH- and Acetone-PLIF 

A Nd-YAG laser-pumped pulsed dye laser (SCANmate2C, Lambda Physik) is 

employed in the PLIF system. For OH and acetone excitation, the pumping laser from 

the 2nd harmonic generator is used with Rhodamine 6G dye at a concentration of 0.1 

g/L for oscillator and 0.03 g/L for pre-amplifier. The laser wavelength is calibrated 

with a wavelength meter (WS5/3245 wavelength meter, HighFinesse/Ångstrom) as 

shown in Figure 2-13. Wavelength is chosen as 283.553 nm, and its energy is 8 

mJ/pulse. The laser from the output goes to a beam splitter. 2% of the split laser beam 

further drops its energy to less than 300 µJ by two neutral-density filters for 

monitoring the pulse energy. A focusing lens is used to introduce the laser beam to an 

optical fiber, which guides the laser to the detector. Note that the fiber may be 

damaged with an input energy exceed 300 µJ when measuring ns-laser pulses and 

respectively less with even shorter pulses. 

With an excitation wavelength of 283.553 nm, OH fluorescence (~308 nm) at the 

Q1(8) spectral line of the A2∑ßX2∏(1,0) transition is emitted [42]. This OH 

fluorescence intensity is proportional to the OH mole fraction within 10% at the 

temperature from 1000 K to 2000 K [16].  

F =CexpB12IvNf1
A21

A21 +Q21
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Acetone vapor absorbs UV light over a broad band of wavelength from 225 to 320 

nm, and has a continuous emission spectrum from 350 to 550 nm with its peak at 445 

and 480 nm. Its fluorescence is independent of temperature and local gas composition 

[37]. 

 

2. 2. 3. HCHO-PLIF 

The A2A1-X1A1  pQ (J” = 15, K” = 5) transition of HCHO is excited with 355 

nm wavelength [43][44], which is generated directly from the 3rd harmonic generator 

of the Nd:YAG laser. Since 355 nm is not the optimized wavelength for HCHO 

excitation, a laser energy up to 60 mJ/pulse is used. 

Since A21 << Q21 for HCHO, Equation 2-5 for the fluorescence yield can be 

simplified as 

. 
(2-6) 

For a given HCHO concentration, the temperature dependency mainly comes from 

the population fraction of the “ground state” for the particular excitation, f1, and the 

collisional quenching rate, Q21. Kyritsis et al. [45] gave f1 as a function of temperature 

T, written as 

 
(2-7) 

with T in K. The quenching rate Q21, is given by [45] 

 
(2-8) 

where Ni is the number density of the collision partner, species i, scaling as T-1; σi is 

the collision cross-section; and vi is the relative velocity of the collision partner and 

excited species, scaling as T0.5.The scaling for σi has two limits of T-0.5 and T0. Thus, 

the scaling for Q21 varies between T-1 and T-0.5. Figure 2-14 shows the temperature 

dependence assuming that σi is proportional to T-0.25.  

 

2. 2. 4. HCHO Fluorescence Dependence 

The HCHO fluorescence dependence on laser energy and HCHO concentration is 

examined. Figure 2-15 shows the HCHO-LIF intensity for a HCHO/H2O/N2 mixture 

40
1

F =CexpB12NHCHOIv f1
A21
Q21

f1 = (1− e
−1680.5/T ) 40.1969e−740/T

(1+ 0.134 /T + 0.037 /T 2 )T 3/2

Q21 = Niσ ivi
i
∑
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versus the laser energy. HCHO concentration is kept constant at 6730 ppm with the 

formalin bubbling system. The concentration is estimated based on the saturated 

vapor pressure at 41 ºC. Concentration drift up to 8 % is expected due to the 

temperature fluctuation.  A good linearity between the HCHO-LIF intensity and the 

laser energy is confirmed. Figure 2-16 shows the relationship between the HCHO-LIF 

intensity and the HCHO concentration. The laser power is kept at 40 mJ, which is the 

same laser power used in the following measurement. The HCHO concentration is 

changed from 1000 to 7500 ppm by varying the flow rate of secondary N2. The result 

suggests a good linearrity between the HCHO-LIF intensity and the HCHO 

concentration at the laser power of 40 mJ. 

 

2. 2. 5. Laser Sheet Optics 

To realize two-dimensional measurements, a 0.3-mm-thick laser sheet is formed 

through the optical unit shown in Figure 2-17. Prisms are used for changing the laser 

light direction, while concave lens and convex lens are employed to changing the 

shape of the laser. The output laser beam is first reduced to a cylindrical beam by an 

aperture, and then goes through a beam splitter. As explained above, 2% of the laser 

shots into a laser power monitor, and the rest goes to a series of cylindrical lens to 

form a parallel thin laser sheet. The first (concave, f = -25 nm) and the second 

(convex, f = 70 mm) lens are stretching the laser beam to a sheet with a width of ~ 15 

mm; while the third lens (convex, f = 400 mm) is for focus the laser onto the 

observation region with a fine thickness.  

 

2. 2. 6. LIF Imaging System 

An image-intensified CCD camera (iStar, ANDOR) with a band-pass filter is used 

to capture fluorescence. Theoretically, the camera is able to capture even a single 

photon with the structure shown in Figure 2-18 [46]. Once the photon gets into the 

input window, it will be transferred to electron. If the photocathode voltage is + 50 V, 

the electron will be stopped before it reaches the multiple channel plate (MPC). But 

once a negative pulse is sent by the image intensifier, the photocathode voltage will 

drop to – 200 V, and the electron will be accelerated and reach the MPC. High 

voltage up to 900 V can be applied for electron to gain its energy. This voltage can be 

controlled by varying the gain value on the image intensifier control. The accelerated 
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electron finally hits the phosphor layer in front of the fiber optics, and is transferred 

back to photon, which can be captured by the CCD chip and converted into digital 

data.  

An f=105 mm UV Macro lens with a bellows for adjusting the magnification is 

attached in front of the ICCD camera. The minimum spatial resolution can reach 7 µm 

× 7 µm. According to the wavelength of fluorescence, band-pass filters 307/10 nm, 

447/60 nm, and 430/40 nm are employed for OH, acetone and HCHO, respectively. 

 

2. 2. 7. Emission Spectra of HCHO in Weak Flame 

It has been reported that species as Polycyclic aromatic hydrocarbons (PAH) could 

be the interference for HCHO-PLIF [47][48][49]. An optical spectrometer (iHR320, 

Horiba) is adopted to verify that the HCHO fluorescence is not interfered from other 

species. The scheme of the spectrometer is shown in Figure 2-19 [50]. The light 

gather from the mirrors is guided to the grating. As a result, light with different 

wavelength can be spatially separated and be detected. By comparing the measured 

spectrum from the weak flame is compared with the one from a HCHO/H2O/N2 

mixture, it can be confirmed that the signal is free from interferences. 

As shown in Figure 2-20, the two spectrums coincident with each other, suggesting 

no PAH interference is found in the weak flame. Since lean flame is used in this 

study, it is reasonable that no PAH species is generated. 

 

2. 2. 8. Signal Calibration 

According to Equation 2-5, fluorescence intensity can be considered to be 

proportional to the number density of the species and the incident laser energy. If the 

spatial laser energy distribution change for a laser sheet among each shot is neglected 

after average, the local fluorescence intensity is expressed as 

, (2-9) 

where 

 is a constant for a certain species when the temperature, pressure 

and mixture component are the same. floc is a fraction of the local laser intensity over 

the laser beam energy, Ibeam is the incident laser energy of the beam, and Nloc is the 

Floc = a ⋅ flocIbeam ⋅Nloc

a =CexpB12 f1
A21

A21 +Q21
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local number density of the species. If comparing a measurement of a species with an 

unknown concentration and a referent flow with a fixed concentration, it gives 

 (2-10) 

OH-PLIF is calibrated with acetone-PLIF with a given acetone concentration, i.e., 

 (2-11) 

Based on the monitored laser beam energy and the fluorescence intensity from both 

OH in the flame and acetone in the reference gas, the OH concentration can be 

compared among all measurements. Since HCHO-PLIF in flame is calibrated from 

the formalin/N2 reference flow, aref is equal to a in Equation 2-9. Thus, the absolute 

concentration of HCHO can be calculated. 

 

2. 3. Flame Response to Flow Velocity 

2. 3. 1. Wall Temperature Distribution in the Rectangular Channel 

The wall temperature is measured with two types of thermocouple: a high-

temperature K-type sheathed thermocouple with a diameter of 0.5 mm; and the R-type 

bare thermocouple with a wire diameter of 0.05 mm and a joint diameter of 0.2 mm. 

The thermocouple is fixed onto a Z-stage, and moving along the centerline of wall 

surface to measure the wall temperature point by point. In the meanwhile, the camera 

takes the position of the thermocouple. As such, the wall temperature distribution 

along the channel is obtained as shown in Figure 2-21. Multiple measurements have 

been made for both sidewalls with two types of thermocouple to ensure the symmetric 

wall temperature distribution for the channel, and to check the reproducibility of the 

wall temperature among different measurements. As shown in Figure 2-21, the 

maximum wall temperature reaches around 1200 K, with a temperature gradient 

approximately 380 K/cm. 

An 8th degree polynomial equation  

T x( ) = 249.2+10.073⋅ x + 0.38242 ⋅ x2 + 0.025917 ⋅ x3 + 0.0003106 ⋅ x4

− 4.1717e-05 ⋅ x5 − 5.2075e-07 ⋅ x6 + 2.0846e-08 ⋅ x7
 (2-12) 

Nloc =
aref
a
Ibeam,ref
Ibeam

Floc
Floc,ref

Nloc,ref

Nloc,OH ∝
Ibeam,acetone
Ibeam

Floc
Floc,acetone
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is used for fitting the wall temperature distribution, and employed as the wall 

temperature profile for the further numerical simulation, where x is the streamwise 

position corresponding to the simulation domain. 

 

2. 3. 2. n-heptane/air Flame Response to Mean Inlet Flow Velocity 

A stoichiometry n-heptane/air flame is used to verify the flame behaviors in the 

rectangular channel are same as that in the circular tube. Figure 2-22 shows the flame 

position with different inlet mean flow velocities. Steady normal flames were 

observed in the high-velocity region (28-50 cm/s). FREI, flames with periodic 

ignition at the downstream, upstream propagation and quenching at the upstream [32], 

were observed in the intermediate velocity region (4-28 cm/s). The ignition and 

extinction positions are taken by the high-speed camera with a frequency of 2 kHz. 

When mean inlet flow velocity drops lower than 4 cm/s, the OH chemiluminescence 

is no longer captured by the high-speed ICCD camera, thus OH-PLIF is used to 

visulalize OH at the hot flame position of the weak flame. Note that OH concentration 

in the weak flame is only high enough in the hot flame zone for current OH-PLIF 

system to observe. 

Figure 2-23 shows the flame position for different inlet flow velocities. The 

transition flow velocities from the normal flame to FREI and further to the weak 

flame are 28 cm/s and 4 cm/s, which are good agreement with 30 cm/s and 4 cm/s 

reported in the previous study in a circular tube [32]. The corresponding wall 

temperature for the normal flame positions also agree well with each other. When the 

mean inlet flow velocity decreased, the normal flame position shifted to a lower wall 

temperature region. When flame enters the FREI region, it is found that, for both 

flame in this study and that in the circular tube, the ignition position shifts to the 

upstream side with a decreasing the inlet mean flow velocity, and the extinction 

position curve plotted versus the inlet mean flow velocity has a C-shape. The 

corresponding wall temperatures for the ignition and extinction position of the FREI 

are 100 ~ 200 K different between the two studies. This is probably due to the 

differences in the channel geometry and the wall temperature distribution. Although 

only the hot flame of the weak flame is visualized by OH-PLIF for the n-heptane/air 

flame, it is found that the hot flame of the weak flame in the rectangular channel 

locates at the position with the wall temperature of 1150 - 1200 K, which is 
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coincident with that in previous study. The present results imply that the flame 

behavior in the present rectangular channel is basically the same as that in the circular 

tube [32]. 

 

2. 3. 3. Response of DME/ air Weak Flame to Flow Velocity 

Since the low temperature oxidation zone cannot be captured with OH-PLIF 

measurements, response of the weak flame to the flow velocity is examined with both 

OH- and HCHO-PLIF. HCHO concentration is increased at the cool flame zone and 

vanished at the blue flame zone [25][51][52][53][54][55], so that it can be a good 

indicator for the low- and intermediate-temperature oxidation. In the present study, 

DME is selected as the fuel and the equivalence ratio is set as 0.85.  

Figure 2-24 (a) shows the HCHO distribution in the weak flame with flow velocity 

varying from 1 to 3 cm/s. The HCHO profiles along the centerline are also given in 

Figure 2-24 (b). The HCHO peak slightly shifted downstream with increasing flow 

velocity, and the maximum concentration is increased by 16% when the velocity is 

changed from 1 to 3 cm/s. Similarly, the OH distribution and its profiles are presented 

in Figure 2-25. Contrary to HCHO, the OH radical peak shifted upstream with 

increasing flow velocity, and the maximum concentration is doubled from 1 to 3 cm/s. 

The response of flame position to the flow velocity is similar as the computed result 

of the stoichiometry DME/air weak flame reported by H. Oshibe [31]; the cool and 

blue flame (indicated by HCHO in this study) are shifted downstream with increasing 

flow velocity, while the hot flame (indicated by OH in this study) is shifted upstream. 

With increasing flow velocity, the reactivity is increased due to larger amount of 

reactant. This is more pronounced for the hot flame than that of the cool and blue 

flames, because of the much higher heat release rate. Therefore, the HCHO 

concentration is not largely increased with the flow velocity, but a significant 

concentration increment is found for OH. In addition, influenced by the heat released 

from the hot flame, the hot flame position is moved upstream to compensate the 

higher gas temperature. In addition, influenced by the heat released from the hot 

flame, the hot flame position is moved upstream to compensate the increased gas 

temperature. However, the HCHO zone is located at the NTC region, where the gas-

phase temperature is strict governed by the wall temperature. Therefore, no large 
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HCHO peak position shifting is found. But considering the longer reactant resident 

time with the lower flow velocity, the formation of HCHO starts earlier. 

 

2. 4. Summary  
A detachable rectangular quartz channel with a controlled wall temperature 

gradient is developed for investigation of wall chemical effect on the weak flame. OH 

chemiluminescence captured by the high-speed camera, OH- and HCHO-PLIF are 

used to examine the flame patterns of stoichiometry n-heptane/air flame in 

comparison with the results in the previous research [30][31][32] using the circular 

tube. 

A normal flame is observed at the flow velocity over 28 cm/s, while it turns to 

FREI. when the flow velocity is between 4 to 28 cm/s. For lower velocity than 4 cm/s, 

stable weak flame is observed. Response of the weak flame to flow velocity is also 

investigated with an equivalence ratio of 0.85, which is same as that used in the 

following wall chemical effect investigation. It is found that the low- and 

intermediate-temperature oxidation zones illustrated with HCHO concentration are 

shifted to upstream with decreasing flow velocity, whereas OH, which is dominant 

radical in the high-temperature oxidation zone, has the opposite behavior. These 

findings in the present rectangular channel are in good agreement with the previous 

computed results for a stoichiometry DME/air flame [31]. 
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Figure 2-1 (a) The schematic diagram of the micro flow reactor. (b) Photo of the 

reactor. 

 

 
Figure 2-2 Computed temperature profiles with different outside thickness of the 

reactor. 
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Figure 2-3 Illustration for cross section of the IR lamp heater [35]. 

 

 
Figure 2-4 IR lamp heater and peripheral devices. 
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Figure 2-5 Bubbling system. (a) Schematic diagram; (b) Photo. 

 

 
Figure 2-6 Saturated vapor pressure of n-heptane. Reproduced from [36]. 
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Figure 2-7 Saturated vapor pressure of acetone. Reproduced from [37]. 

 

 
Figure 2-8 Saturated HCHO vapor pressure of formalin (40% HCHO in water). 

Reproduced from [38]. 

 

 
Figure 2-9 Photo of the high-speed ICCD camera. 
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Figure 2-10 Experimental setup for PLIF measurement. 

 

 
Figure 2-11 Line connection for synchronization. 
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Figure 2-12 Principle of PLIF [39]. 

 

 
Figure 2-13 Photo of the wavelength meter. 

 

 
Figure 2-14 Temperature dependence of HCHO fluorescence (σi ~ T-0.25). 
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Figure 2-15 HCHO-LIF signal intensity versus laser energy for 6730 ppm HCHO 

concentration. 

 

 
Figure 2-16 HCHO-LIF signal intensity versus HCHO concentration at 40 mJ laser 

energy. 
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Figure 2-17 Scheme of the Optical unit. 

 

 
Figure 2-18 Illustration for cross section of the ICCD camera [46]. 
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Figure 2-19 The schematic diagram of the spectrometer [50]. 

 

 
Figure 2-20 HCHO emission spectrum (430 nm band-pass filter, FWHM: 20 nm). 
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Figure 2-21 Wall temperature distribution. 

 

 
Figure 2-22 Flame (OH chemiluminescence) images in the rectangular micro flow 

channel under different inlet flow velocity. (a) Normal flame and (b) FREI are taken 

by high-speed camera, (c) weak flame is taken by OH-PLIF.  
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Figure 2-23 Comparison of the flame responses to the flow velocity in the rectangular 

channel and the previous tube [32]. 

 

 
Figure 2-24 HCHO distribution in weak flame with different inlet flow velocities. (a) 

HCHO-PLIF images, (b) HCHO profiles along the centerline. 
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Figure 2-25 OH distribution in weak flame with different inlet flow velocities. (a) 

OH-PLIF images, (b) OH profiles along the centerline. 
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Chapter 3 Radical Quenching Effect on High-temperature 

Oxidation 
 

In previous studies [16][17][56][57], radical quenching model is used to describe 

the wall chemical effect on the methane/air normal flame. Active radicals as OH, H, 

O and CH3 are quenched by the wall surface, which causes the flame quenching. In 

this chapter, the radical quenching model is applied to both the DME/air weak flame 

and DME/air normal flame. Quartz, stainless and alumina are the three wall materials 

used in this study. In order to rule out the influence from the different fuel (methane 

and DME), the radical quenching effect on the DME weak flame is compared with 

that on the normal flame of the same DME fuel. 

 

3. 1. Preparation of Channel Inner Surface   
Quartz, stainless steel type 321 (Fe-Ni(9~13%)-Cr(17~19%)-Ti(>5×C%)) and 

alumina (Al2O3) have been used in the wall chemical effect investigation. Quartz is 

the bulk material of the micro reactor, while 150-nm thin film of SUS321 and alumina 

are alternatively deposited on the top or the bottom walls. Therefore, the wall thermal 

boundary condition is kept identical while varying the wall chemical boundary.  

SUS321 film is deposited by using a vacuum arc plasma deposition system (ARL-

300, ULVAC). The schematic of the arc discharge gun is shown in Figure 3-1 [58]. 

The trigger electrode is insulated from both the target rod (cathode) and the anode 

electrode, while capacitors are connected between the target rod and the anode 

electrode. After the chamber is vacuumed, the voltage applied between the trigger and 

the target rod induces an arc discharge on the surface of the target rod. Highly ionized 

metal plasma is generated between the target rod and the anode electrode, and 

deposits on the substrate. With this method, smooth and dense multilayer nm-order 

thin film can be formed. And the film thickness can be well controlled by the arc 

discharge pulse cycles [59]. The deposition of SUS321 is conducted at a voltage of 

100 V, a frequency of 2 Hz, and a capacitance of 1080 µF. A SUS321 film of ~150 

nm is formed after 3000 cycles.  

Alumina film is deposited by using the atomic layer deposition (ALD) system 

(Savannah S200, CambridgeNanoTech). The principle of ALD film formation is 
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illustrated in Figure 3-2. ALD uses sequential, self-limiting chemical processes to 

precisely grow defect-free film one atomic layer by one atomic layer [60]. For the 

alumina deposition in this study, tri-methyl aluminum (TMA) is adopted as the 

precursor, while water vapor is used as the oxidizer. The exposure time for the two 

precursors is 4 s, and the operating temperature is 300 ºC.  

As shown in Figure 3-3, the arithmetic mean surface roughness Ra measured by 

atomic force microscopy (AFM) for quartz, alumina and SUS321 surface are 0.6 nm, 

1 nm and 2 nm, respectively, which can be considered as smooth enough to neglect 

the effect of roughness. 

 

3. 2. Numerical Simulation 

3. 2. 1. Simulation Method 

Two-dimensional numerical simulation for the DME/air weak flame (φ = 0.85, Uin 

= 2 cm/s) has been conducted in FLUENT with detailed gas-phase and surface 

reaction mechanisms. Governing equations are mass continuity, Navier-Stokes, 

species conservation, energy and state equations.  

The second-order upwind difference scheme with the SIMPLE method is 

employed for the simulation of weak flame. The computational domain, shown in 

Figure 3-4, is 45-mm-long and 1.5-mm-wide, which has the same width of the present 

quartz channel, but the length has been reduced to cover only the whole reaction zone 

for reducing the computational cost. In the case of the two sidewalls having different 

surface materials in the experiment, different surface reaction mechanisms are applied 

to the two sidewall boundaries. A computation domain of full width is used in this 

case. The number of grids is 225 in the streamwise direction and 15 in the wall-

normal direction. Unequally-spaced grids are used in the wall-normal direction. The 

closest grid is 20 µm from the wall. Inlet velocity of the DME/air mixture is Uin = 2 

cm/s and the inlet gas temperature is the same as the wall temperature at that position. 

The top and bottom walls are modeled as non-slip wall boundaries with the same wall 

temperature profile as measured in the experiment. DME 2000 (79 species, 351 

reactions) [22] is adopted as gas-phase reaction mechanism for the DME/air. 
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3. 2. 2. Radical Quenching Mechanism 

The radical quenching mechanism [56], listed in Table 3-1, is used as the surface 

reaction mechanism, in which CH3, H, O and OH radicals are adsorbed on the wall 

surface and recombined to form stable gas-phase species (CH4, C2H6, H2, O2 and 

H2O). The pre-exponential of the surface recombination is estimated to be 3.7×1021 

cm2mol-1s-1 according to the transition state theory. It should be noted that the order of 

pre-exponential factor given in Ref. [56] is not correct. For a recombination reaction 

of two surface species (X and Y), the pre-exponential factor is given as 

A = kBT
hp

qT
qXqY

                                                   (3-1) 

where 
kBT
hp

 is in the order of 1013 s-1, and the partial function q for the surface species 

is in the order of 1020 moles/m2. As a result, the order of pre-exponential factor for a 

surface recombination reaction should be ~ 1021 cm2mol-1s-1. 

The adsorption rate is calculated by using the Langmuir-Hinshelwood mechanism 

with different initial sticking coefficients, S0, for different wall materials, which can 

be expressed as 

 
(3-2) 

where  is the total surface site, Xsurf is the empty surface site concentration, Cgas is 

the gas-phase specie concentration, R is the universal gas constant, T is the 

temperature and Wk is the molecular weight of the gas-phase species. It is found that 

the flame structure remains unchanged with varying the pre-exponential factors of 

surface recombination from 1019 to 1023 cm2mol-1s-1 in the simulation; therefore, the 

chemical quenching process in the flame is considered as adsorption-limited. As such, 

the initial sticking coefficient S0, which is crucial to determine overall surface reaction 

rate, is evaluated for each surface by matching the measured OH distribution profile 

and simulated profiles with different S0. 

 

Table 3-1 Radical quenching model [56]. 

Reaction 
Initial sticking coefficient (S0) 

or 

Rads = S0 •
1
Γtot

•
RT
2πWk

•Xsurf •Cgas

€ 

Γtot
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Pre-exponential factor (A, in unit: 

cm2/mol/s) 

OH + B(s) → OH(s) 0 ~ 1 

H + B(s) → H(s) 0 ~ 1 

O + B(s) → O(s) 0 ~ 1 

CH3 + B(s) → CH3(s) 0 ~ 1 

CH3(s) + H(s) → CH4 + B(s) 3.7×1021 

2CH3(s) → C2H6 + 2B(s) 3.7×1021 

2H(s) → H2 + 2B(s) 3.7×1021 

2O(s) → O2 + 2B(s) 3.7×1021 

H(s) + OH(s) → H2O + 2B(s) 3.7×1021 

2OH(s) → H2O + O(s) + B(s) 3.7×1021 

 

3. 2. 3. Simulated Weak Flame in an Inert Channel 

In this thesis, all the simulations without applying surface reactions will be referred 

as an inert one. Figure 3-5 shows the computed streamwise mole fraction profiles of 

major species and wall/gas-phase temperature profiles along the centerline of the 

computational domain for the DME weak flame (Uin = 2 cm/s, φ = 0.85). In this 

particular simulation, it is assumed that both the top and bottom walls are inert. Three 

vertical dash lines represent the positions of three heat release rate peaks in the cool 

flame, the blue flame (1st hot flame) and the hot flame (2nd hot flame), respectively. 

It was found that the species distributions qualitatively agree with one-dimensional 

simulation results of the weak flame in the circular tube [31]. Two-stage oxidation of 

DME is observed. The intermediate species play different roles at each-stage of the 

reaction. The mole fraction of both CH2O and H2O2 increases in the cool flame zone, 

reaches the peak and then gradually decreases in the 1st hot flame zone. The OH mole 

fraction profile has only one peak in the hot flame zone. The CO mole fraction profile 

has one peak at the 1st hot flame zone and a step-increase at the cool flame zone. The 

HO2 mole fraction profile has one peak at the cool flame zone, and the other at the 

blue flame zone. The CHO profile has three peaks in the three flame zones. 
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3. 3. Radical Quenching effect on OH Distribution 
In this chapter, only the OH wall normal distribution is discussed. Although in the 

later chapters, it is found that the OH streamwise distribution is also affected by the 

wall materials in the weak flame. But that is mainly due to the influence of surface 

reactions to the low-temperature oxidation which causes the delay of the hot flame. 

Since the change of wall temperature at the OH peak position is only 10 K after both 

sidewalls are coated with SUS321, and only one sidewall is coated in this chapter, the 

influence by changes in the streamwise direction will be omitted in this chapter. 

Addition to the weak flame, radical quenching effect on DME/air normal flame also 

will be discussed for the comparison. 

3. 3. 1. Radical Quenching Effect on OH in Weak Flame 

In order to compare the OH mole fraction obtained in the simulation and the OH-

PLIF intensity measured in the experiment, a normalized OH molar concentration, 

, is introduced in the present study. Because the OH-PLIF intensity is 

proportional to the OH molar concentration,  can be expressed as 

 
(3-3) 

where COH is the OH molar concentration, I is the OH-PLIF intensity, and subscript 

“max” denotes the maximum value.  

Figure 3-6 shows  distributions calculated from the OH-PLIF images of the 

2nd hot flame zone of the DME/air weak flame (Uin = 2 cm/s, φ = 0.85). Figures 3-6 

(a), (b) and (c) show results for the quartz-quartz channel, the SUS321-quartz channel 

and the alumina-quartz channel, respectively. Either SUS321 or alumina is 

alternatively deposited on the left-hand-side wall only. As shown in Figure 3-6 (a), 

 distribution for identical chemical boundary on both sidewalls (quartz-quartz 

channel case) is symmetric. On the other hand,  distribution in Figure 3-6 (b) of 

the SUS321-quartz channel case becomes obviously asymmetric. An obvious 

decrease in  can be observed near the SUS321 wall surface. Although it is not 

obvious in Figure 3-6 (c) of the alumina-quartz channel case, the exact value of  

COH
∗

COH
∗

COH
∗ = COH

COH ,max

= I
Imax

  

COH
∗

COH
∗

COH
∗

COH
∗

COH
∗
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plotted in Figure 3-7 has a slightly larger value near the alumina wall than near the 

quartz wall, indicating that the  distribution is actually slightly asymmetric.  

Figure 3-7 shows a comparison of  profiles in the wall-normal direction 

among the cases of quartz-quartz, SUS321-quartz and alumina-quartz channels. 

Profiles are plotted along the wall normal direction where  reaches its maxima in 

the streamwise direction. All the discussion below for the wall normal direction are 

given at the same position. It is shown that  near both walls are around 0.7 in the 

quartz-quartz channel case, and  near the alumina-coated wall is around 0.75 in 

the alumina-quartz channel case. In contrast, a sharp decrease of  to around 0.4 

near the SUS321-coated wall was observed in the SUS321-quartz channel. Since the 

laser sheet, the thermal boundary condition and the flow field are kept identical in 

these three channels, the aforementioned difference in  near different walls comes 

from different wall chemical effects.   near the wall decreases in the order from 

alumina, quartz to SUS321, which shows that SUS321 is the most active material for 

radical quenching among these three materials, and alumina is the most inert one.  

In current surface reaction model, S0 of all species (CH3, H, O and OH) in the 

surface adsorption reactions is given the same value. In Figure 3-7,  profiles for 

the DME weak flames predicted with different S0 are plotted together with the 

measured  profiles in quartz-quartz, SUS321-quartz and alumina-quartz channels. 

It is shown that the simulated  profile for S0 = 0.0015 has the best agreement with 

the measured data in the quartz-quartz channel. Thus, S0 for quartz surface in the 

weak flame is estimated as 0.0015. Since the right-hand-side wall is quartz in all the 

present experiments, S0 for the wall is kept at 0.0015 in the simulation. Only S0 for the 

left-hand-side wall is changed to see if it produces a best matching with the measured 

data in the alumina-quartz and SUS321-quartz channels. Following this procedure, S0 

for SUS321 and alumina is estimated as 0.006 and 0.001, respectively.  
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3. 3. 2. DME/air Normal Flame in Parallel Plates 

The estimated initial sticking coefficients for quartz and SUS321 from the 

DME/air weak flame are orders lower than that estimated from previous methane/air 

normal flame research [17]. In order to confirm the differences are not from the 

different fuel, experiments of the DME/air normal flame have also been conducted.  

The DME/air normal flame is formed in the same parallel wall channel as used in 

Saiki et al.’s experiments of methane/air normal flame [16][17], as shown in Figure 

3-8. The gap between the two parallel plates is 3 mm. The equivalence ratio for the 

DME/air normal flame is set as 0.7, since the DME has a lower ignition temperature 

than methane. If the same equivalence ratio (0.95 for Saiki et al.’s methane/air normal 

flame experiment) is used, the flame ignites in the porous burner.  

The DME/air normal flame is also simulated with Fluent. Same settings as used in 

Saiki et al. [16][17],, including the calculation domain (grid number: 128 × 32), the 

scheme (First-order upwind difference scheme with the SIMPLE method), the wall 

boundary condition (no-slip/isothermal boundary) and the outlet boundary condition 

are adopted. The inflow boundary condition is given an equivalence ratio of 0.7 and T 

= Tw, while the inlet flow velocity is calculated to give a constant mass flow rate for 

all different inlet temperatures. Same as the weak flame case, DME 2000 is adopted 

as the gas-phase reaction mechanism, while the radical quenching model is adopted as 

the surface reaction mechanism. 

 

3. 3. 3. Radical Quenching Effect on OH in Normal Flame 

Similarly, OH concentration is normalized in the case of the DME/air normal 

flame (φ = 0.7). The  distributions in the vicinity of the quartz and SUS321 

surfaces at Tw = 873, 1073 and 1173 K are shown in Figure 3-9. When Tw = 873 K, 

the wall chemical effect is suppressed due to the low gas-phase temperature in the 

vicinity of the surface. The OH generation rate near the wall is so low that the 

concentration is nearly 0 for both quartz and SUS321 surface. Therefore, no further 

OH concentration difference can be caused by different wall materials. However, 

when Tw ≥ 1073 K, wall chemical effect starts to play an important role. The  

over the SUS321 surface is lower than that over the quartz surface. 

COH
∗

COH
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An estimation of the initial sticking coefficient for quartz and SUS321 in the 

DME/air normal flame is given in Figure 3-10. Profiles are plotted along the wall 

normal direction where  reaches its maxima in the streamwise direction. When 

Tw = 873 K, simulated OH distributions are not altered with varying S0, and fit very 

well with the experimental data. When Tw ≥ 1073 K, the simulated near-wall OH 

concentration is decreased with increasing S0. For both Tw = 1073 and 1173 K, the 

simulated OH wall normal distributions of S0 = 0.01 and 0.1 fit very well with the 

measured distributions over the quartz and SUS321, respectively. Therefore, in the 

DME/air normal flame, the estimated initial sticking coefficients are 0.01 for quartz 

and 0.1 for SUS321, which are identical to the previous estimated values in the 

CH4/air normal flame [17], but orders higher than the estimated values in the DME/air 

weak flame. 

 

3. 4. Sensitivity Analysis 
One raised issue from the above discussion is that estimated S0 for SUS321 and 

quartz in the weak flame are much lower than that in the normal flame. This might be 

caused by assuming equal S0 for all four species (H, O, OH and CH3). In fact, S0 could 

have different value for different species. Therefore, it is necessary to identify which 

adsorption has more significant influence on the OH distribution in both normal and 

weak flames. The S0 setting in the simulation of the SUS321-quartz channel has been 

adopted as the standard setting in the sensitivity analysis. In each sensitivity test, the 

initial sticking coefficient for only one of the 4 species over the SUS321 surface (left 

sidewall) is tuned from 1 to 10-12 (10-12 has been considered as 0 in below) to examine 

the sensitivity of OH profile to S0 of that species.  

 

3. 4. 1. Influence of SA on OH Distribution  

In Figure 3-11, the absolute OH molar concentrations in weak flame with varying 

SOH, SH, SO and SCH3 separately are plotted in comparison with the result from the equal 

S0 model. In each subfigure, the red solid line is the absolute OH molar concentration 

for the simulation with the equal S0 model; the lines with marks are the results when 

the initial sticking coefficient for one of the four species is tuned to different values. It 

is shown that the OH concentration has the largest variation when the initial sticking 

COH
∗
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coefficient for OH has been tuned from 0 to 1; while no obvious change is observed 

when tuning the initial sticking coefficient for CH3. Noticeable OH concentration 

changes are observed when tuning the initial sticking coefficient for H and O atom. 

Figure 3-12 shows similar sensitivity analysis, but for the DME/air normal flame. The 

wall normal direction profiles discussed below are all plotted at the position where 

OH has its maximum concentration. In contrast to the weak flame case, turning the S0 

of H, instead of OH, gives the largest OH concentration variation in the methane 

normal flame. A slight variation of OH distribution is observed when turning the 

initial sticking coefficient for O from 0 to 1, but similarly as in the weak flame, no 

obvious change on OH distribution is observed when turning the initial sticking 

coefficient for CH3. 

 

3. 4. 2. Reactions Contributed to OH Concentration  

The sensitivity of gas-phase OH concentration to S0 of H and O depends on the H 

and O related OH gas-phase generation and destruction reactions. R1-5 listed in 

Figure 3-13 are identified as H and O related reactions that have the largest 

contributions to the OH generation/destruction for both weak and normal flames. 

Noticeable differences between reaction rates for SH or O = 0 and 1 are observed in 

Figure 3-13, especially for the SH case. It is interesting to note that tuning the initial 

sticking coefficient for H on the left sidewall (y=0) of weak flame also changes the 

reaction rate over the right sidewall (y=1.5mm). The black dash lines in Figure 3-13 

(a) and (c) show the OH net generation rate attributed to R1-4 for SH = 0 and 1, and 

the lines in Figure 3-13 (b) and (d) show the OH net generation rate attributed to R1-2 

& 5 for SO = 0 and 1. It is apparent from these data that close to the wall, due to the 

above O and H related reactions, a larger OH generation rate (or a smaller OH 

destruction rate) can be obtained for the SH or O = 0 than that for SH or O = 1. An 

integration of OH generation/destruction rate in the wall normal direction shows that, 

in the weak flame, the OH net destruction rate attributed to R1-4 is 16% slower for SH 

= 0 than that for SH = 1; and this destruction rate is reduced by 10% in the normal 

flame. In the weak flame, the reaction that contributes to most of the OH 

concentration change when tuning the SO is R5. Due to the surface destruction of O, 

the near-wall O concentration drops, leading to a decreased OH generation rate within 
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y = 0.4 mm. Similar phenomenon is observed in the normal flame as well within y = 

0.2 mm. 

 

3. 4. 3. Normalized Sensitivity Coefficient 

The normalized sensitivity coefficient of S0 in the present study is defined as 

follow: 

 

(3-4) 

where ‘A’ in the SA denotes H, O, OH or CH3; x is the value of the initial sticking 

coefficient (from 1 to 0); i is the index of mesh grids in the wall normal direction, 

while n is the total grid number; and  is given as follow: 

 

(3-5) 

Noted that i = 1 is corresponding to the grid on the SUS321 surface; i = n indicates 

that the grid is on the quartz surface. 

Figure 3-14 shows the normalized sensitivity coefficients of S0 for all 4 species in 

both normal and weak flames. Since the estimated initial sticking coefficients in 

normal and weak flames do not agree with each other when using the equal S0 model, 

a direct comparison of the normalized sensitivity coefficients between weak flame 

and normal flame is not meaningful. However, different trends of the normalized 

sensitivity coefficient with varying S0 implies different processes governing wall 

chemical effects on these two types of flame. 

Since the initial sticking coefficients for SUS321 has been estimated as 0.006 for 

the equal S0 Model in the weak flame, the sensitivity coefficients for SOH, H, O or CH3 = 

0.006 should be zero. In the weak flame, normalized sensitivities are nearly the same 

for all 4 species. Tuning the SOH, H, or O from 1 to 0.1 only decreases the sensitivity 

coefficient by 11.9%, 10.7% and 12.6%, respectively. When the S0 equal to 1 or 0.1, 

the surface site coverage is in the order of 10-5, which means that the surface reaction 

is still under the adsorption control. Therefore, the reason for small sensitivities is the 
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low near-wall gas-phase species concentration. On the other hand, when tuning the 

SOH, H, or O from 0.1 to 0.01 (similarly from 0.01 to 0.001), the amplitude of decrease 

climbs up to 74.7%, 72.8% and 75.9%, respectively. When further tuning the SOH, H, or 

O from 0.001 to 0.0001, the sensitivity coefficient is decreased by 30.8% and 32.2% 

and 28.8%, respectively, even though their plots in Figure 3-11 are already very close 

to each other. Tuning the SOH, H, or O from 0.0001 to 10-12 only leads to a decrease of 

less than 3% in each sensitivity coefficient, which indicates that, when the S0 is lower 

than 0.0001, the adsorption of the certain species is too slow to exert any significant 

impact on its gas-phase concentration. 

Since the initial sticking coefficients for SUS321 has been estimated as 0.1 for the 

equal S0 Model in the normal flame, the sensitivity coefficients for SOH, H, O or CH3 = 0.1 

are all zero. Similar as in the weak flame, normalized sensitivities are almost the same 

for S0 equal to 0.0001 and 0. The sensitivity increments for tuning the SOH, O or CH3 

from 0.0001 to 0.001 are less than 6%, and 9% for the SH. Therefore, when S0 is lower 

than 0.001, the adsorption of the certain species is not likely to have large impact on 

the normal flame. The limit value of S0 is one order higher than that in the weak 

flame, which could be due to the faster gas-phase reaction rate in the normal flame. 

The surface reactions need to be fast enough to compete with the gas-phase reaction 

in order to cause the impact. 

The most striking result from these data is that, as mentioned before, the 

adsorption of species, which the OH concentration is more sensitive to, are not the 

same for the weak flame and normal flame. In the weak flame, OH concentration is 

most sensitive to the adsorption of OH. The normalized sensitivity coefficient of SH 

are only half of that of SOH, but approximately double of that of SO, while the 

normalized sensitivity coefficients of SCH3 are always less than 0.1. It indicates that, 

the surface destructions of H and O do have unneglectable impact on the OH 

concentration, because both H and O atom are the reactants for the OH formation; but 

the direct adsorption of OH exerts the largest influence. However, in the normal 

flame, OH concentration is much more sensitive to the adsorption of H than that of 

OH. The absolute value of normalized sensitivity coefficient of SH is 1.5 times higher 

than that of SOH, when the initial sticking coefficient is set as 0. Unlike that in the 

weak flame, the OH concentration is not very sensitive to the adsorption of O; the 

sensitivity coefficient is only around 25% of that of SOH. The sensitivity coefficient of 

SCH3 remains an extremely low value in the normal flame. 



Radical Quenching Effect on High-temperature Oxidation 

 58 

 

3. 4. 4. Radical Diffusion 

The fact that the OH distribution is most sensitive to SOH in the weak flame, but in 

the normal flame most sensitive to the SH is attribute to the difference in mass 

diffusion in the wall normal direction. Figure 3-15 shows the molar flux of OH, H and 

O in the wall normal direction for both weak and normal flames with the equal S0 

model. Generally speaking, the mass diffusion in wall normal direction is much faster 

in the normal flame than that in the weak flame. In the weak flame, OH and H have 

similar molar flux, e.g. at y = 0.1 mm the molar flux of OH and H towards wall 

surface are 4.1×10-4 and 4.6×10-4 mol/(m3s). However, in the normal flame, the molar 

flux of H becomes much larger than that of OH, e.g. at y = 0.1 mm the H molar flux 

to wall is 0.06 mol/(m3s), over 2 times of that of OH. It has to be noted that the gas-

phase reactions happen in the whole channel, on the other hand, the surface reactions 

only happen on the wall, which means that the change of gas-phase species 

distribution with different wall surfaces are the result of both the reaction kinetic and 

mass diffusion. When the mass diffusions of OH and H are in the same level, such as 

in the weak flame, the direct adsorption of OH has greater impact on the wall normal 

OH distribution. However, in the normal flame, since the mass diffusion of H is much 

faster than OH, varying the H adsorption rate leads to a greater H concentration 

change than the OH adsorption does to OH. Moreover, the subsequent OH 

concentration change caused by the H concentration change is still larger than that of 

the direct OH adsorption on surface. Therefore, OH concentration is more sensitive to 

the adsorption of H than OH. 

This study was limited by the absence of experimental data for species as H and O. 

Obtaining different S0 for OH, H and O cannot be achieved from only the OH 

measurement data. Notwithstanding these limitations, this study suggests that the 

adsorption of OH, H and O all have contributions to the OH distribution in the gas-

phase, and the species that has the greatest impact can be different for different 

flames. This could be the reason for the different estimated S0 in the weak flame and 

normal flame when using the equal S0 model. Further experimental data for the H and 

O distribution is needed to estimate the S0 for each species separately. 
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3. 5. Summary 
The radical quenching effect of alumina, quartz and SUS321 wall surfaces on the 

DME/air weak flame in a rectangular micro channel with a streamwise temperature 

gradient has been investigated through OH-PLIF measurements and numerical 

simulations.  

It is found that the normalized OH molar concentration increases in the order of 

SUS321 surface, quartz surface, alumina surface, which indicates that surface activity 

for radical quenching decreases in the order of SUS321, quartz and alumina. This 

result is same as that found in the normal flame. The initial sticking coefficient, S0, in 

the radical quenching model is estimated for alumina, quartz and SUS321 as 0.001, 

0.0015 and 0.006, respectively, by matching the experimental data and the simulated 

results. The estimated S0 for quartz and SUS321 in the weak flame are much lower 

than the value of 0.01 for quartz and 0.1 for SUS321 in previous methane/air normal 

flame studies.  

Concerning the cause of different S0 in the DME weak flame and methane normal 

flame, the influence of fuel has been ruled out after finding out that S0 estimated in the 

DME normal flame and methane normal flame are the same. This indicates that the 

different S0 in the DME weak flame and methane (or DME) normal flame is caused 

by the difference in two types of flames. A sensitivity analysis has been conducted for 

both the weak flame and the normal flame, by varying the initial sticking coefficient 

of one of the H, O, OH and CH3 radicals from 0 to 1. It is shown that the OH 

concentration is most sensitive to the adsorption of OH in the weak flame, and has 

noticeable sensitivity to the adsorption of H and O. On the other hand, in the normal 

flame, the OH concentration is more sensitive to the adsorption of H than the 

adsorption of OH. The adsorption of H causes the decrease of the OH concentration 

through reducing the OH generation rate from the gas-phase. A comparison of the 

diffusion rate in wall normal direction shows that the diffusion of H is much faster 

than that of OH in the normal flame, but they are the same level in the weak flame. 

Since the radical diffusion in wall normal direction limits the destruction rate over the 

surface, the near-wall OH concentration in the normal flame is more sensitive to H 

adsorption.  

The initial sticking coefficients for all radicals have been assumed equal for a 

certain surface material in the current radical quenching model, which is not 
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necessarily true. The different S0 estimated in the weak and normal flame might be a 

result of this assumption. Direct measurement of other species such as H and O is 

necessary in order to improve the radical quenching model by introducing different S0 

for each species. 
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Figure 3-1 (a) Schematic diagram of arc plasma deposition system. (b) Conceptual 

diagram of the arc deposition source [58].  

 

 
Figure 3-2 Principle of atomic layer deposition using self-limiting surface chemistry 

and binary reaction sequence. 
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Figure 3-3 Surface roughness distributions taken by atomic force microscopy (AFM). 

(a) Bulk material - quartz, (b) ALD - alumina, (c) APD – SUS321.  

 

 
Figure 3-4 Mesh in 2D simulation of the weak flame. 
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Figure 3-5 Computed streamwise mole fraction profiles of major species and 

wall/gas-phase temperature profiles for a DME/air weak flame (Uin = 2 cm/s, φ = 

0.85). Vertical dash lines are drawn at heat released rate peaks. 

 

 
Figure 3-6 Normalized OH molar concentration distributions for DME/air weak 

flames. (a) Quartz-quartz channel, (b) alumina-quartz channel and (c) SUS321-quartz 

channel. Alumina and SUS321 are on the left sidewall. 
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Figure 3-7 Wall-normal distribution profiles of normalized OH molar concentration 

for DME/air weak flames in quartz-quartz, SUS321-quartz and alumina-quartz 

channels. Simulated distributions with different initial sticking coefficient S0 are also 

shown here. 

 

 
Figure 3-8 Experimental setup for a normal flame in 3 mm channels: (a) microscopic 

OH-PLIF setup, (b) dimension of quartz plate, and (c) photos of test quartz plates 

with/without surface coatings. [17] 
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Figure 3-9 Normalized OH molar concentration distributions for DME/air normal 

flames (φ = 0.7) in the 3 mm channel. (a) quartz at Tw = 873 K, (b) SUS321 at Tw = 

873 K, (c) quartz at Tw = 1073 K, (d) SUS321 at Tw = 1073 K, (e) quartz at Tw = 1173 

K, (f) SUS321 at Tw = 1173 K. 

 

 
Figure 3-10 Wall-normal distribution profiles of normalized OH molar concentration 

in DME/air normal flames over quartz and SUS321 surfaces at (a) Tw = 873K, (b) Tw 

= 1073K and (c) Tw = 1173K. Simulated distributions with different initial sticking 

coefficient S0 are also shown here. 
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Figure 3-11 Simulated wall-normal distribution profiles of absolute OH molar 

concentration in the weak flame with the equal S0 model and the SA-tuned model. (a) 

SOH, (b) SH, (c) SO, (d) SCH3 at y=0 are tuned from 0 to 1. 
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Figure 3-12 Simulated wall-normal distribution profiles of absolute OH molar 

concentration in the normal flame with the equal S0 model and the SA-tuned model. 

(a) SOH, (b) SH, (c) SO, (d) SCH3 at y=0 are tuned from 0 to 1. 

 



Radical Quenching Effect on High-temperature Oxidation 

 68 

 
Figure 3-13 Reaction rates of major contributing reactions to OH. SH or O are tuned 

from 0 to 1. (a, b) Weak flame; (c, d) Normal flame. 

 

 
Figure 3-14 Sensitivity of absolute OH molar concentration to initial sticking 

coefficient of OH, H, O and CH3. (a) Weak flame; (b) Normal flame. 
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Figure 3-15 Chemical molar flux towards the wall surface. (a) Weak flame; (b) 

Normal flame. 
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Chapter 4 Wall Chemical Effect on Cool Flame 
 

In this chapter, the effect of wall surface material on streamwise distribution of 

species in the DME/air weak flame (ϕ = 0.85, Uin = 1.5 cm/s) has been investigated. 

DME, CO and CO2 concentrations were measured with gas chromatography, while 

OH and HCHO concentrations were measured with the PLIF system. 

It was shown in Chap. 3 that the near-wall OH concentration over quartz is only 

slightly lower than that over alumina (considered as inert material for radical 

quenching), resulting in an estimated S0 for quartz in the weak flame as low as 

0.0015. Since the streamwise distribution of species is unlikely to be affected by such 

low S0, quartz was treated as an inert material in this chapter. In previous studies of 

the methane/air normal flame [17][18], it was found that besides SUS321 and 

Inconel600, SiC has a relatively large radical quenching effect. As such, SUS321, 

Inconel600 and SiC are chosen for the study of wall chemical effect on weak flame in 

this chapter. To further understand individual roles of the composition in these alloys 

on the species distribution in the weak flame. The three main metal elements in 

SUS321 and Inconel600, i.e. pure metals of iron, nickel and chromium, are also 

studied.  

 

4. 1. Gas Chromatography Analysis 
Figure 4-1 shows an overall schematic for the gas chromatography analysis. 

Syringes are used to sample the gas out from the flame. The gas sample is analyzed in 

the gas chromatography system with either the mass spectrometry (MS) or the 

thermal conductivity detector (TCD). Since this is not an in-situ measurement, only 

the stable molecules in room temperature and atmosphere were measured in this 

study. 

 

4. 1. 1. Gas Sampling 

The reactor is made disassemblable, and a replaceable sidewall with gas sampling 

holes is designed for the GC measurement, as shown in Figure 4-2. Seven φ0.6 mm 

holes are opened along the centerline of the sidewall. The space between two adjacent 

holes is 5 mm, and the last hole at the downstream side is located at the position 
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corresponding to the highest wall temperature point. The holes are sealed with quartz 

plugs to prevent leakage when not in use. 

A syringe pump (YSP-201, YMC) with a gastight syringe is used for sampling the 

gas from the flame, as shown in Figure 4-3. A quartz needle with inner diameter of 

0.2 mm, outer diameter of 0.55 mm and length of 70 mm is insert into the sampling 

hole. With the syringe pump, a constant sampling rate as low as 20 µL/min is 

controlled. 60 µL gas is sampled in 3 minutes using a 100-µL-volume micro syringe 

(HAMILTON 1710) for the GC-MS measurement; 120 µL gas is sampled in 6 

minutes using a 250-µL-volume micro syringe (HAMILTON 1725) for the GC-TCD 

measurement. A syringe valve is placed between the syringe and the needle, which is 

closed immediately after sampling to prevent ambient air coming inside. The quartz 

needle is then replaced by a stainless needle (inner diameter: 0.18 mm, outer 

diameter: 0.52 mm, length: 50 mm) for the injection of the gas sample to the GC 

machine. Before the injection, the first 20 ~ 30 µL of gas sample is thrown away to 

push out the air in the stainless needle. Therefore, the injected volume of the gas 

sample are ~ 20 µL for GC-MS and ~ 100 µL for GC-TCD. After each measurement, 

the syringe and the needle are vacuum cleaned by a vacuum pump. 

 

4. 1. 2. Gas Chromatography 

Chromatography is a technique to separate the components in a mixture according 

to their sorption characteristics between two different phases: a liquid or solid 

stationary with a large surface and the carrier gas as the moving phase. There are 

three typical chromatographic development techniques: frontal analysis, displacement 

development and elution development. In the gas chromatography, elution 

development is employed. The rates of different components traveling through the 

column are determined by their retention on the solid packing. When the sorption rate 

of each component is largely different, or the column is sufficiently long, all the 

components can be fully separated from others. As a result, in the chromatogram, 

each peak marks a certain component, and the peak area stands for its amount. 

Moreover, when the moving phase flow rate and the column temperature program 

stay same among different trials, the position of the peak maximum on the abscissa 

also remains same for a certain component. 
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A 30 m-long Rtx-624Sil MS (fused silica) column is used for separating DME and 

Kr in this study. The inner diameter of the capillary column is 0.25 mm, and a 1.4 

µm-thick mid-polarity CrossbondTM silarylene phase film is coated over the inner 

surface. The maximum operating temperature can reach 300-320 ºC. CO, CO2 and Kr 

are separated with a Micropacked ST column. It is a molecular sieve packed column 

with ShinCarbon-ST as a packing material. The mesh size is 80-100, and the column 

is 2 m long with a 1 mm-inner diameter.  

 

4. 1. 3. Mass Spectrometry 

The schematic diagram of a mass spectrometry is illustrated in Figure 4-4 [61]. 

The gas sample traveled through the GC column is introduced to the electron 

ionization (EI) source via a transfer line, and then ionized to producing molecular 

and/or fragment ions. The ion beam will be focused by lenses and then introduced to 

the quadrupole mass analyzer. The mass analyzer can separate the ions according to 

their mass-to-charge (m/z) ratio. With a repeatedly scan from the mass analyzer, the 

ion detector can record the mass spectrum of the analytes. 

The quadrupole mass analyzer consists four parallel cylinder rods oriented in a 

square arrangement as shown in Figure 4-4. Each pair of opposite rods is connected to 

each other. An electrical voltage consist DC voltage U and AC voltage Vcos(ωt) is 

applied between the two pairs. Therefore, the motions of an ion with mass m and 

charge q can be described by the following equations in a Cartesian coordinate [62]: 

 (4-1) 

 (4-2) 

 (4-3) 

where r0 is half of the minimum distance between the two opposite electrodes. As 

such, with certain radiofrequency (RF) of the AC portion and direct-current (DC) 

potential, only ion with a specific m/z can have the stable trajectory and transmit 

through to the detector, while other ions will strike to the electrodes and be 

neutralized.   
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The ions traveled through the mass analyzer go to an electron multiplier detector to 

be fast converted to recordable signals. In the detector, the ion collided with the 

dynode generates multiple secondary electrons. After a series of collision, an 

avalanche of electrons produces from a single ion. As a result, a multiplication of the 

primary ion beam for a currant gain of about 105 can be reached.   

Two scan modes can be performed with the mass spectrometry: full-mass-range 

scanning, in which the all m/z value in the setting range is scanned to get the total-ion 

current (TIC) chromatogram; and selected-ion monitoring (SIM), in which the mass 

analyzer is set to sample the selected m/z values. The full scanning is used to identify 

the species; while the SIM mode is used for quantitative measurement since the 

sensitivity is enhanced due to the less sampling time on the undesired masses. Figure 

4-5 (a) shows signal profile gathered from the weak flame with the full-mass-range 

scanning (m/z = 10 ~ 90), 2 peaks can be observed. The mass spectrum of each peak 

is given in Figure 4-5 (b-c). The similarity of each detected mass spectrum comparing 

to the data base is 96% for DME and 97% for Kr. When the SIM mode is used, 

spectrum 15, 29, 45 and 46 are selected for DME, and 82, 83, 84 and 86 are selected 

for Kr in this study. 

 

4. 1. 4. Thermal Conductivity Detector 

The operating principle of the thermal conductivity detector (TCD) is illustrated in 

Figure 4-6. It is a bridge circuit with four TCD cells. When the sample flow through 

the detector, the voltage difference caused by the thermal conductivity changes is 

detected after amplification. [61] 

The heat flow Q from the wire filament to the TCD cell surface can be given as: 

 (4-4) 

where G is a geometry factor, k is the thermal conductivity, T1 and T2 are the 

temperature for the filament and the cell surface respectively. In the meanwhile, the 

heat flow is provided by the applied electrical current on the wire filament, therefore, 

it can be also given by 

 (4-5) 

Q =G(T1 −T2 )k

Q =
I 2Rf

J
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where J is Joule’s constant, I is the applied electrical current on the filament, and Rf is 

the resistance of the filament. The wire filament should have a resistance that is 

temperature-dependent 

 (4-6) 

where a is the temperature coefficient, and  is the resistance at a standard 

temperature. 

Considering the heat balance in the TCD cells with the sample contained gas 

mixture (SR) and reference flow (R) respectively, it yields 

 (4-7) 

 (4-8) 

Subtracting Equation 4-8 from Equation 4-7 eliminates T2: 

 (4-9) 

Subtracting Equation 4-6 into Equation 4-9 to replace T1,SR and T1,R gives the relation 

as follow: 

 (4-10) 

where ΔR equals to Rf,SR - Rf,R.  

The thermal conductivity of the sample contained gas mixtures can be calculated 

from the thermal conductivity of the sample gas (S) and the reference gas (R) [63] 

 
(4-11) 

where C1 and C2 are constants depending on the specific collision dynamics of sample 

and reference gas molecules, and nS and nR are the molecule number of the sample gas 

and reference gas in the TCD cells respectively. Since nS << nR and ΔR << Rf,R, the 

linear approximation for ΔR vs. kSR can be given as: 

 (4-12) 
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 (4-13) 

where U is the applied voltage on the circuit. 

In this study, the filament current is set to be 90 mA, the cell temperature is 80 ºC, 

and He acts as both reference flow and the carrier gas. 

 

4. 1. 5. Concentration Calibration  

A precise control of the injection volume is difficult with the manual sampling 

method. Also the entrainment of ambient air into the syringe cannot be fully 

eliminated. Therefore, the internal standard method is adopted for calibrating the 

species concentration. Another inert gas with a known concentration is added into the 

gas sample as the internal standard. The relation between concentrations of the 

internal standard and the target species can be expressed as 

, (4-14) 

where A is the peak area of the MS/TCD signal, C is the concentration and F is the 

response factor. Subscript “IS” and “X” stand for the internal standard and the target 

species, respectively. Prior to the above procedure, a standard gas (st) of the target 

species with a known concentration is mixed with the same internal standard gas in 

the same ratio, and their GC-MS/TCD signals are measured. Similarly, the relation 

between concentrations of the internal standard and the standard gas can be expressed 

as 

. (4-15) 

Subtracting Equation 4-14 into Equation 4-15, the concentration of target species in 

the gas sample can be obtained as 

. (4-16) 

3.2 % of Kr is introduced into the gas sample as the internal standard in this study. 

The concentration is controlled by manipulating the flow rates of Kr and gases to be 

mixed via the mass flow controllers.  

Figure 4-8 compares the measurement results with/without using the internal 

standard. A 4% DME standard gas was measured 7 times. The red dots show the peak 
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area of the DME for each measurement. Without the internal standard, the uncertainty 

in these 7 measurements is 4.49%. The black triangles show the peak area ratio 

between the DME and the Kr. It is shown that the uncertainty of these 7 

measurements has been reduced to 0.685% by using the internal standard. 

To obtain the absolute concentration, a standard gas of 4% CO in He is used for 

the calibration of the CO measurement, while DME is calibrated using the DME/air 

mixture with a controlled concentration. 

 

4. 1. 6. Influence of Sampling Speed 

As described before, a sampling speed of 20 µL/min is used in this study, which is 

less than 0.3% of the main flow. To confirm that the weak flame is not disturbed by 

such a low sampling speed, species distributions in the quartz channel at different 

sampling speeds are measured and compared. Sampling speeds of 5 and 20 µL/min 

are tested in the GC-MS measurement. For the TCD measurement, limited by the 

measurement time, a sampling speed of 10 µL/min is compared with 20 µL/min. As 

shown in Figure 4-9, no obvious difference is observed in the species distribution 

when the sampling speed is changed. These results suggest that a sampling speed of 

20 µL/min is low enough to prevent any disturbance to the weak flame. 

 

4. 2. Surface Preparation 
Quartz, SiC, SUS321, Inconel600, iron, nickel, chromium are chosen as wall 

surface materials in the investigation of the wall chemical effect on the streamwise 

species distributions in the weak flame. Quartz is the bulk wall material of the reactor. 

Thin films of alloys and metals are alternatively coated using the APD machine, as 

described in Section 3. 1. SiC is deposited using a sputtering system (Canon-Anelva, 

E-200S).  

Sputtering is one of the physical vapor deposition (PVD) methods, which uses the 

plasma to erode the target and then neutral particles are ejected from the target to the 

substrate [64]. Unlike the arc plasma deposition (APD) that accepts metal target only, 

with a radio-frequency (RF) energy source, the target used in sputtering can be 

electrical insulating or semi-insulating materials such as the SiC [65]. A schematic 

diagram of the RF magnetron sputtering system is illustrated in Figure 4-10 [66]. The 
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magnets behind the cathode are used to trap the free electrons. When the argon atom 

enters the magnetic field and approach to the free electron, the outer shell electron of 

Ar is driven off, generating an Ar+. The positively charged Ar+ is accelerated by the 

electrical field to the cathode, which is the target material, and blasts the target 

surface to produce neutral particles ejecting to the substrate. In the meanwhile, free 

electron goes back to the argon, making it neutral again.  

The deposition of SiC is operated at a chamber pressure of 1 Pa, and the power is 

set as 250 W. Thin film of ~ 150 nm is deposited in 30 min. As shown in Figure 4-11, 

the arithmetic mean surface roughness, Ra, measured by AFM is 1.7 nm, which is 

considered as a surface smooth enough to neglect the effect of roughness on the 

reaction.. 

 

4. 3. Influence of Wall Materials on DME, CO and CO2 distributions 

4. 3. 1. Quartz, SiC, SUS321 and Inconel600 

DME, CO and CO2 mole fractions measured by the GC are shown in Figure 4-12. 

The DME and CO mole fractions are calibrated, but not for the CO2 mole fraction, 

thus the ratio between the peak area of CO2 and Kr is directly used as a measure of 

the CO2 mole fraction. At each position, three times of measurements are conducted, 

as shown by the marks in Figure 4-12. The lines are the average values. Due to the 

characteristics of the separation column, the required measurement time of CO and 

CO2 are much longer than that of DME. Due to the high concentration of Ni, the 

Inconel600 film coating cannot survive at the high temperature as the SUS321 one 

does. Therefore, the CO and CO2 mole fractions in experiments of the Inconel600-

coated channel are only available till x = 30 mm (1020 K). 

It is shown that the consumption of DME starts at x = 15 mm (625 K) for all the 

quartz, SiC- and alloy-coated channels, and the DME concentration decreases to ~ 4% 

at x = 20 mm (720 K). The decreasing rate slows down in the quartz and the SiC-

coated channels in between x = 20 and 25 mm (720 ~ 860 K), since the reaction enter 

into the NTC region. Instead of the decreasing in quartz and SiC-coated channels, the 

DME mole fraction at x = 25 mm (860 K) in alloy-coated channels remains the same 

level as that at x = 20 mm. The difference in the average value of measured DME 

between x = 20 mm and x = 25 mm are within 0.17% in both SUS321- and 
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Inconel600-coated channels. At x = 30 mm (1020 K), the DME mole fraction is 

almost zero in the quartz and the SiC-coated channels, but still remains a relatively 

high mole fraction of ~1.5% in the Inconel600-coated channel and ~2.2 % in the 

SUS321-coated channel. For all wall surface materials, DME vanishes after x = 35 

mm (1150 K).  

The CO mole fraction in the quartz and SiC-coated channels starts to increase at x 

= 15 mm (625 K), has the largest concentration at x = 30 mm (1030 K), and vanishes 

before x = 40 mm (1190 K). On the other hand, in the SUS321-coated channel, the 

increase of CO from x = 15 mm to x = 20 mm (720 K) is less than that in the quartz 

and SiC-coated channels. CO has the largest concentration at x = 35 mm (1150 K), 

and still remains a relatively high concentration at x = 40 mm (1179 K). Although the 

data for the Inconel600-coated channel is only available till x = 30 mm (1020 K), both 

the peak value and position of the CO mole fraction are in between these over the 

nonmetallic surfaces and the SUS321 surface.  

As for the CO2, the CO2 mole fraction starts to increase after x = 20 mm (720 K) in 

both quartz and SiC-coated channel, but not until x = 25 mm (860 K) in the SUS321-

coated channel. The CO2 mole fraction distribution in the Inconel600-coated channel 

before x = 30 mm (1020 K) is almost the same as that of SUS321. 

 

4. 3. 2. Iron, Nickel and Chromium 

Iron and nickel film coatings are easier to be removed by the high temperature of 

the flame, if compared with SUS321 and Inconel. The film is quickly removed 

beyond x = 30 mm (1020 K). Since CO and CO2 have relatively high concentration 

only after x = 30 mm (1020 K) and the required measurement time for CO and CO2 is 

5 times longer than that for DME, measurements of CO and CO2 are omitted, and 

only DME mole fraction is measured in pure metal-coated channels. 

Figure 4-13 (a) shows the measured DME mole fraction in the pure metal-coated 

channels. Three times of measurements are conducted at each position, as shown by 

the marks. The lines are the average values of the three times of measurements. For 

all channels, DME mole fraction at x = 10 mm (530 K) remains the same as that at the 

inlet. But earlier consumption of DME is observed in the Ni-coated channel than 

others. The consumption of DME at x = 15 mm (625 K) in the Fe- and Cr-coated 

channel is less than 7%. On the other hand, in the Ni-coated channel, 19% of DME is 



Wall Chemical Effect on Cool Flame 

 79 

already consumed till x = 15 mm (625 K). An obvious increase in DME mole fraction 

is observed in the Ni- and Fe-coated channels from x = 20 mm (720 K) to x = 25 mm 

(860 K). In order to clarify that this increase is not due to the uncertainty in these 

measurements, three additional measurements are conducted at each position. All 

measured results for x = 20 mm and 25 mm in the Ni- and Fe-coated channel are 

listed in Table 4-1. The mole fraction measured at x = 25 mm is always higher than 

that at x = 20 mm for both channels, and the increments are one order higher than the 

uncertainties, which implies that DME is regenerated from x = 20 mm to 25 mm. 

 

Table 4-1 DME mole fraction. 

 Fe, x = 20 mm Fe, x = 25 mm Ni, x = 20 mm Ni, x = 25 mm 

1 0.03575 0.04193 0.03593 0.04257 
2 0.03567 0.04134 0.03736 0.04138 
3 0.03553 0.04258 0.03764 0.04315 
4 0.03570 0.04291 0.03821 0.04123 
5 0.03530 0.04214 0.03750 0.04173 
6 0.03498 0.04196 0.03722 0.04134 

Avg. 0.03549±0.00030 0.04214±0.00055 0.03731±0.00076 0.04190±0.00078 
 

Figure 4-13 (b) compares measured DME mole fractions in the quartz, alloy- and 

pure metal-coated channels. Note that SUS321consists of 9~13% Ni, 17~19% Cr and 

~ 70% Fe, while Inconel600 consists of 6~10% Fe, 14~17% Cr and over 72% Ni. 

Comparing with SUS321-coated channel, the DME mole fraction at x = 15 mm (625 

K) in the Inconel-coated channel is slightly lower, which could be attributed to the 

high concentration of Ni. Among Fe, Ni and Cr, an obvious DME consumption at x = 

15 mm is only observed in the Ni-coated channel. The DME regeneration in the alloy-

coated channels from x = 20 mm (720 K) to x = 25 mm (860 K) is not as obvious as 

that in the Fe- and Ni-coated channels, which is probably caused by the Cr in the 

alloys. For the three pure metal-coated channels, only the Cr-coated channel has a 

decrease in the DME mole fraction from x = 20 mm (720 K) to x = 25 mm (860 K). 

At x = 30 mm (1020 K), among the three pure metal-coated channels, the Fe-coated 

channel has the highest DME mole fraction, which is also same as that found in the 

SUS321-coated channel. This could explain the higher DME mole fraction in the 
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SUS321-coated channel than the Inconel600-coated channel, because the iron 

concentration in SUS321 is higher than Inconel600. It should be noted that part of the 

metal films are probably oxidized already when wall temperature is raised. Without 

detailed examination of the surface before/after the combustion test, it is hard to tell 

whether Ni and Cr are oxidized or not because both nickel oxide and chromium oxide 

have no obvious color difference from the pure metal, but it is confirmed that Fe is 

oxidized partially at least. The color of the coated Fe film turns to red quickly when 

the wall temperate is high, as shown in Figure 4-14 (a), which indicates that the iron 

is oxidized into iron(III) oxide. Figure 4-14 (b) shows the coated Fe film after the test. 

After x = 17 mm, the iron film has already been oxidized. Therefore, the regeneration 

of DME could be the effect of either the metal or the metal oxide, or both. According 

to these data, it is conjectured that the roles of Fe, Ni and Cr in the alloys are as 

follows: Nickel is likely to cause an early consumption of DME below 625 K. Both 

Fe and Ni coatings contribute to the regeneration of DME, but the Fe coating is more 

active in generating DME, especially at high temperature. Although the surface 

compositions are not examined yet, it seems that metal oxides are formed. Thus, the 

influence of metal or alloy coatings on the weak flame could be caused by not only 

metals but also their metal oxides.  

 

4. 4. Influence of Wall Materials on HCHO and OH distribution  
Despite the fact that, as found in the methane/air normal flame experiments, SiC 

has a radical quenching effect that is larger than quartz and alumina, but smaller than 

SUS321 and Inconel600, streamwise species distributions in the quartz channel are 

only changed by SUS321 and Inconel600 coatings, but not the SiC coating. The 

change is more obvious in the SUS321-coated channel than the Inconel600-coated 

channel. Thus, the quartz and SUS321-coated channels are chosen for further 

investigation through HCHO-PLIF and OH-PLIF measurements. Measured 2-D OH 

and HCHO molar concentration of the DME/air weak flame (Uin = 1.5 cm/s, φ = 0.85) 

in the quartz and SUS321-coated channels are shown in Figure 4-15. 

HCHO molar concentration along the centerline is plotted in Figure 4-16. In the 

quartz channel, HCHO has a maximum concentration of ~1.45×10-4 kmol/m3 at x = 

20 mm (730 K), then decreases rapidly, and vanishes completely before x = 34 mm 

(1130 K). On the other hand, in the SUS321-coated channel, although the HCHO 
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concentration peak value is less than 60% of that in the quartz channel, the HCHO 

extends to the higher temperature region, and remains in a relatively high 

concentration till x = 33 mm (1110 K). Even at x = 38 mm (1170 K), somehow 

HCHO still remains. To confirm the fluorescence signal beyond x = 33 mm is from 

HCHO but not other species such as the PAH, the emission spectrum of the weak 

flame at x = 35 mm in the SUS321-coated channel is compared with that of the 

HCHO/H2O/N2 mixture. As shown in Figure 4-17, the two spectrums agree very well, 

indicating that the signal does come from the HCHO. This extended HCHO zone is 

probably caused by the remained DME beyond x = 30 mm. 

Figure 4-18 shows the OH distribution along the channel centerline. The OH peak 

position is located at x = 36 mm (1160 K) in the quartz channel, but at x = 40 mm 

(1170 K) in the SUS321-coated channel. The OH peak shifts more downstream in the 

SUS321-coated channel than the quartz channel, which indicates that the hot flame 

ignition is delayed. The maximum OH intensity is higher in the SUS321-coatd 

channel, but the decreasing rate after the peak is larger than that in the quartz channel.  

 

4. 5. Summary 
Streamwise distributions of DME, CO and CO2 in the weak flame are measured for 

the quartz, SiC-,  SUS321- and Inconel600-coated channels by GC-MS and GC-TCD. 

Despite the relatively strong radical quenching effect of SiC in the normal flame, no 

significant change in the streamwise species distribution is observed over the SiC 

surface from that over quartz. But very unique distributions are observed in the alloy-

coated channels. To understand the roles of each metal composition in the alloys, 

DME distributions in the Fe-, Ni- and Cr-coated channels are also measured. In 

addition, 2-D distributions of HCHO and OH are measured by PLIF system in the 

quartz and SUS321-coated channels. 

In the SUS321-coated channel, higher concentration of DME and lower 

concentration of HCHO and CO are observed in the region of 870~1030 K than the 

concentrations in the quartz channel. The concentration of DME only decreases to its 

half at 1030 K in the SUS321-coated channel, but it is almost fully consumed in the 

quartz and SiC-coated channels. As a consequence, although the maximum 

concentrations are lower, the HCHO and CO zones extend to the higher temperature 

region in the SUS321-coated channel. The hot flame is affected by the remained low-
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temperature oxidation products, resulting in its shifting downstream. The downstream 

shift of hot flame is also shown as a downstream-shifted OH peak and the late rising 

of CO in the SUS321-coated channel. Similar tendency is found in the Inconel600-

coated channel. It is conjectured that, based on measured DME distribution in the 

pure metal-coated channels, Fe and Ni are the main causes of the DME regeneration 

in the alloys-coated channels. 

These results are the first evidence showing that the wall chemical effect affects 

the low-temperature oxidation, resulting in the hot flame being changed. Unlike 

previous studies of the normal flame that the wall chemical effect affects only the 

species distribution in the near-wall region, species distributions in the streamwise 

direction are also changed by the wall chemical effect in the case of weak flame. 

Since the weak flame with separated flame zones in the streamwise distribution 

mimics the ignition process with temporal species evolution, these results suggest that 

the wall chemical effect may cause a thermal ignition delay through changing the 

low-temperature chemistry. 
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Figure 4-1 Schematic diagram of the GC analysis for the weak flame. 

 

 
Figure 4-2 Sidewall with gas sampling holes. 

 

 
Figure 4-3 Photo of the gas sampling for weak flame. 
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Figure 4-4 Schematic diagram of a mass spectrum system [61].  

 

 
Figure 4-5 (a) GC-MS signal profile for a weak flame. And the mass spectrum for the 

detected (b) DME and (c) Kr. 
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Figure 4-6 Schematic diagram of TCD [61]. 

 

 
Figure 4-7 GC-TCD signal profile for a weak flame. 
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Figure 4-8 GC-MS measurement for a 4% DME standard gas. 

 

 
Figure 4-9 Measured species distributions with different gas sampling speeds. (a) 

DME, (b) CO in the quartz channel. 
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Figure 4-10 Schematic diagram of a RF magnetron sputtering system [66]. 

 

 
Figure 4-11 Surface roughness distribution of sputtered-SiC taken by AFM. 
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Figure 4-12 Streamwise distribution profiles of (a) DME, (b) CO and (c) CO2 for 

DME/air weak flames in quartz, SiC-, SUS321- and Inconel600-coated channel. 

 

 
Figure 4-13 DME streamwise distribution in quartz, alloy- and metal-coated channel. 
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Figure 4-14 Fe-coated channel. (a) In experiment; (b) After experiment. 

 

 
Figure 4-15 (a) HCHO and (b) OH distribution for DME/air weak flames (Uin = 1.5 

cm/s, φ = 0.85) in quartz and SUS321-coated channel. 
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Figure 4-16 Streamwise distribution of HCHO along the centerline of the quartz and 

the SUS321-coated channel in a DME/air weak flame (Uin = 1.5 cm/s, φ = 0.85). 

 

 
Figure 4-17 HCHO emission spectrum at x = 35 mm in the SUS321-coated channel. 

(430 nm band-pass filter, FWHM: 20 nm). 
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Figure 4-18 Streamwise distribution of OH along the centerline of the quartz and the 

SUS321-coated channel in a DME/air weak flame (Uin = 1.5 cm/s, φ = 0.85). 
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Chapter 5 Surface Reaction Model for Cool Flame 
 

In Chap. 4, it was found that alloys and metals exert unique influence on the weak 

flame, comparing with quartz and SiC-coated channel. This chapter starts from the 

comparison between the experimental data in the quartz channel and the numerical 

simulation results of the inert channel. Then, in order to understand the surface 

reaction mechanism of SUS321, both the radical quenching model and catalytic 

model are examined. Hypotheses are proposed based on the experimental data and 

verified in numerical simulations. Finally, the proposed surface reaction model is 

applied in the wall-stabilized cool flame configuration, demonstrating that the wall 

chemical effect is important not only to the weak flame, but also to other combustion 

fields where the low-temperature oxidation matters. 

 

5. 1. Two-dimensional Simulation 

5. 1. 1. Simulation Method 

Two-dimensional numerical simulation for DME/air weak flame (φ = 0.85, Uin = 

1.5 cm/s) has been conducted in FLUENT 18.0 with detailed gas-phase and surface 

reactions. Same strategies used in Chap. 3 are adopted. However, since both sidewall 

chemical boundaries are same in this chapter, the computation domain is reduced to 

half of the channel due to the symmetry, as shown in Figure 5-1. The number of grids 

is 300 in the streamwise direction and 12 in the wall-normal direction. Unequally-

spaced grids are used in the wall-normal direction. The closest grid is at 12 µm from 

the wall.  

 

5. 1. 2. Dependence on Gas-phase Reaction Mechanism 

Measured species distributions in the quartz channel are compared with simulated 

results of the inert channel, as shown in Figure 5-2. DME 2000 (79 species, 351 

reactions) [21][22], CH4/DME 2014 (113 species, 710 reactions) [26], Zhao et al.’s 

DME mechanism (55 species, 290 reactions) [68] and Kurimoto et al.’s DME 

mechanism (55 species, 290 reactions) [69] are employed to examine the mechanism 

dependence in the simulation of the weak flame. The CH4/DME 2014 mechanism is a 

modified version of the DME 2000 mechanism, while the Kurimoto mechanism is 
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modified based on the Zhao mechanism. Generally speaking, the low-temperature 

oxidation in the CH4/DME 2014 and Kurimoto mechanisms is weaker compared with 

that in the DME 2000 and Zhao mechanisms. 

Compared with the DME 2000 and Zhao mechanisms, DME consumption in the 

low-temperature oxidation zone is much slower when either the CH4/DME 2014 or 

the Kurimoto mechanism is used, yet the simulated DME consumption is still faster 

than that obtained in the experiment. As a result of the slow DME consumption, the 

CO concentration at x = 15 ~ 25 mm is also lower when either the CH4/DME 2014 or 

the Kurimoto mechanism is used, which has better agreement with the experimental 

result than the other two mechanisms. No large difference in the CO2 distribution is 

observed for these four mechanisms. The simulated CO2 distribution agrees well with 

the measured one in the experiment. The absolute molar concentration of HCHO 

measured with HCHO-PLIF has a maximum of ~ 1.5 × 10-4 kmol/m3 in the quartz 

channel. The simulated maximum value in the inert channel is 9.5 × 10-5 kmol/m3, 1.3 

× 10-4 kmol/m3, 1.7 × 10-4 kmol/m3 and 2.4 × 10-4 kmol/m3 when the Zhao 

mechanism, DME 2000, Kurimoto mechanism and CH4/DME 2014 are used, 

respectively. The HCHO concentration predicted by the CH4/DME 2014 and 

Kurimoto mechanism is higher than the measured one, which indicates a weakened 

low-temperature oxidation. Simulated OH distributions by the DME 2000 and Zhao 

mechanism are in coincident with each other. With CH4/DME 2014, the OH peak 

shifts to downstream and has a higher peak value. Simulated OH distribution by the 

Kurimoto mechanism lays in between. Since the absolute concentration of OH is not 

measured in this study, only the peak position is compared. With CH4/DME 2014, the 

OH peak position is closer to the measured one, but still 2 mm upstream.  

On the whole, the streamwise species distribution measured in the quartz channel 

is well predicted, especially when either CH4/DME 2014 or Kurimoto mechanism is 

used. Due to the uncertainty coming from the gas-phase reaction mechanism, it is 

difficult to conclude that quartz is completely inert or not for the weak flame, but it is 

still reasonable to consider that surface reactions over quartz have only very limited 

chemical effect on the weak flame. As a simplification, quartz is treated as an inert 

material in the following discussion.  

Note that DME2000 is used as the gas-phase reaction mechanism for examining 

the radical quenching model, while CH4/DME 2014 is used in the 2-D simulation for 
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examining the newly-proposed surface reaction model with the DME synthesis 

hypothesis.  

 

5. 1. 3. Influence of Additional Inert Gas 

In the PLIF measurement, DME/air gas mixture with an equivalence ratio of 0.85 

is employed. On the other hand, in the GC measurement, since internal standard 

method is used, additional inert gas, Kr, is added into the gas mixture. Mass flow rates 

of DME and air are adjusted to keep the same equivalence ratio (φ = 0.85) and the 

same mean inlet flow velocity (Uin = 1.5 cm/s). The mole fraction and mass flow rate 

for each composition in PLIF and GC measurements are listed in Table 5-1. 

 

Table 5-1 Mole fraction and mass flow rate for each composition. 

 DME Air Kr 

PLIF 5.60%, 0.378sccm 94.40%, 6.372 sccm - 

GC 5.42%, 0.366 sccm 91.39%, 6.169 sccm 3.19%, 0.215 sccm 

 

The influence of the additional Kr is examined with the numerical simulation. 

CH4/DME 2014 is used as the gas-phase reaction mechanism. Since the Kr is not 

included in the mechanism, the data of Ar is used actually. Figure 5-3 compares the 

simulated results with and without Kr, and the GC results in the quartz channel are 

also plotted. Generally speaking, no obvious difference is observed in DME, CO and 

CO2 distributions with or without Kr. A slightly higher CO concentration is observed 

when Kr is included. To simplify the comparison, in the following discussion, the 

influence of the additional inert gas is omitted. All simulations are conducted without 

considering the additional Kr. 

 

5. 2. Reaction Pathway Analysis 
To search possible reaction paths accounting for the high DME concentration 

observed in alloy- and metal-coated channels, a reaction pathway analysis of the gas-

phase reaction in the weak flame is conducted with DETCHEM.  
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5. 2. 1. Simulation Method 

DETCHEM [67] is a software package developed by O. Deutschmann et al. for the 

modeling of gaseous reactive flows including reactions on solid surfaces using 

elementary-step like reaction mechanisms as well as global reaction mechanisms. 

DETCHEM consists of several basic models that can be used for different 

applications. In this study, DETCHEM Batch is adopted. It is a tool that simulates the 

temporal variations of temperature and concentrations of species in an ideal batch 

reactor where both homogeneous gas-phase and heterogeneous surface chemical 

reactions occur [67]. For a batch reactor with a known temperature, the governing 

equations only contains [67]: 

 gas-phase species (5-1) 

 surface species (5-2) 

 ideal gas equation (5-3) 

where nk, , , V, A, α represent the species concentration in unit of mole numbers, 

the gas-phase reaction rate, surface reaction rate, reactor volume, catalytic surface 

area and surface relaxation factor respectively.  

As illustrated in Figure 5-4, the steady-state simulation in the 1-D channel can be 

transformed to a transient simulation of a constant reactive flow in the batch reactor 

with a given temporal temperature development. According to FLUENT 2-D 

simulation results, the pressure drop along the channel is less than 0.4 Pa, thus, a 

constant pressure condition is employed in the batch reactor. Figure 5-5 (a) shows the 

temperature and velocity profiles in the FLUENT 2-D channel simulation. A temporal 

temperature development shown in Figure 5-5 (b) is applied. The data required by the 

DETCHEM Batch input files are listed in Table 5-2. Since no species transport, 

energy balance or any flow field need to be calculated in DETCHEM Batch, the 

simulation can be done within a few minutes, whereas the 2-D simulation with 

FLUENT needs several days with same reaction mechanisms. DETCHEM can list the 

species consumption or generation rate for all reactions, thus a reaction pathway 

analysis can be conducted for any certain moment during the temperature 

development. 

  

dnk
dt

=V !ωk + A!sk

dnk
dt

=αA!sk

pV = nRT

!ωk !sk
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Table 5-2 Input data for DETCHEM Batch. 

Mechanism files Gas-phase & Surface  

Catalytic surface area 1.3E-5 m2 

Initial volume 7.5E-9 m3 

Pressure 1.013E5 Pa 

Initial mole fractions 

CH3OCH3: 0.05601215 

O2: 0.19769 

CO2: 0.00378 

N2: 0.74251785 

Initial surface coverage B(s): 1 

Integration time 0.93 s 

Temperature profile T(t) 

Initial step size 1E-10 

Absolute tolerance 1E-16 

Relative tolerance 1E-6 

 

5. 2. 2. Verification of the Zero-dimensional Simulation 

Figure 5-6 plotted the species profiles in an inert channel simulated by DETCHEM 

Batch and FLUENT. For the comparison, temperature is used for the abscissa. Very 

sharp increase and decrease in concentration are observed from the results of 

DETCHEM. This is because the streamwise species diffusion in the channel is not 

considered in the batch reactor. Nevertheless, the main features of the weak flame are 

well captured by DETCHEM, and the concentrations of intermediate species are also 

in similar level. The two-stage oxidation of DME is captured in both simulations. The 

DME consumption slows down at 650 K, and vanishes before 1000 K. CO and 

HCHO mostly exist in the temperature range of 650~1000 K in both simulations, 

while the OH peak locates at ~1100 K. The generation of CO2 starts after the low-

temperature oxidation of DME, and increases rapidly in the hot flame zone. This 

comparison suggests that the 0-D DETCHEM Batch model is appropriate for the 

reaction pathway analysis of the weak flame. 
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5. 2. 3. Reaction Pathway Analysis for Gas-phase Reaction 

Table 5-3 listed all the reactions consumes DME in the CH4/DME 2014 and DME 

2000 mechanisms. The consumption of DME is through either the H abstraction or 

the β-scission. 

 

Table 5-3 DME consumption reactions. 

No. in 

CH4/DME2014 

No. in 

DME2000 
Reaction 

R432 R273 CH3OCH3 (+M) <=> CH3 + CH3O (+M) 

R433 R274 CH3OCH3 + OH <=> CH3OCH2 + H2O 

R434 R275 CH3OCH3 + H <=> CH3OCH2 + H2 

R435 R276 CH3OCH3 + O <=> CH3OCH2 + OH 

R436 R277 CH3OCH3 + HO2 <=> CH3OCH2 + H2O2 

R437 R278 CH3OCH3 + CH3O2 <=> CH3OCH2 + CH3O2H 

R438 R280 CH3OCH3 + O2 <=> CH3OCH2 + HO2 

R439 R279 CH3OCH3 + CH3 <=> CH3OCH2 + CH4 

R440 R281 CH3OCH3 + CH3O <=> CH3OCH2 + CH3OH 

R441 R288 
CH3OCH3 + CH3OCH2O2 <=> CH3OCH2 + 

CH3OCH2O2H 

R442 R302 CH3OCH3 + O2CHO <=> CH3OCH2 + HO2CHO 

R443 R328 CH3OCH3 + OCHO <=> CH3OCH2 + HOCHO 

R454 R283 CH3OCH2 + CH3O <=> CH3OCH3 + CH2O 

R455 R284 CH3OCH2 + CH2O <=> CH3OCH3 + HCO 

R456 R285 CH3OCH2 + CH3CHO <=> CH3OCH3 + CH3CO 

 

A reaction pathway analysis is conducted with DETCHEM at t = 0.6 s (770 K) for 

the gas-phase reactions. As shown in Figure 5-7, in the low temperature region, DME 

cannot directly go to the β-scission, but goes through the H abstraction to form the 

methoxymethyl radical (CH3OCH2) instead. CH3OCH2 can directly go to the β-

scission, releasing HCHO and CH3, or produce methoxymethyl-peroxy radical, 

CH3OCH2O2 with adding O2. The formed CH3OCH2O2 goes through the 

isomerization and then have the β-scission to form HCHO. HCHO dehydrogenates to 

HCO and further goes through the path HCO → CO → CO2. It should be noted that 



Surface Reaction Model for Cool Flame 

 98 

78.3% of H atom abstraction of DME occurs through the reaction with OH and H, and 

in the meanwhile 59.9% of the HCHO dehydrogenation also occurs through the 

reaction with OH and H. In other words, DME and HCHO is competing for OH and 

H. As such, when HCHO is formed, the reaction enters the negative temperature 

coefficient (NTC) region of the DME oxidation. 

If the high DME concentration in the alloy- and metal-coated channel is caused by 

changes in the gas-phase reactions, possibilities are: (1) H and OH destruction over 

the surface and (2) high HCHO concentration. According to the experimental results, 

HCHO concentration observed in the SUS321-coated channel is lower than that in the 

quartz channel. Therefore, the possibility left is the destruction of H and OH. 

 

5. 3. Weak Flame in SUS321-coated Channel 
In the experiment, an increase of DME concentration is observed in the SUS321-

coated channel. There are two possibilities accounting for such a DME increase: a 

slowing down of the DME consumption in the gas-phase or a DME synthesis over the 

surface. As discussed in the reaction pathway analysis, DME is consumed through the 

H atom abstraction at the low temperature. 79.4% of the DME consumption occurs 

with OH, H, O and CH3. Theoretically, if these four radicals are destructed by the 

surface, the consumption of DME will be slowed down. No other reaction can 

significantly change the DME consumption rate. The synthesis of DME is also a 

possible explanation. DME synthesis through CO, CO2 and H2 adsorption has been 

widely studies in catalytic reactions. The two possibilities for the increase in DME 

concentration will be further discussed later.  

  

5. 3. 1. Radical Quenching Model 

Radical quenching model listed in Table 3-1 was used in previous studies of the 

wall chemical effect on the methane normal flame [16][17][56][57]. In Chap. 3, the 

initial sticking coefficients for quartz and SUS321 in the weak flame are estimated as 

0.0015 and 0.006, respectively.  

Fluent 2-D simulation results with the initial sticking coefficient of unity are 

compared with results in the inert channel, as shown in Figure 5-8. The profiles are 

the species distribution along the centerline of the channel. It is shown that, except 
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OH, the streamwise distributions of DME, CO, CO2 and HCHO have no obvious 

change even though the initial sticking coefficient is tuned from 0 to 1. The 

downstream shift in the OH peak position is less than 1 mm. Apparently, the radical 

quenching model is failed to describe the wall chemical effect on the weak flame.  

This is because that, in the cool flame, OH, H, O and CH3 are consumed as soon as 

they are generated, which leads to extremely low concentrations of them. OH, H, O 

and CH3 generated in the gas-phase do not have any chance to diffuse to the surface 

to be destructed. As such, no obvious change in DME concentration can be observed 

when the radical quenching model is applied. Since the DME consumption rate is not 

likely to be influenced by the surface reactions, the possibility left is the DME 

synthesis through surface reactions. 

 

5. 3. 2. DME Synthesis  

DME synthesis from CO/CO2 and H2 over some bifunctional catalysts has been 

widely studied [70][71][72][73][74][75]. Two consecutive reactions shown in Figure 

5-9 are included: (1) the methanol synthesis in which CO, CO2 and H2 are adsorbed 

onto the surface to form methanol, (2) the methanol dehydration in which methanol 

adsorbed on the surface acid site forms DME. Besides Fe, SUS321 contains 9~13% 

Ni and 17~19% Cr. Ni has been reported as the catalyst for methanol synthesis 

[76][77][78], while great promoting effect of Cr in the methanol synthesis has been 

reported [79][80]. Fe has been reported to be a very active catalysis for the Fischer-

Tropsch synthesis (hydrocarbons and alcohols are from CO/CO2 and H2), in which 

methanol is one of the side products [81][82][83][84][85]. On the other hand, 

oxidized metal surfaces can provide surface acid sites. Therefore, it is reasonable to 

include the DME synthesis reaction pathway into the SUS321 surface reaction model. 

To date, no surface reaction mechanism for the stainless steel has been published. 

Since SUS321 contains 9~13% Ni whose surface reaction mechanism has been 

intensely studied [76][86][87][88][89], the surface reaction model for SUS321 is built 

based on the reaction rate data for Ni. The reaction mechanism proposed in this study 

is listed in Table 5-4. To simplify the reaction mechanism, the CO2 hydrogenation 

path is not included, because major CO2 is formed after the consumption of DME in 

the weak flame. In the current mechanism, the metallic site and the acid site are not 

marked as two different types of empty site. Because it is necessary to distinguish the 
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CH3O on the two different sites, CH3O on the metallic site is marked as CH3O(s) 

while CH3O on the acid site is marked as CH3O(a). For the interaction of H2, O2 and 

CO with SUS321, the reaction rate data from the CH4 reforming and oxidation over 

Ni [86] is adopted with weakening the adsorption of H2 in this study, because it was 

found that a strong H2 adsorption changes the gas-phase reactivity significantly and 

leads to a hot flame ignition over the surface, which was not observed in the 

experiment. Therefore, the initial sticking coefficient of H2 is reduced to 0.0001. The 

sticking coefficient of CO was obtained by matching the simulated result with the 

measured one. The activation energy for the HCO hydrogenation reactions to CH3OH 

are taken from I.N. Remediakis’s DFT study on Ni(111) [76].  For the reactions of 

DME synthesis from CH3OH, the activation energy is simplified to 0, which means 

that these reactions are not considered as the rate-limiting steps. The values of pre-

exponential factor are estimated with the transition state theory as described in Chap. 

3. A value of 3.7×1021 cm2mol-1s-1 is used for the bimolecular reactions and a value of 

1×1013 s-1 is used for molecular desorption. The adsorption rate of CH3OH is obtained 

through the data fitting. The channel simulated with the surface reaction mechanism 

described above is referred as the active_1 channel. 

 

Table 5-4 DME synthesis mechanism over SUS321 for weak flame. 

Reaction 
A (cm, mol, 

s) or S0 

Ea 

(kJ/mol) 
Source 

1. H2 + 2B(s) => 2H(s) 1.000E-04 - est, this work 

2. 2H(s) => 2B(s) + H2 5.593E+07 88.12 
Ref. [86] 

A*10-12 

3. O2 + 2B(s) => 2O(s) 1.000E-02 - Ref. [86] 

4. 2O(s) => 2B(s) + O2 2.500E+23 470.39 Ref. [86] 

5. H2O + B(s) => H2O(s) 1.000E-01 - Ref. [86] 

6. H2O(s) => B(s) + H2O 4.579E+12 62.60 Ref. [86] 

7. CO2 + B(s) => CO2(s) 1.000E-05 - Ref. [86] 

8. CO2(s) => B(s) + CO2 9.334E+07 28.80 Ref. [86] 

9. CO + B(s) => CO(s) 0 ~ 1 - fit, this work 

10. CO(s) => B(s) + CO 
4.041E+11 112.85 

Ref. [86] 
εCO(s) -50 
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11. O(s) + H(s) => OH(s) + B(s) 5.000E+22 97.90 Ref. [86] 

12. OH(s) + B(s) => O(s) + H(s) 2.005E+21 37.19 Ref. [86] 

13. OH(s) + H(s) => H2O(s) + B(s) 3.000E+20 42.70 Ref. [86] 

14. H2O(s) + B(s) => OH(s) + H(s) 2.175E+21 91.36 Ref. [86] 

15. 2OH(s) => H2O(s) + O(s) 3.000E+21 100.00 Ref. [86] 

16. H2O(s) + O(s) => 2OH(s) 5.423E+23 209.37 Ref. [86] 

17. CO(s) + B(s) => C(s) + O(s) 5.200E+23 148.10 Ref. [86] 

18. C(s) + O(s) => CO(s) + B(s) 

1.418E+22 115.97 

Ref. [86] εCO(s) -50 

n -3 

19. CO(s) + O(s) => CO2(s) + B(s) 
2.000E+19 123.60 

Ref. [86] 
εCO(s) -50 

20. CO2(s) + B(s) => CO(s) + O(s) 
3.214E+23 86.50 

Ref. [86] 
n -1 

21. CO(s) + H(s) => HCO(s) + B(s) 
2.338E+20 127.98 

Ref. [86] 
n -1 

22. HCO(s) + H(s) => CH2O(s) + B(s) 3.700E+21 77.88 Ref. [76] 

23. CH2O(s) + H(s) => CH3O(s) + B(s) 3.700E+21 40.38 Ref. [76] 

24. CH3O(s) + H(s) => CH3OH + 2B(s) 3.700E+21 58.65 Ref. [76] 

25. CH3O(s) => B(s) + CH3O 1.000E+07 178.85 Ref. [76] 

26. CH3OH + B(s) => CH3OH(a) 0 ~ 1 - fit, this work 

27. CH3OH(a) => B(s) + CH3OH 1.000E+07 0.00 est, this work 

28. CH3OH(a) + O(s) => CH3O(a) + OH(s) 3.700E+21 0.00 est, this work 

29. CH3OH(a) + CH3O(a) => CH3OCH3 + 

OH(s) + B(s) 
3.700E+21 0.00 est, this work 

30. 2CH3O(a) => CH3OCH3 + O(s) + B(s) 3.700E+21 0.00 est, this work 

 

Figure 5-10 compares computed species distribution along the centerline with and 

without applying the DME synthesis mechanism. The experimental data is also 

plotted. The sticking coefficients of CO and CH3OH in this case are set as 0.3 and 

0.05, respectively. Comparing with the simulation results in the inert channel, higher 

DME concentration in the NTC zone and the delay of the hot flame is observed in the 

active_1 channel. It is shown that all the DME, CO, CO2 and OH distributions are 

similar as those measured in the experiment of SUS321-coated channel. However, 
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instead of a decrease in HCHO concentration, which is observed in the experiment, an 

increase in HCHO concentration is obtained using the DME synthesis mechanism. 

Therefore, additional modification is necessary for this surface reaction model. 

 

5. 3. 3. HCHO adsorption 

In order to predict the same lowered HCHO concentration observed in the 

SUS321-coated channel, adsorption of HCHO is added into the DME synthesis 

mechanism. The two additional reactions and their kinetic data are listed in Table 5-5. 

The sticking coefficient of HCHO is obtained through fitting the simulated HCHO 

profile to the measured one, which is described later. 

 

Table 5-5 Additional reactions for HCHO adsorption 

Reaction 
A (cm, mol, 

s) or S0 

Ea 

(kJ/mol) 
Source 

31. CH2O + B(s) => CH2O(s) 0 ~ 1 - fit, this work 

32. CH2O(s) => B(s) + CH2O 1.000+07 13.46 Ref. [76] 

 

After adding the two additional reactions, the simulation of the weak flame over 

SUS321 is conducted again. The case with the modified surface reaction mechanism 

is referred as the active_2 channel in the following discussion. Same sticking 

coefficients of CO and CH3OH are used and the sticking coefficient of HCHO is set 

as 0.0005 in this case. Simulated species profiles along the centerline in the active_2 

channel are plotted in Figure 5-11 in comparison with that in the inert channel and the 

experimental data. Similarly as in the active_1 channel, both an increase in DME 

concentration and the delay of the hot flame are well reproduced in the active_2 

channel. Unlike the case of active_1 channel that failed to reproduce the HCHO 

distribution, a HCHO concentration lower than that in the inert channel is obtained in 

the active_2 channel, which agrees with the experimental observation. It is worth 

noting that, in the DME synthesis mechanism [70], the adsorption of HCHO is also a 

carbon source for the DME synthesis. Therefore, DME and HCHO zones extend to 

further downstream position in the active_2 channel compared with the active_1 

channel. Clearly, the DME synthesis mechanism after including the additional HCHO 
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adsorption can predict the species distribution of the weak flame in the SUS321-

coated channel successfully. More detailed discussion is given in next section. 

 

5. 3. 4. SUS321 Wall Chemical Effect on Weak Flame 

Generally speaking, the simulation results of the inert channel fit well with the 

experimental data of the quartz channel and the simulated species profiles in the 

active_2 channel agrees well with that measured in the SUS321-coated channel. Since 

the absolute concentration has certain extent of dependence on the gas-phase 

mechanism, the discussion in the present study is mainly focused on the distribution 

change with including surface reactions. In the simulation, DME starts to have a 

higher concentration in the active channel than that in the inert channel from x = 19 

mm, and slightly increases until x = 23 mm in the active_2 channel instead of the 

continuous decrease in the inert channel. In between x = 23 to 30 mm, the DME mole 

fraction in the active_2 channel is ~ 0.015 higher than that in the inert channel, and 

the DME isn’t fully consumed until x = 38 mm. In the experiment, the DME mole 

fraction starts to be higher from x = 20 mm in the SUS321-coated than that in the 

quartz channel. At x = 25 and 30 mm, compared with that in the quartz channel, the 

DME mole fraction in SUS321-coated channel is 0.015 and 0.02 higher, respectively. 

DME is fully consumed at x = 35 mm. Simulated CO mole fraction in the active_2 

channel has a lower value compared with that in the inert channel till x = 32.5 mm, 

while the CO mole fraction measured in the SUS321-coated channel is also lower 

than that measured in the quartz channel till x = 30 mm. Simulated maximum CO 

mole faction is 0.042 at x = 28.8 mm in the inert channel and 0.026 at x = 35.7 mm in 

the active channel, while the largest measured CO mole fraction is 0.049 at x = 30 

mm in the quartz channel and 0. 039 at x = 35 mm in the SUS321-coated channel. For 

the CO2 distribution, the rising in the inert channel is ~6 mm upstream than that in the 

active_2 channel, while the rising in the quartz channel is ~4mm ahead of that in the 

SUS321-coated channel. The maximum HCHO concentration measured in the 

SUS321-coated channel is half of that in the quartz channel, but the HCHO zone 

extends to x = 37 mm. These differences between the quartz and SUS321-coated 

channels are well reproduced in the simulations of the inert and the active_2 channels. 

Simulated OH peak in the active_2 channel shifts 5.8 mm downstream with its 
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maximum concentration doubled compared with that in the inert channel, while the 

OH peak in the experiment also shifts 4 mm downstream after coating the SUS321.  

Figure 5-12 compares the net reaction rate of DME in the inert and active 

channels. To note, in order to compare the DME consumption rate in the gas-phase 

with the generation rate over the surface, the net reaction rate of HCHO in gas-phase 

reactions is integrated in the wall normal direction to obtain the same unit as that in 

the surface reaction. The red solid line is for the inert channel and the blue solid line 

is the DME net reaction rate including both the gas-phase and surface reactions. The 

two dash lines are the net reaction rates of separately the gas-phase and surface 

reactions in the active channel. It is found that although the DME gas-phase 

consumption in the active channel is always larger than that in the inert channel, due 

to the DME re-forming from the active surface, the total DME consumption becomes 

smaller from x = 17.5 mm, and an increase of the DME concentration is observed at x 

= 19 ~ 26 mm. As a result, DME concentration is higher in the SUS321-coated 

channel compared with the quartz channel. It should be noted that x = 19 ~ 26 mm is 

the NTC region of DME reaction, while a large amount of HCHO, CO and H2 do 

exist here in the meanwhile. In other words, the gas-phase reaction is weak while a 

relatively strong surface reaction occurs in this region. Therefore, it is not supervising 

to have a re-forming of DME in such a region. 

 

5. 3. 5. Sensitivity to Initial Sticking Coefficient 

In current surface reaction model, 3 reaction kinetic parameters, the initial sticking 

coefficients of CO, HCHO and CH3OH, are given by fitting the simulated profiles 

with the experimental data. It should be noted that the given initial sticking coefficient 

is not optimized due to the difficulty of setting the fitting criterion. As discussed in 

section 5.1.2, all the gas-phase reaction mechanism cannot perfectly predict the 

species distribution in the quartz channel. Not only the absolute concentrations show 

differences, but also the shifting of flame position exists. As such, the absolute 

concentration profiles in the SUS321 coated-channel cannot be directly used for 

fitting the parameters in the surface reaction mechanism. Instead, the fitting results 

can only be judged by the distribution change tendencies. In this section, the 

sensitivity of species distributions to the initial sticking coefficients is demonstrated. 
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The initial sticking coefficient of CH3OH, SCH3OH, in the proposed surface reaction 

mechanism is set as 0.05. The simulated DME, CO and HCHO distributions with 

SCH3OH varying from 0.0001 to 1 are plotted in Figure 5-13. It shows that the species 

distributions are not affected by SCH3OH when it is over 0.01. When SCH3OH is lower 

than 0.01, with a smaller SCH3OH, less DME can extend to higher temperature region. 

Therefore, a value of 0.05 is proposed for SCH3OH in current model. More accurate 

value should be examined by future CH3OH measurement. 

The initial sticking coefficient of CO, SCO, in the proposed surface reaction 

mechanism is given as 0.3. Figure 5-14 compares the DME, CO and HCHO profiles, 

when SCO is changed to 1 and 0.1. Apparently, CO distribution is most sensitive to 

SCO; obvious differences in DME distribution are also shown when SCO decreased 

from 0.3 to 0.1; no large concentration changes is found for HCHO when varying SCO. 

Therefore, the fitting value of SCO is mainly judged by the CO distribution. With an 

increased SCO, the CO concentration in the low-temperature oxidation zone is 

decreased, and the CO peak position in the high-temperature region is shifted to 

downstream, indicating a delayed hot flame ignition. In the experiments with the 

quartz and SUS321-coated channel, the maximum measured CO mole fraction locates 

at x = 30 mm and 35 mm respectively. The maximum mole fraction decreased from 

0.049 to 0.040 after the SUS321 coating. It should be noted that the experimental 

profiles are measured with an interval of 5 mm in streamwise direction. In the 

simulated inert channel, the CO peak locates at x = 28.5 mm with a mole fraction of 

0.042. With SCO equals to 1, the CO peak largely shifted 10.5 mm to downstream with 

a mole fraction of 0.041, indicating an over estimation of CO adsorption. With SCO 

equals to 0.1, the CO peak shifted 2.5 mm to downstream with a mole fraction of 

0.035, 83.5% of the maximum value in the inert channel. The CO distribution changes 

are reasonable in the hot flame region with SCO = 0.1, however, a higher instead of 

lower CO concentration is found in the low-temperature region. With the proposed 

SCO = 0.3, the CO peak locates at 34.8 mm with a mole fraction of 0.027, and a 

slightly lower CO concentration in the low-temperature region is also predicted. The 

results suggest that the initial sticking coefficient of CO should be a value in between 

0.1 and 1 for current model, 0.3 could be a proper value for it. 

The initial sticking coefficient of HCHO, SHCHO, in the proposed surface reaction 

mechanism is set as 0.0005. Figure 5-15 compares the DME, CO and HCHO profiles, 

when SHCHO is changed to 0.001 and 0.0001. Besides HCHO, DME and CO 
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distributions are also sensitive to SHCHO. With a higher SHCHO, a lower HCHO 

concentration is founded. As a consequence, the consumption of DME in the low-

temperature region is faster. The CO concentration in the high-temperature region is 

also largely influenced by SHCHO, since HCHO is the main source for CO formation in 

high temperature oxidation. When SHCHO = 0.001 is applied, the CO peak in high-

temperature region vanished due to the strong HCHO adsorption. And the HCHO 

concentration at x = 25 mm is already decreased to 10% of the peak value, which is 

much too low comparing with the experimental data. Thus, SHCHO = 0.001 is over 

estimated for HCHO adsorption in current model. With SHCHO = 0.0001, the 

maximum HCHO concentration is 70% of that in the simulated inert channel, which 

is higher than the 50% comparing the SUS321-coated with the quartz channel. With 

the proposed SHCHO = 0.0005, the maximum HCHO concentration is 49% of that in 

the simulated inert channel, fitting very well with the experimental data. As such, 

SHCHO = 0.0005 seems to be a reasonable value, and the initial sticking coefficient of 

HCHO should be in the range of 0.0001 to 0.001 for current model. 

 

5. 4. SUS321 Wall Chemical Effect on Wall-stabilized Cool Flame 

5. 4. 1. Wall-stabilized Cool Flame 

Lee et al. [90] proposed a wall-stabilized cool flame shown in Figure 5-16. A 

heated wall is located 15 mm away from the nozzle. Premixed DME/O2 is injected 

towards the wall. With certain wall temperature, equivalence ratio and flow rate, a 

cool flame can be stabilized near the wall. Compared with the weak flame in the 

micro channel, the wall-stabilized cool flame has much larger flow rate. The surface 

reaction model developed for the weak flame in SUS321-coated micro channel is also 

applied in the case of wall-stabilized cool flame to examine the wall chemical effect 

on such a more practical combustion field that mimics the head-on quenching in the 

engine. 

Same computation domain, numerical scheme and boundary conditions as adopted 

by Lee et al. [90] are adopted. Figure 5-17 shows the computation domain. 

Equivalence ratio of 0.2, temperature of 300 K and inlet flow velocity of 4.08 cm/s 

are set at the nozzle inlet boundary. After flowing through the nozzle, the flow 

velocity at the nozzle outlet is increased to 65.8 cm/s, as shown in Figure 5-19. Zero 
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heat flux is set at the wall boundary of the nozzle. The heated wall has a constant wall 

temperature of 700 K. The outlet is set as the pressure outlet. CH4/DME 2014 is 

adopted as the gas-phase reaction mechanism. 

 

5. 4. 2. Influence of Surface Reaction on Wall-stabilized Cool Flame 

Figure 5-19 shows simulated DME, CO, CO2 and HCHO distributions in the wall-

stabilized cool flame over either an inert or an active wall surface. Compared with 

that in the inert wall case, the HCHO concentration in the active wall case is much 

lower. In the inert wall case, the maximum concentration of HCHO over the wall 

surface is 2.2 × 10-4 koml/m3, and the maximum drops to 1.6 × 10-4 koml/m3 in the 

active wall case. The maximum concentration position is slightly away from the wall 

surface, because HCHO is destructed on the wall surface. Much higher CO and CO2 

concentrations is observed in the active wall case despite of the surface adsorption. M. 

Mann et al. mentioned in their CO-LIF measurement for the head-on quenching study 

[13] that measured CO concentrations are higher compared to the simulation for both 

lean and stoichiometric flames in the near wall region. Considering that their wall is 

made of stainless steel, a possible explanation to this discrepancy is that the wall 

surface reaction has not been taken into consideration. 

Comparing the weak flame and the wall-stabilized cool flame, after including the 

surface reaction, it is observed that the CO concentration is decreased by the SUS321 

surface in the weak flame, but increased by the SUS321 surface in the wall-stabilized 

cool flame. The decrease of CO concentration in the weak flame is easy to 

understand, because the adsorption of CO is included in the mechanism. The cause of 

an increase of CO concentration in the wall-stabilized cool flame can be explained by 

the reaction rate plotted in Figure 5-20. All plots are simulation results along the wall 

surface. Figure 5-20 (a) and (b) shows the rate diffidence of the CO adsorption and 

desorption, in other words, the net value of the CO consumption via the surface 

reaction. It is shown that the net CO consumption rate on the surface has the same 

order of 10-6 kmol/m2s in both the weak flame and the wall-stabilized cool flame. In 

the gas-phase reaction, R31: HCO + O2 <=> CO + HO2, R468: HOCH2OCO <=> 

HOCH2O + CO, and R493: CH3OCO <=> CH3O + CO are identified as the three 

reactions having the major contribution to the CO generation. As shown in Figure 

5-20 (c) and (d), the gas-phase CO generation is significantly promoted after 
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including the surface reactions in both the weak flame and the wall-stabilized cool 

flame. However, the order of the CO gas-phase generation rate in the wall-stabilized 

cool flame is 10-2 kmol/m3s, while the rate in the weak flame has the order of 10-3 

kmol/m3s, which is more than one order lower.. Although the promoting effects of the 

surface reaction on gas-phase generation of CO are similar in both the weak flame 

and the wall-stabilized cool flame, the gas-phase generation rate has one order 

difference. The absolute value of increase in CO gas-phase generation after applying 

the surface reaction mechanism is much larger in the wall-stabilized cool flame than 

that in the weak flame. On the other hand, the CO consumptions via the surface 

reaction are in the same level for both types of flame. Thus, higher CO concentration 

over the active wall compared with the inert wall is observed in the wall-stabilized 

cool flame. 

The large CO generation rate in the wall-stabilized cool flame is due to the high O2 

concentration. It should be noted that the wall-stabilized cool flame is a DME/O2 

flame with an equivalence ratio of 0.2. The concentration of O2 is one order higher 

than that in the DME/air weak flame. A high O2 concentration directly promoted the 

reaction of R31. In the meanwhile, HOCH2OCO and CH3OCO are the intermediate 

species in the low temperature oxidation pathway, which is initialized by the H 

abstraction of DME and then the addition of O2 to CH3OCH2. Therefore, high O2 

concentration also leads to large reaction rates of R468 and R493.  

The promoting effect of the SUS321 surface on CO gas-phase generation is 

attributed to the adsorption of HCHO. As mentioned before, the low temperature 

oxidation pathway starts from the H abstraction of DME with H and OH. HCHO is 

the largest competitor to DME for H and OH. When HCHO is consumed by the wall, 

the H abstraction of DME is promoted. As shown in Figure 5-21, ~50% more 

CH3OCH2 is observed over the active wall compared with that over the inert wall. 

One possible path to form HOCH2OCO is through CH3OCH2 → CH3OCH2O2 → 

CH2OCH2O2H → O2CH2OCH2O2H → HO2CH2OCHO → OCH2OCHO → 

HOCH2OCO. Thus, a higher CH3OCH2 concentration leads to a faster CH3OCH2 

generation and then a faster CO generation. As a result, the gas-phase CO generation 

is promoted by the surface reaction. 

Further experiment and numerical simulation are necessary to fully examine the 

wall chemical effect on the wall-stabilized cool flame. Nevertheless, it is 

demonstrated by the current simulation result that the wall chemical effect influences 
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not only the weak flame, but also more practical flames with faster gas-phase reaction 

and flow such as the wall-stabilized cool flame. 

 

5. 5. Summary 
In order to obtain a surface reaction model that successfully describes the wall 

chemical effect of SUS321 on the DME weak flame, different surface reaction 

mechanisms are examined. The radical quenching model, which was used to describe 

the wall chemical effect on the methane normal flame, is found to be inadequate 

describe the weak flame over the SUS321 surface. Therefore, a new surface reaction 

model with two hypotheses, i.e. the DME synthesis and the HCHO adsorption, are 

proposed for the weak flame over the SUS321 surface. It is shown that simulated 

species distributions using this model agree well with those measured in the weak 

flame over the SUS321 surface.  

As elucidated by simulation results using the proposed model, DME is synthesized 

from adsorbed CO, CO2, HCHO and H2 at the SUS321 surface, which is the cause of 

high DME concentration in the downstream high temperature region of the SUS321-

coated channel. The HCHO zone extending to the high temperature region is also 

attributed to the high DME concentration over there. As the result of high DME and 

HCHO concentrations, the hot flame zone with the OH, CO and CO2 peaks also shifts 

to the downstream high temperature region. 

The newly-proposed surface reaction model is employed in the simulation of a 

wall-stabilized cool flame over the SUS321 surface. It was demonstrated that the wall 

chemical effect described by this surface reaction model influences not only the weak 

flame in small channels, but also other combustion fields such as the wall-stabilized 

cool flame with a faster flow than the weak flame, as long as the low temperature 

oxidation is important. 
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Figure 5-1 Mesh of the weak flame 2D simulation (half-width). 

 

 
Figure 5-2 Species distribution comparison between the simulated inert channel with 

mechanism DME 2000 [21][22], CH4/DME 2014 [26], Zhao [68] and Kurimoto [69]. 

Experimental results of the quartz channel are also plotted. 
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Figure 5-3 Species distribution comparison between the simulated inert channel with 

or without Kr. Experimental results of the quartz channel are also plotted. 

 

 
Figure 5-4 Scheme for transfer channel to batch reactor. 

 

 
Figure 5-5 (a) Temperature and velocity profiles in the parallel wall channel. (b) 

Temperature program for the batch reactor. 
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Figure 5-6 Comparison of the simulated species concentration in the inert channel 

with the 0D (DETCHEM Batch) and 2D (FLUENT) simulation. 

  

 
Figure 5-7 Reaction pathway analysis with DETCHEM at t = 0.6 s (770 K). 
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Figure 5-8 Species distribution comparison between the simulated inert channel and 

the channel with radical quenching model. 

  

 

 
Figure 5-9 DME synthesis mechanism [70]. 
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Figure 5-10 Species distribution comparison between the FLUENT simulated inert 

and active_1 channel (DME synthesis mechanism). Experimental results of the quartz 

and SUS321-coated channel are also plotted. 
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Figure 5-11 Species distribution comparison between the FLUENT simulated inert 

and active_2 channel (including both HCHO adsorption and DME synthesis 

mechanism). Experimental results of the quartz and SUS321-coated channel are also 

plotted. 

 

 
Figure 5-12 Net reaction rate of DME in the inert and the active_2 channel. 
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Figure 5-13 Sensitivity to SCH3OH. (a) DME, (b) CO and (c) HCHO. 

 

 
Figure 5-14 Sensitivity to SCO. (a) DME, (b) CO and (c) HCHO. 
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Figure 5-15 Sensitivity to SHCHO. (a) DME, (b) CO and (c) HCHO. 

 

 
Figure 5-16 Schematic of the burner configuration and the stabilization of the cool 

flame near the wall [90]. 
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Figure 5-17 Calculation domain of wall-stabilized cool flame [90]. 

 

 
Figure 5-18 Velocity distribution of the wall-stabilized cool flame. 
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Figure 5-19 Species distributions in the wall-stabilized cool flame. 
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Figure 5-20 CO related reaction rate at the wall surface in the wall-stabilized cool 

flame and the weak flame. 

 

 
Figure 5-21 CH3OCH2 concentration over the wall surface in the wall-stabilized cool 

flame. 
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Chapter 6 Conclusions 
Wall chemical effect on the low temperature oxidation has been studied by 

examining the influence of wall surface materials on a DME/air weak flame. The 

weak flame was established in a quartz micro flow reactor with a rectangular cross 

section, where the wall temperature distribution has a prescribed gradient in the 

streamwise direction. Thin film (~ 150 nm) of different materials such as alumina, 

SiC, SUS321, Inconel600, iron, nickel and chromium were deposited on the inner 

surface of the quartz channel. Gas species including DME, CO, CO2, and HCHO were 

measured with gas chromatography (GC). Two-dimensional distributions of HCHO 

and OH were captured with the planar laser-induced fluorescence (PLIF) system. 

These experimental data have been compared with different wall chemical boundary. 

Simulation with detailed gas-phase and surface reactions have also been made. 

Surface reaction model has been proposed for SUS321, for which peculiar wall 

chemical effect is observed. The conclusions are as follows: 

(1) A rectangular micro flow reactor with a streamwise temperature gradient is 

developed for the wall chemical effect investigation. The present rectangular 

channel offers a better optical access than a circular tube. By using a detachable 

wall, thin-film of different materials can be deposited on the inner wall surface, to 

change the wall chemical boundary condition but to keep the thermal boundary 

condition unchanged. It is found that the same flame patterns as in the weak 

flame in the circular tube were observed at similar flow velocity. 

(2) Wall chemical effect in the hot flame region of the DME/air weak flame is 

investigated using OH-PLIF. It found that the near-wall OH concentration is 

decreased in the order of alumina, quartz and SUS321, which is the same as 

previous results for the normal CH4/air flame. The estimated initial sticking 

coefficients S0 are lower than those for normal flame, and 0.001, 0.0015 and 

0.006 for alumina, quartz and SUS321, respectively. Sensitivity analysis based on 

numerical simulation indicates that OH distribution is most sensitive to the 

adsorption of OH in the weak flame, while most sensitive to the adsorption of H 

in the normal flame.  

(3) Streamwise distributions of gas species in the weak flame have been measured 

using GC-MS. It is found that, whereas SiC is identified as the active material for 

radical quenching in the normal flame, streamwise distributions of DME, CO and 
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CO2 in the SiC-coated channel are the same as those in the inert quartz channel. 

On the other hand, very unique distributions were found for SUS321-and 

Inconel600-coated channel. DME has much higher concentration in these alloys-

coated channels at the NTC region. Since DME still remains in the steamwise 

position corresponding to the wall temperature of 1030 - 1150 K, the HCHO zone 

is also extended to the higher temperature region. As a consequence, the hot 

flame is shifted downstream for the SUS321 or Inconel600 surfaces. DME 

distributions in the Fe-, Ni- and Cr-coated channels indicate that Fe and Ni make 

the largest contribution to the DME increment. These findings suggest that the 

surface reaction over these alloys or metals has strong influence on the low-

temperature oxidation, leading to delay of the hot flame region in the weak flame. 

(4) Based on the present experimental data, two hypotheses have been proposed for 

the wall chemical effects on the SUS321 surface: the adsorption of HCHO and 

the synthesis of DME. Decrease in the HCHO concentration peak can be 

explained by the adsorption of HCHO, and the extended DME and HCHO zones 

can be explained by the synthesis of DME on the SUS321 surface. A new surface 

reaction model based on these hypotheses can predict the unique gas species 

distribution over the SUS321 surface. It is also found in numerical simulation that 

the wall-stabilized cool flame is markedly modified by the wall chemical effect, 

showing possibility of large wall chemical effect in the low temperature oxidation 

region. 
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