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Abstract

The interaction of a flame with a relatively cold combustor wall with or without

cooling air jets, i.e. flame–wall interaction (FWI) and flame-cooling air interaction

(FCAI) influences emissions and fuel consumption. In particular, with the current

trend towards increasing the power density in energy-producing systems, these phe-

nomena become even more important in the new generation of modern gas turbines.

As a result, a full understanding of FWI and FCAI and their impact on the produced

emissions is a topic of interest. In this thesis, a preheated, premixed methane/air

flame is studied in the context of FWI and FCAI using direct numerical simulation

(DNS).

First, two-dimensional (2D) DNSs are performed to study the impact of unsteady,

laminar flame-wall interaction on flame dynamics, wall heat transfer and near-wall

CO emissions. The flame is excited by imposing velocity perturbations at the inlet

to the flow for several forcing frequencies. The flame dynamics over a forcing cycle is

investigated for low, intermediate and high forcing frequencies. The significance of

low-activation energy radical recombination reactions near the wall is also analysed.

These reactions contribute to about 50% of the overall heat release rate at the wall at

the quenching instant. An investigation of the near-wall CO transport mechanisms

revealed that the near-wall CO transport close to the flame tip is dominated by

convection and diffusion.

Second, a parametric study of flame-cooling air interaction (FCAI) is performed

using 2D DNSs of forced laminar flames. The effects of injection of coolant jets

through the wall on the flame dynamics, the near-wall CO and the wall heat flux are

explored. The forcing frequency, the coolant mass flux, the position of the cooling

hole and the coolant type are varied in this analysis. Several factors including
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the dilution of the flame tip by the coolant, variations in the trajectory of the

cooling jet are found to impact the flame and CO behaviours. Furthermore, a

modelling framework to predict near-wall CO due to FCAI based on one-dimensional

unstrained laminar freely propagating flame simulations is proposed.

Third, analysis of FWI and FCAI under turbulent flow conditions are performed

in a three-dimensional computational domain. Under FWI conditions, vorticity-

induced flame structures are found to impact the wall heat flux and CO at the wall.

Under FWI and FCAI conditions, the CO characteristics are investigated using the

thermochemical states of CO. Finally, the performance of the model proposed to

predict near-wall CO due to FCAI in the 2D flames is evaluated under the turbulent

flow conditions and showed promising results.
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Chapter 1

Introduction

1.1 Background and motivation

According to the International Energy Agency (IEA), a more than 25% increase in

the global energy demand is expected by 2040 [1], and renewable energy sources are

likely to meet about 40% of the energy demand by then [1, 2]. Despite the growth of

renewable resources, the consumption of natural gas is also expected to increase by

45% to 2040 [1, 2]. One of the reasons for this is that natural gas, due to its higher

hydrogen to carbon ratio, produces less CO2 emission per unit power produced,

compared to conventional fuels [3]. Furthermore, natural gas is a common fuel in

gas turbines for power production. The ability of gas turbines to quickly change

load thereby aiding frequency control of the grids makes them able counterparts to

variable renewable power sources [3]. Therefore, natural gas powered gas turbines

are expected to become increasingly relevant in the coming decades.

1.1.1 Gas turbine emissions

The emissions resulting from combustion processes, including those in gas turbines,

pose health and environmental hazards [4] and are rigorously legislated. Exposure

to carbon monoxide (CO) emissions reduces the oxygen absorption capability of

blood and exposure can be fatal. The oxides of nitrogen, collectively called NOx,

causes effects such as photochemical smog [4]. The control of these emissions is

complicated. Decrease of one emission may lead to an increase in another. For in-

17



1.1. BACKGROUND AND MOTIVATION

Figure 1.1: The variation of carbon monoxide (CO) and oxides of nitrogen (NOx)
with primary combustor temperature [4].

stance, Figure 1.1 illustrates the inverse behaviour of CO and NOx with an increase

in primary combustor temperature. One of the major mechanisms of NOx produc-

tion is highly temperature dependent. This thermal NOx, which is produced by

the oxidation of atmospheric nitrogen at high temperatures, increases exponentially

with temperature. Therefore, the various efforts to reduce NOx have focussed on

the reduction of the flame temperature. However, reduction in primary combustor

flame temperature increases the CO emission [4]. This could be due to incomplete

combustion and/or reduced CO oxidation rates at lower temperatures.

Incomplete combustion is the major cause of significant CO emission [4]. Some of

the reasons for incomplete combustion are as follows:

• Extremely low fuel/air ratio and/or insufficient residence time [4].

• Improper mixing of fuel and oxidiser leading to pockets of rich mixtures [4].

• Quenching of a flame in the presence of a wall which acts as a heat and radical
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CHAPTER 1. INTRODUCTION

sink [5].

• Entrainment of burned products into wall-cooling air [4]. The oxidation rate

of CO would reduce in this low-temperature, lean region.

A detailed understanding of each of these mechanisms facilitates further control of

the emission. The formation of CO due to interaction of the flame with a wall (flame

- wall interaction, FWI) and cooling air (flame - cooling air interaction, FCAI) are

investigated in this thesis.

1.1.2 Gas turbine wall heat flux

The near-wall behaviour of the flame affects the combustor wall heat flux as well.

The thermal stress experienced by gas turbine combustor walls is extremely high.

The hot gases released by the combustion process are generally at temperatures over

2100oC [4]. Also, there is a constant effort to increase the maximum temperature of

the gas turbine cycle, as this improves the thermal efficiency. However, the melting

point of the combustor walls is less than the temperature of hot gases [4]. Therefore,

it is important to cool the combustor walls, which is generally done with a fraction

of the inlet air. Using a larger amount of cooling air then reduces the performance

of the combustor. The maximum wall heat flux influences the longevity of the

combustor wall while the mean wall heat flux is used in estimating the cooling load

requirement [6]. Improved insights regarding the near-wall behaviour of a flame is

therefore important in the design of combustor walls.

1.1.3 Flame-wall interaction (FWI)

Flame-wall interaction impacts emissions and fuel consumption. An attempt to

improve engine efficiency and to reduce emissions has triggered a trend towards

downsizing. Downsizing refers to increasing the power density of the combustion

engines by reducing the dimensions for a given power output. This leads to a higher

surface to volume ratio, and as a result phenomena like flame-wall interaction become

more significant. Therefore, the importance of flame-wall interaction is increasing

[7].

The fundamental concept of flame-wall interaction is as follows. As a flame ap-
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1.2. RESEARCH GOALS

proaches a cold wall, the heat loss through the wall increases. This is because of

the high gradient generated between the hot flame and the cold wall. At the in-

stant when the heat loss through the wall increases beyond the energy required to

sustain the flame, the flame stops propagating. This phenomenon, where the flame

‘quenches’ at a certain distance away from the wall, is called flame-wall interaction.

The various quenching configurations are explained in Section 2.2.

1.2 Research goals

The review of FWI related literature, as detailed in Chapter 2, identifies the study

of CO emission characteristics, wall heat flux and flame dynamics near a combustor

wall as some of the important areas of research which require further investigation.

The overall objective of this project is to investigate the flame dynamics, wall heat

flux and near-wall CO characteristics of preheated, premixed methane/air flames

interacting with walls, with or without cooling air jets, using direct numerical sim-

ulations (DNS). Laminar and turbulent flow conditions will be studied.
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Chapter 2

Literature Review

2.1 Introduction

The literature review is structured as follows. The fundamentals of flame-wall inter-

action are reviewed in Section 2.2 where the effect of several parameters on quenching

parameters and wall heat flux are discussed. The effect of flame-wall interaction on

CO is reviewed in Section 2.3 while the CO due to interaction of a flame with

cooling air jets is discussed in Section 2.4. Turbulent flame-wall interaction studies

reported in the literature are discussed in Section 2.5. The major learnings from the

literature are then summarised and the research questions are presented in Section

2.6.

2.2 Fundamentals of flame-wall interaction (FWI)

The various flame quenching configurations and the basic parameters related to

FWI are introduced in Section 2.2.1. The effects of pressure, wall temperature,

Lewis number and surface chemistry on the quenching parameters and wall heat

flux are then discussed in Sections 2.2.2 to 2.2.5. The concept of low-activation,

exothermic radical recombination reactions is reviewed in Section 2.2.6.
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2.2. FUNDAMENTALS OF FLAME-WALL INTERACTION (FWI)

2.2.1 Basic parameters

The interaction of a flame with a relatively cold wall affects both the wall heat

transfer as well as the flame behaviour. Due to the temperature difference between

the wall and the flame, heat is transferred from the flame to the wall. When the

wall heat loss increases beyond the energy required to sustain the flame, the flame

quenches. The minimum distance between the flame and the wall is called the

quenching distance (δQ).

There are two common types of quenching, namely, head-on quenching (HOQ) and

side-wall quenching (SWQ). In the HOQ configuration, the flame propagates normal

to the wall. It moves parallel to the wall during SWQ. Schematics of these quenching

configurations are shown in Figure 2.1. The flame is pushed closer to the wall during

HOQ, compared to the SWQ configuration, and hence features a higher wall heat

flux. A numerical study of the two configurations demonstrated that the quenching

distance during HOQ could be less than 50% of that during SWQ [8].

Figure 2.1: Various FWI configurations: (a) Head-on quenching (HOQ), and (b)
Side-wall quenching (SWQ) [8].

In the context of FWI, two parameters are used in the literature: the minimum dis-

tance of the flame from the wall (δQ); and the maximum wall heat flux (φmax). The

distance of the flame from the wall is commonly non-dimensionalised by the flame

thickness to obtain the local Peclet number (Pe). The limiting (minimum) value

of Pe, i.e. Pemin = δQ{δL, indicates the quenching distance non-dimensionalised
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by the diffusive flame thickness (δL) [8]. The dimensional wall heat flux (Φwall) is

normalised by the reference laminar flame power (ΦΣ) to get the non-dimensional

wall heat flux (φwall).

ΦΣ “ ρuYfsL∆H r8s, (2.2.1)

where ρu, Yf , sL and ∆H refer to the unburnt gas density, fuel mass fraction, un-

stretched laminar flame speed and the heat of reaction, respectively. The maximum

and mean (time-averaged) values of the wall heat flux are practically important as

the former influences the combustor lifetime while the latter determines the cooling

load requirement [6].

A simple correlation between the minimum Pe (Pemin) and the maximum non-

dimensional wall heat flux at the quenching instant was proposed for laminar flames

in Ref. [8]. It was assumed that heat conduction in the quenching layer is the only

contributor to the wall heat flux, leading to,

φmax “
´Tb ´ Twall
Tb ´ Tu

¯ 1

Pemin
. (2.2.2)

The quenching distance (δQ) is closely related to the maximum wall heat flux (Φwall)

as well. Fundamentally, a flame quenches when the heat transferred to the wall

exceeds the energy required to sustain the flame. Sotton et al. [9] expressed δQ

in terms of the wall heat flux (see Equation 2.2.3). The variables λg, Xfuel, and

cp,g denote the thermal conductivity of the gas mixture, fuel mole fraction and

specific heat of the gas mixture. Equation 2.2.4 defines the reaction rate (ω) in

terms of pre-exponential factor (Λ), activation energy (Ea), universal gas constant

(Ru) and temperature (T ). Coefficients a and b are dependent on the reaction

mechanism:

δ2
Q “ k2

´

1´
Φwall

ΦΣ

¯ λg.Xfuel

cp,g.ω
(2.2.3)
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2.2. FUNDAMENTALS OF FLAME-WALL INTERACTION (FWI)

ω “ Λ . exp
´

´Ea
RuT

¯

. rFuelsa . rOxidisersb (2.2.4)

This correlation between δQ and Φwall can be useful to estimate the quenching

distance in some cases. For instance, due to experimental constraints, the quenching

distance at higher pressures cannot be measured directly [9]. Under such conditions,

δQ can be determined from Φwall.

2.2.2 Effect of pressure

Several experimental studies have investigated the effect of pressure on the quench-

ing distance [9–12]. In early 50s, measuring quenching distance between two plane

parallel plates revealed an inverse relationship between the pressure and the quench-

ing distance [10, 11]. This is a power-law relation where δQ is inversely proportional

to the nth power of pressure. This relation has been reported in the literature for

various fuels including propane [10], n-heptane, iso-octane, benzene, ethyl ether [11]

and methane [9]. The value of n for several fuels are compiled in Table 2.1.

Table 2.1: Power law relation (δQ9p
´n) for various fuels

Fuel n Reference

Propane 0.91 Friedman and Johnston, 1950 [10]
n-heptane 0.92

Friedman and Johnston, 1952
[11]

iso-octane 0.91
Benzene 0.91
Ethyl ether 0.87
Methane (for
0.05-0.2 MPa)

1.27 Sotton et al., 2005 [9]

The variation of δQ with pressure, studied in one of the above works is displayed in

Figure 2.2, as an example. The quenching distance of a propane/air flame propagat-

ing between two parallel plates was measured. The minimum distance between two

parallel plates when flashback can happen was considered as the quenching distance

in this setup. The variation of the quenching distance, for various pressures and

air/fuel ratios, is shown in Figure 2.2. The inverse relationship between δQ and p
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observed is likely to be linked to the inverse relationship between pressure and the

flame thickness.

The minimum value of the quenching distance for a given pressure occurs at slightly

less than the stoichiometric air-fuel ratio. This trend is similar to that of the flame

thickness suggesting that the flame thickness plays an important role in the ob-

served behaviour. Similar trends have been reported for methane [13], methanol

[13], propane [10], n-heptane [11] and iso-octane [11].

Figure 2.2: Quenching distance versus air/fuel ratio (propane fuel) at different pres-
sures [10].

Equation 2.2.3 can be used to test the validity of the power law correlation discussed

earlier. The quenching distance in the HOQ configuration deduced using three

different methods, are shown at different pressures in Figure 2.3 [9]. The minimum
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δQ is determined by (i) direct photography (shown by black circles in Figure 2.3), (ii)

from the power law correlation (shown by dotted line), and (iii) from Equation 2.2.3.

Experimental data is reported for pressure ranging from 0.05 MPa to 0.2 MPa. The

power law prediction of δQ matched with the experimental and calculated results

in this range of pressure, see Figure 2.3 (a). Authors noted that there were no

experimental methods to directly measure quenching distance at high pressures. A

comparison of the quenching distances calculated using methods (ii) and (iii) showed

a mismatch at high pressures, see Figure 2.3 (b).

Figure 2.3: Quenching distance over a range of pressures: (a) 0.05-0.24 MPa and
(b) 0.05-1.7 MPa [9]. (Qw ” Φmax, QΣ ” ΦΣ.)
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2.2.3 Effect of wall temperature

An increase in the wall temperature (Twall) heats up the unburnt gas adjacent to

the wall. This preheating increases the flame speed and the flame power, thereby

reducing δQ. As a result, the wall heat flux increases, provided the wall tempera-

ture is much less than the adiabatic flame temperature. Computational results of

stoichiometric methane/air and propane/air flames interacting with a wall, shown

in Figure 2.4, demonstrate this relation. The effects of wall surface chemistry and

cross-diffusion (Soret effect) on the wall heat flux are also elucidated therein.

Surface chemistry and Soret effects are negligible at low temperatures (ď 400 K) for

methane/air flames. However, at higher wall temperatures (ą 400 K), the maximum

Φwall of a methane/air flame is higher when both surface chemistry and Soret effects

are neglected (see Figure 2.4) [14]. Of these two effects, surface chemistry is found

to influence the wall heat flux more. Up to 18% reduction in the maximum Φwall was

observed when Soret effect and surface chemistry were included in the analysis [14].

Furthermore, surface chemistry becomes more important at a lower temperature

for a propane/air flame (see Figure 2.4). This is expected as propane/air mixtures

ignite at lower temperatures compared to methane [14]. As the reactions initiate,

more reactive radical species will be formed, some of which may be adsorbed by the

reactive wall.
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Figure 2.4: The variation of maximum wall heat flux (Φmax) with wall tempera-
ture (Twall) for methane/air and propane/air flames [14]. Computational results
obtained for methane (with and without wall surface chemistry and Soret effects)
are compared to the corresponding experimental findings [15].

The qualitative trend of Φwall as a function of Twall, captured by the computational

studies is different from that in the experimental results where no discernible vari-

ation in Φwall with Twall is observed. Also, in general, the computational results

over-predict the wall heat flux compared to the experimental findings. This is be-

cause the heat loss to the surroundings (except for the wall) is not included in the

computational studies.

2.2.4 Effect of Lewis number (Le)

The relative importance of mass diffusivity (Dmass) of each species relative to the

thermal diffusivity (α) is quantified by the Lewis number (Le “ α{Dmass). The mass

diffusivity of the fuel affects the transport of the fuel near the wall. This influences

the fuel concentration in the quenching zone. As fuel trapped in the quenching zone

does not undergo combustion, this can affect fuel consumption and emissions. It

can also locally alter flame speed and quenching distance.

In a turbulent flame, Le affects the local flame speed depending on the local flame

curvature [16, 17]. Figure 2.5 shows this effect in a premixed, turbulent flame

simulated in a two-dimensional domain with a single-step chemical mechanism [16].

Figures 2.5(a)-(c) show the results for Le = 0.8, 1 and 1.2, respectively. A positive

28



CHAPTER 2. LITERATURE REVIEW

value of curvature in Figure 2.5 indicates that the flame is convex in shape towards

reactants. In this region, the local flame speed increases with a decrease in Le.

One may explain this trend as follows. For Le ă 1, the mass diffusion is faster

than the thermal diffusion. As a result, the reactant species reach the convex region

of the flame faster thereby increasing the reaction rate and the local flame speed.

Conversely, the local flame speed decreases in the negative curvature region, i.e. a

concave shaped (towards reactants) flame, with a decrease for Le ă 1. For concave

shaped flame, the reactant species diffuse in a larger region, therefore reducing the

flame speed.

Lai et al. [18] investigated the effects of Lewis number on head on quenching of tur-

bulent premixed flames using a three-dimensional DNS under turbulent conditions

with single-step chemistry. They showed the observed trends for the flame speed

as a function of curvature and Lewis number in a turbulent flame can affect the

minimum Pe.
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Figure 2.5: Scatter plots of local flamelet speed (normalised by laminar flame speed)
varying with the normalised local flame curvature for different Le [16]. Curvature,
which is the reciprocal of the radius of curvature, is normalised by the reciprocal of
laminar flame thickness. (a) Le = 0.8, (b) Le = 1.0, (c) Le = 1.2.

2.2.5 Effects of surface coatings

Modification of the wall surface properties, due to the presence of surface coatings

and/or due to the use of different surface materials, influences the flame quenching

properties. The thermal conductivity of the wall influences the wall heat transfer

which in turn can affect the quenching distance. For instance, low heat loss through

an insulating wall delays the flame extinction, thereby decreasing the quenching

distance. The adsorbing and/or catalytic characteristics of the wall can influence

the near-wall chemistry. Adsorption can affect the availability of various species for

reactions and catalysis may accelerate the near-wall chemical reactions.

Figure 2.6 shows the effect of wall material in SWQ and HOQ configurations. In a
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pressure range of 0.05 - 0.15 MPa, the quenching distance with an insulating wall

material like ceramic was lower than that with a steel wall by a factor of 1.1 - 1.8 in

a SWQ configuration (see Figure 2.6(a)). Also, the quenching distance was found

to change for an unchanged wall material with an additional covering of soot. The

quenching distance was reduced by a factor of 1.1 - 1.5 when a steel wall was coated

with a layer of soot [12]. Figure 2.6(b) shows the effect of wall material in a HOQ

configuration. The quenching distance observed in SWQ, discussed above, is plotted

as a reference. As expected, the quenching distance is lower in a HOQ configuration.

For polished steel, the quenching distance in the HOQ configuration is lower than

that in the SWQ configuration by a factor of 1.4 - 2.5 when the pressure ranges

from 0.08 - 0.19 MPa [12]. In a HOQ configuration also, the quenching distance

decreased by a factor of 1.25 - 1.45 relative to that observed in a steel wall, in the

pressure range of 0.08 - 0.12 MPa when an insulating wall material (ceramics) was

used.

An experimental uncertainty of 0.05 mm, noted in Ref. [12], is shown in Figure

2.6. Considering the possibility of erroneous measurements within this range of

uncertainty, one may infer that the effect of wall material may not be that significant.

This is further explained in Ref. [19].

(a) Side-wall quenching (b) Head-on quenching

Figure 2.6: Quenching distance with various wall materials for varying pressure [12]

Haber and Suntz [19] observed that ceramic coating affected quenching distance

in a SWQ configuration. The authors were cautious of drawing conclusions, as

the difference in the quenching distance for different cases was comparable to the

experimental uncertainty of 84 µm. Figure 2.7 shows the quenching distance for
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methane/air and propane/air flames over a range of equivalence ratios. In general,

the quenching distance decreased with an increase in the thickness of the ceramic

coating. This is clearly seen for propane/air flames (Figure 2.7(b)), while a different

trend is observed for lean methane/air flames.

Figure 2.7: The variation of quenching distance with different ceramic coating thick-
ness for laminar premixed methane/air and propane/air flames over a range of equiv-
alence ratios [19]. Ceramic materials shown are yttrium-stabilised zirconium-dioxide
(YSZ) and titanium dioxide (TiO2).

Saffman studied the catalytic and adsorption characteristics of a wall in a SWQ

configuration [20]. The temperature and fuel mass fraction profiles of a propane/air

flame in the quenching layer for different wall materials, namely copper, Teflon and

platinum were noted. The observed differences in temperature and fuel mass fraction

were again within the experimental uncertainties [20].

Owston et al. [21] numerically investigated the influence of wall surface chemistry

on the wall heat flux. The wall surface chemistry influences the concentration of

radical species near the wall. One of the effects of a chemically active surface is to

adsorb radicals thereby reducing their concentration near the wall. This effect was

simulated in Ref. [21] by defining a recombination wall where the concentration of
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radicals H, O and OH were set to zero in the near-wall cell. This is referred to as the

radical sink methodology. The mass fractions of these radicals were added to that of

water to ensure a sum of unity. A 750-K isothermal wall and a n-heptane/air flame

were considered. The peak wall heat flux was about 16% lower with a recombination

wall (Figure 2.8) as opposed to a chemically inert wall. However, the significance of

surface chemistry on the quenching distance and thus on the wall heat flux depends

on the wall temperature and wall material [22].

Figure 2.8: Wall heat fluxes at an isothermal (750 K) wall, with and without surface
chemistry (‘recombination’ and ‘inert’, respectively) [21].

Kim et al. [22] experimentally studied the effects of surface chemistry over a range of

wall temperatures using a slit burner in which a stoichiometric mixture of methane

and air was burned and stabilised between two parallel plates behaving as the walls.

The variations of quenching distance with temperature for inert and reactive walls

made of stainless steel and quartz reported in [22] are shown in Figure 2.9. At low

wall temperatures (Twall ď 500˝C), the quenching distances measured using reactive

and inert quartz walls did not show a significant difference. This difference increased

at higher temperatures. Similar observations were reported in [22] with an alumina

wall (not shown in the figure). However, the effect of surface chemistry on the

quenching distance was qualitatively different in the same temperature range when

a stainless steel wall was used. The quenching distance measured with inert and

reactive stainless steel walls showed a higher difference even at low temperatures.
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Thus, one may infer that the effect of surface chemistry on quenching parameters

depends on both wall temperature and wall material. Consideration of surface

chemistry for a given wall material will limit the generality of the results as a number

of wall materials may be used in practical combustors. Hence, high wall temperature

(750 K) studies have also neglected surface chemistry deliberately [6].

Figure 2.9: The effect of wall temperature on quenching distance with inert and
reactive walls of quartz (left) and stainless steel (right) [22].

2.2.6 Radical recombination reactions

At or near a relatively cold wall, low temperature chemistry is activated, reason

for which is as follows. The activation energy required to trigger major chemical

reactions (e.g. fuel oxidation reactions) is generally high. Therefore, at low temper-

atures, these reactions do not occur. In this case, reactions with lower activation

energy become more important. Radical species are chemically unstable and hence

are chemically reactive. They react with each other or with other species to form

more stable species. These reactions which are exothermic and have low-activation

energy (or zero-activation energy, as defined in [6]) are called radical recombination

reactions and are dominant in a certain temperature range (greater than 400 K

[21, 23] and less than about 800 K [13]).

The radical recombination reactions consume most radicals near the wall. This can

be observed in Figure 2.10 where the maximum mole fraction of the stable species

such as CH4 and O2 are found near the wall while those of the radical species such

34



CHAPTER 2. LITERATURE REVIEW

as H, O and OH are found at a distance from the wall [13]. More understanding

of this concept requires a comparison of the major contributing reactions near and

away from a wall, which was conducted by Owston et al. [21].

(a) Temperature and major species (b) Major radicals and inter-
mediate species

(c) Minor intermediate
species

Figure 2.10: Temperature and species concentration during quenching [13]

Owston et al. [21] numerically investigated a one-dimensional, premixed n-heptane/air

flame quenching against an isothermal (750 K), inert wall. A difference in heat re-

lease rate was observed between a freely-propagating flame and a quenching flame.

They found that the major reactions contributing to the net heat release rate were

different near the wall and away from the wall. Certain zero or low-activation energy

reactions were found to release more heat near the wall, thereby underlining the in-

creasing importance of radical recombination reaction in this region. For instance,

the heat release rate of CHO ` H Ñ CO ` H2, which has zero-activation energy,

was 50% greater near the wall [21]. Also, the authors noted that four out of the
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five reactions which released more than 7ˆ 108W/m3 in the near-wall region at the

quenching instant involved consumption of H, O or OH radicals.

In a three-dimensional DNS of a rich (φ = 1.5), preheated (Tu = 750K) hydrogen/air

flame with detailed chemical mechanism [6], the contribution of radical recombina-

tion reactions was quantified. The near-wall heat release rate due to each reaction

was determined along with the overall heat release rate. It was identified that radical

recombination reactions contributed to about 70% of the overall heat release rate.

This result was established using a one-dimensional laminar simulation.

The contribution of different species to the overall heat release rate at the wall

in turbulent premixed methane/air flames (Tu “ 300 K) was studied in Ref. [24]

(see Figure 2.11). Authors reported that the species involved in the reaction steps

O2 ` H `M Ñ HO2 `M and 2HO2 Ñ H2O2 ` O2 were the major contributors

to the overall heat release rate at the wall and that these were low-temperature

reactions. However, one may note from Figure 2.11 that the contributions of cer-

tain other species, e.g. CO2 and H2O, are at least as much as that of some of

the above-mentioned species, e.g. HO2. An analysis of the overall heat release

rate contributions of individual reactions instead of the species, at the wall may

help to quantify the contribution of the low-temperature reactions in a premixed

methane/air mixture. Such an analysis performed for a preheated flame will be

more practically relevant.

Figure 2.11: The percentage contribution of different species towards overall heat
release rate at the wall at several instants during laminar HOQ [24]. These instants
represent the flame away from the wall, in the influence zone and slightly after the
quenching instant, respectively.
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2.3 CO emissions

This section reviews the effect of flame-wall interaction on CO emissions. Section

2.3.1 discusses the experimental studies of CO due to FWI while the computational

investigations of CO due to FWI are reviewed in Section 2.3.2.

2.3.1 Experimental studies

Although limited in number, several experimental studies have investigated CO

emissions near a relatively cold wall [25–29] and have observed CO emissions in

the near-wall region for different configurations. One such configuration, a HOQ-

like configuration, has been studied in [25, 26] where a methane/air flame vertically

impinges a wall. Statistically stationary flames [25, 26] and propagating flames

[25] were considered to explore steady-state and transient effects, respectively. In a

statistically stationary flame (see Figure 2.12(a)), the observed CO behaviour was

categorised into three main branches: the flame front (1), post-flame zone (2) and

the near-wall region (3). Unlike the flame front and the post-flame zone, the near-

wall region, which is characterised by a massive heat transfer, shows approximately

constant CO concentration. This high wall heat transfer is due to the strong wall

cooling by a stream of cooling water to control the wall temperature. In turbulent

conditions, the eddies push the reaction zone closer to the wall than that in a laminar

flame [25]. As a result, many thermochemical states between the branches identified

by a laminar flame are observed (see Figure 2.12(b)).

The near-wall CO branch does not exist in the case of a transient flame which is

far away from the wall (see Figure 2.12(c)). In the vicinity of the wall, where the

flame starts to quench, the flame and the post-flame branches converge (see Figure

2.12(d)). Figure 2.12(d) also shows that the near-wall CO concentration at the

quenching instant is not negligible.
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Figure 2.12: CO thermochemical states (φ=0.8). Quenching instant is shown by
the red dots. z denotes distance from the wall [25].

Near-wall CO emissions in side-wall quenching (SWQ) was explored in [27] (see Fig-

ure 2.13). The thermochemical states obtained from the experiment were compared

to the computational results of a 1D freely-propagating flame (FPF). The results

plotted in the wall-normal direction at the quenching point are shown in Figure

2.13. Very close to the wall (y ď 0.2 mm), YCO peaks at a much lower temperature

compared to a FPF. Further away from the wall (0.3 ď y ď 0.6 mm), the experi-

mental results of the CO production branch match with the computational results

of FPF, while the oxidation branch has a different behaviour compared with the

FPF results. This indicates that the effect of the wall on the CO production branch

is minimal in this zone while CO oxidation branch is still affected by the wall. For

larger distances from the wall (y ě 0.6 mm), the production branch is not seen as

these locations are in the post-flame zone.

To further understand the influence of wall heat transfer on CO formation and

oxidation, a time-scale analysis was conducted [27, 28, 30]. The time-scale analysis
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aims to understand the relative significance of the wall heat transfer, CO production

and CO oxidation. The CO production and oxidation branches are likely to be

affected by the wall heat transfer when the wall heat loss has a shorter time scale than

those of CO production or oxidation. When unaffected by the wall heat loss, these

branches are expected to be comparable to those in an FPF configuration. The time-

scales of CO production (τPr) and oxidation (τOx), based on 10-90% criteria were

calculated to be 0.25 ms and 5.5 ms [27]. Based on this criteria, τPr is the time taken

for XCO to reach XCO,max from when XCO is equal to the 10% of XCO,max. After

reaching XCO,max, the time required to reduce XCO by 90% of (XCO,max ´XCO,eq)

where XCO,eq is the equilibrium CO mole fraction, is defined as τOx [30]. These

chemical time scales were compared to the heat transfer time-scale (Figure 2.14)

which is calculated [27, 28] as:

τH “
y2

λ
ρCp (2.3.1)

where λ, ρ and Cp denote thermal conductivity, density and specific heat capacity

of air (assumed for convenience). Equation 2.3.1 also assumes that the dominant

mode of heat transfer near the wall is conduction.

Figure 2.13: CO thermochemical states at several distances from the wall (y). Red
lines show the results of 1D simulations of a freely propagating flame [27].

Figures 2.13 and 2.14 together show that the presence of a wall only affects chemical

processes (CO production and oxidation) whose time scales are more than that of
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the wall heat transfer (τH). Near the wall (y ď 0.2 mm), the wall heat loss is

faster than both CO production and CO oxidation, i.e. τH is less than τPr and

τOx (Figure 2.14). Hence, both CO production and oxidation branches (Figure

2.13) differ from the FPF results in this range of y. Beyond this point, the CO

production time scale is smaller than the heat transfer time scale (Figure 2.14).

Hence, the production branch of CO is not influenced by the wall heat transfer and

matches the corresponding FPF result (Figure 2.13). The CO oxidation branch is

affected by the wall at all measured values of y due to the relatively high value of

τOx (relative to τH).

Figure 2.14: Comparison of time scale of heat transfer (τH) to the CO formation
and oxidation time scales. y denotes the distance from the wall [27].

2.3.2 Computational studies

Recently, several computational studies exploring the near-wall CO in the context

of FWI have been reported [31–34]. Two main topics addressed in these studies

are (a) the transport mechanism of CO near the wall [31, 32] and (b) the ability of

reduced chemical mechanisms to predict YCO [33, 34].

Species transport budget analysis [35] is a useful tool to understand the transport

mechanism of species, described as follows:
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where Yk, Dk, and 9ωk denote mass fraction, diffusion coefficient, and rate of produc-

tion of species k. The variables ρ, W , u, x and t represent density, average molar

mass, flow velocities (in each direction identified by i), spatial coordinates and time,

respectively.

This analysis quantifies the contribution of the transport phenomena namely, con-

vection, diffusion and reaction, to the net change in species mass fraction. The three

terms on the right hand side of Equation 2.3.2 represent convection, diffusion and

reaction of species k, respectively while the left hand side shows the net change in

mass fraction of k.

The species transport budget analysis has been used to explore different near-

wall CO transport mechanisms [31, 32]. In a 2D DNS study of premixed, steady

methane/air flames, Ganter et al. [31] compared the significance of diffusion and

reaction processes in determining the near-wall CO. The convection term did not

appear in the analysis as the authors adopted a Lagrangian approach. In the La-

grangian approach, the diffusion (d) and reaction (q) terms, as in Equation 2.3.2,

were integrated along the trajectory of a particle that follows the flow. The in-

tegrated diffusion and reaction terms are denoted by D and Q, respectively. The

contributions of d, q, D and Q are shown in Figure 2.15. Positive (negative) values

of these terms result in an increase (decrease) of YCO, which is clear from Equation

2.3.2. Importantly, diffusion becomes more significant than reaction in the quench-

ing zone. This is evident from the D and Q plots shown in Figure 2.15, and is

further illustrated in Figure 2.16.
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Figure 2.15: Reaction and diffusion terms (q and d) of CO and their integrated
values (Q and D respectively) [31]. Temperature isolines (in K) are also shown. xq
is the streamwise distance relative to the flame tip position.
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Figure 2.16: The variation of integrated source term (Q ), integrated diffusion term
(D ), and mass fraction of CO (YCO ) with temperature at several streamwise
locations (xq) [31]. Experimental YCO ( ) results [27] are also shown.

Figure 2.16 compares the roles of integrated diffusion (D) and source (Q) terms

at several streamwise locations (xq), along the wall-normal direction, before and

after the flame tip. The CO thermochemical states obtained computationally [31]

and experimentally (from [27]) are also shown. At xq = -0.55mm, the flame is

unaffected by the wall. As the quenching point, xq “ 0, is approached the near-wall

CO diffusion starts to increase, indicating the diffusion of CO from the flame to

the wall in the quenching zone. Some of this CO is later consumed downstream by
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chemical reactions. This is clear from the negative source term near the wall for

positive xq values (see Figure 2.16).

Quantifying the roles of different CO transport mechanisms near a wall provides

useful information for modelling [32]. This information may allow modellers to

neglect certain transport mechanisms when appropriate. From the results of species

transport budget analysis, Jiang et al. [32] observed that the CO mass fraction

can be calculated as the integral of the diffusion term only, when the peak of spatial

average of the absolute value of the diffusion term (|D|mean) is more than 50% of that

of the sum of convection and reaction terms (|C ` R|mean)) under some conditions

(see Figure 2.17).

Figure 2.17: Actual CO mass fraction (Ỹco) and that calculated (Ỹco,D) by integrating
diffusion (D) term, averaged in the quenching zone (0 to δQ). C and R are the
convection and reaction terms. ζ is the dilution level, i.e. the ratio of mass flow rate
of burned gases to the total mass flow rate.

Several studies have investigated the performance of reduced chemical mechanisms

to capture the near-wall chemistry and particularly CO emission [33, 34]. Heinrich

et al. [34] used the flamelet generated manifold method (FGM) which is a tabulated

chemistry approach, in a SWQ burner. In this method, the results of a series of

1D simulations performed using GRI 3.0 were stored in a 3D table. The thermo-

chemical states at any given point was represented by three variables: mass fraction
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of CO2, mixture fraction and enthalpy. [34]. Using this reduction technique, the

authors [34] found that the increase in the near-wall CO, which is observed close to

the quenching instant, was not captured [34]. In a more exhaustive investigation of

the cause of this error, Ganter et al. [33] identified the scalar dissipation rate in the

enthalpy direction as the reason for the error. An extended tabulation technique,

e.g. reaction-diffusion-manifold approach (REDIM) which considers the scalar dis-

sipation rate, was found to predict the qualitative behaviour of the near-wall CO

[33].

2.4 Effects of flame-cooling air interaction (FCAI)

on CO emissions

One combustor liner cooling technique is effusion cooling, where the cooling air jets

introduced into the combustor complement each other to form a sheet of cold air

near the wall, without penetrating into the mainstream flow. The cooling air may

then influence CO emissions through several effects, some of which are contradictory.

First, the low temperature introduced by the coolant jet reduces the CO oxidation

rate upon interaction with the coolant [36, 37]. Second, richer inlet mixture leads

to generation of higher CO even if the overall equivalence ratio is low [38]. This can

be because the air used for cooling reduces the air available for combustion in the

primary zone. This leads to a rich mixture at the combustor inlet, generating higher

CO. Third, the excess oxygen introduced by the cooling air can aid CO oxidation

leading to a decrease in CO [39].

The above-mentioned effects are not independent of each other. An increase in

the coolant flow can introduce more oxygen which should facilitate CO oxidation.

However, the low temperature of the coolant reduces the rate of this CO oxidation

due to reaction quenching. This is likely to reduce the rate of decrease of CO. In

addition, the increase in the coolant flow makes the inlet mixture richer leading to

higher CO. Due to the interrelated nature of these effects, this problem is not well

understood.

Reduced levels of CO were observed in commercial combustor configurations when
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effusion cooling was replaced by back-side combustor cooling [36, 37]. Figure 2.18

shows the CO emissions in an industrial combustor with and without effusion cool-

ing. When the air used for effusion cooling was reduced from 20% (represents effusion

cooling) to 0% (represents back-side cooling) of the available combustion air a signif-

icant reduction in CO was observed (see Figure 2.18). In other words, a higher CO

was observed in the effusion cooled combustors. Although both the cooling meth-

ods reduce the combustor wall temperature, the coolant jet enters the combustor in

effusion cooling and would create a region of low temperature. Authors noted that

the reduction in CO oxidation rates (also called reaction quenching) due to such

a low temperature region was the primary reason for the increase in CO emission

[36, 37] in the effusion cooled combustor. This is in line with the observations of

Correa [40] who found that the equilibrium CO levels are attained near a backside

cooled (« 1100 K) combustor wall because the rate of transport of CO towards the

combustor wall was slow compared to the time required to oxidise it [40]. However,

the CO oxidation time scales were larger when trapped in the cold eddies (900 K)

which are formed as a result of turbulent mixing of the dilution air jets with the hot

gas [40].

Figure 2.18: Effect of effusion cooling on CO emissions [36] for a range of burner
outlet temperatures (BOT).

Andrews and Kim showed that richer mixtures at the inlet contribute to a higher
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CO emission [38]. They studied a radial swirler combustor where 60% of the total

combustor airflow entered the primary zone through a radial swirler while the re-

maining was fed as dilution air. They investigated the effect of overall equivalence

ratio and swirler local equivalence ratio on CO emission. Figure 2.19 shows CO vari-

ation over a range of overall equivalence ratios for two different inlet temperatures

(740 K and 600 K) with different cooling air proportions (0%, 16% and 42% of the

total air flow). As the lower flammability limit is approached, regions of inefficient

combustion and insufficient residence time lead to a higher CO emission. This is

observed for equivalence ratios less than 0.4 and 0.47 for mixtures at 740 K and

600 K, respectively in the cases without effusion cooling. Beyond these limits, the

CO concentration is observed to increase with an increase in the coolant flow. For

instance, with an overall equivalence ratio of 0.45 with the 740 K mixture, the CO

concentration varied from approximately 15 ppm to about 100 ppm as the cooling

air proportion was changed from 0% to 42% of the total airflow (see Figure 2.19).

However, Figure 2.20 shows that the effect of coolant flow rate on CO emission

is different when studied in terms of the local equivalence ratio [38], as explained

below.

The range of swirler local equivalence ratios shown in Figure 2.20 are similar to that

of the overall equivalence ratio (shown in Figure 2.19), in the absence of cooling

jets. In the cooled cases, one would expect a locally richer mixture at the inlet as

a fraction of the air is used for cooling. Such an increase in the swirler equivalence

ratio is seen in Figure 2.20. For instance, an inlet temperature of 600 K which had

a maximum swirler equivalence ratio of about 0.6 when uncooled, developed regions

of up to 0.8 equivalence ratio when effusion cooled with 42% coolant flow rate. A

higher amount of CO is expected to be produced at such local fuel-rich regions.

However, the CO emission reported in the cases with cooling air, particularly with

42% coolant flow, are less than the equilibrium CO values corresponding to the local

equivalence ratios. The authors attributed this reduction in CO to the post swirler

oxidation where CO interacts with the cooling air. The excess air introduced by

the cooling air jet is likely to facilitate oxidation of the higher CO generated by the

richer mixture at the inlet [38].
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Figure 2.19: Variation of CO (in ppm) with overall equivalence ratio [38].

Figure 2.20: Variation of CO (in ppm) with swirler local equivalence ratio [38].

Rivera et al. [39] conducted experimental and numerical studies to understand the

effect of coolant on a laminar premixed flame. Lower temperature and higher oxy-

genation due to the coolant stream were found to reduce the CO concentration.

Figure 2.21 shows the temperature and CO profiles obtained using 1D fully resolved

simulations in a case where the coolant is injected downstream of the flame. The
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Figure 2.21: Temperature and CO profiles for DDC and DDO cases with air and
N2. Undiluted case is also shown for comparison [39].

effects of dilution and cooling due to the coolant stream were decoupled by consid-

ering cases with (a) downstream dilution only (DDO) and (b) downstream dilution

and cooling (DDC). For DDO cases, the cooling jet was injected at the local gas

temperature, i.e. the cooling effect was not included. Also, two coolant types, air

and N2, were considered in Figure 2.21 to understand the role of excess oxygen

on temperature and CO profiles. Figure 2.21(a) shows a drop in temperature in

DDC cases, with both air and N2. This is expected as the injection of the low

temperature coolant decreases the enthalpy of the mixture. Also, associated with

this decrease in temperature, both air-cooled and N2-cooled cases showed a lower

CO emission. Air-cooled cases, which introduces excess oxygen compared to the

N2-cooled cases, showed lower CO in both DDO and DDC cases, underlining the

effect of excess oxygenation. Furthermore, a time-scale analysis conducted in this

study using chemical reactor network (CRN) simulations revealed that an increase
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in residence times, namely (a) mean dilution residence time of the cooling jet and

(b) exhaust gas cooling residence time, led to more complete CO oxidation, except

for when the coolant mass flow rate was very low.

Summarising, there are several hypotheses about the effect of cooling air on CO most

of which are interrelated. Also, some of these hypotheses contradict each other. To

improve the understanding of the influence of cooling air on CO, rigorous analyses

of each of these hypotheses are required.

2.5 Turbulence-chemistry interaction near walls

Dreizler and Bohm summarised the advanced diagnostics methods and flame-wall

interaction (FWI) related studies in [5]. Reviewing the existing studies, the authors

confirmed that the experimental constraints in flame-wall interaction studies still

exist, highlighting the importance of computational studies in flame-wall interac-

tion. Various numerical studies investigated head-on quenching (HOQ) and side-

wall quenching (SWQ) configurations, with and without detailed chemistry model.

Flame-wall interaction becomes more complicated in turbulent conditions [5]. The

wall heat loss is modified by the action of turbulent vortices [6] while the flame is

strained by the vortices. Also, the impact of the combination of flame and wall

on the turbulent flow is different from their individual effects [5]. For instance,

Alshaalan and Rutland found the law-of-the-wall scaling to be invalid in the log

layer in the presence of a flame, due to the introduction of more turbulent transport

mechanisms than a cold flow near the wall [41].

Two-dimensional (2D) direct numerical simulation (DNS) of flame-wall interaction

in the case of premixed turbulent methane/air flames was studied by Poinsot et al.

[8] using a single-step chemistry model. An initial laminar flame simulation (2D

DNS) was conducted and the wall heat flux, flame power and Pe were plotted. It

was noted that the flame power decreased drastically at a Pe of about 8, which

was attributed to the influence of the wall (from this point to the wall is defined

as the influence zone). The flame moved closer to the wall till Pe “ 3.4 before

being quenched. The non-dimensional wall heat flux reached the maximum value

(=0.36) at this point. A scatter plot of the flame consumption speed, normalised by
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the laminar flame speed, against Pe (refer Figure 2.22), revealed three branches of

flame elements (also referred as “flamelets” in Figure 2.22) - one corresponding to

head-on quenching (branch 1), another corresponding to side-wall quenching (branch

2) and a third branch which burnt faster as the flame elements approached the wall

and quenched subsequently Pe « 3.5.

Figure 2.22: Flamelet consumption speed versus wall distance [8]

A more detailed analysis of these branches led the authors to hypothesise the typical

events of flame-wall quenching (FWI) leading to quenching (Figure 2.23). Initially,

the flame propagates normal to the wall (branch 1) until some elements reach a Pe

of 3.4, similar to a head-on quenching case. At this stage, those elements close to the

wall flatten and quench. Those elements which were not quenched, move away from

the quenched zone propagating parallel to the wall. They stabilise at a distance

corresponding to a Pe of 7, similar to a side-wall quenching case. A law-of-the-wall

model was formulated and the conservation equation of flame surface density was

modified by including the effects of the wall. The equation was integrated in two

zones: the influence zone and the rest of the computational domain, to obtain a

solution.
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Figure 2.23: Observed flame behaviour before quenching [8]

Flame thickening effects near the wall have been reported by various studies in the

literature [6, 41]. Three-dimensional DNSs of turbulent premixed H2{O2 flames in an

anchored V-flame configuration was performed using a detailed chemistry model [6].

The contour of the time-averaged reaction progress variable (C) field is presented in

Figure 2.24. The average flame thickness, bounded by C = 0.05 and 0.95, increases

as the boundary layer is approached [6]. The authors attributed two reasons to the

flame thickening effect. First, the average flame thickness may increase due to the

effect of unsteadiness and wrinkling. Second, a reduction in the turbulent length

scale near the wall decreases the Damkohler number (Da) leading to a regime change

from the ‘thin flamelet’ regime away from the wall to the ‘thickened wrinkled flame’

regime near the wall [6, 41].
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Figure 2.24: Reaction progress variable field [6]

Figure 2.25: The fluctuating wall heat flux spectra (spatial and temporal) [6]

The spatial and temporal spectra (Figure 2.25) of the Fourier transforms of the

fluctuating wall heat flux were plotted in a log-log scale (the temporal spectrum

was calculated at the streamwise distance where the average wall heat flux was

maximum). One important observation was that the time scale corresponding to

the maximum wall heat flux in the frequency domain was comparable to that of the
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near-wall vortices indicating the high impact of the near-wall vortices on the wall

heat flux. In the temporal spectrum, the wall heat flux fluctuated majorly from

10 to 26 wall time units (9 to 27 kHz) while the time taken for the vortices to go

past the flame-wall impingement region was 27 wall time units. An analysis of the

vorticity and reaction rate contours of turbulent flames in 2D DNS [8] also showed

the presence of near-wall vortex pairs, some of which pushed the flame towards

the wall, while some others pushed it away from the wall. This is an important

phenomenon which is also addressed in the more recent DNS studies reported in

the literature [41–43]. Three dimensional DNSs of turbulent premixed flames were

performed in a channel configuration using a single-step chemistry model in [42].

The turbulent flames were found to move closer to the wall than the laminar flames,

thereby leading to a larger wall heat flux. In the case of turbulent flames, when

compared with the corresponding laminar flames, the minimum Pe was less, while

the maximum Pe were higher at most instants, as reported in [18]. This is because

some vortices push a part of the flame closer to the wall at some places while other

push the fresh reactants away from the wall at some places. Hence, the flame is

closer to the wall than a laminar flame at some places, while it is away from the

wall at some other places.

2.6 Summary and research questions

The phenomenon of flame-wall interaction is significant in practical combustion

engine design. The presence of a wall can lead to incomplete combustion near

the wall, thereby potentially contributing to emissions and fuel consumption. The

existing trend in favour of high power density engines increases the importance of

this phenomena.

The fundamental concepts related to FWI were summarised in this chapter. The

effects of pressure, equivalence ratio, wall temperature, Lewis number (Le), surface

coatings, radical recombination reactions and wall heat flux on FWI were reviewed.

The key observations can be summarised as follows. A decrease in the flame thick-

ness, which can result from increase in pressure or due to a change in equivalence

ratio leads to a smaller quenching distance, thereby increasing the wall heat flux.
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Another important observation from the literature is the role of the low activation

energy reactions, i.e. the radical recombination reactions, which are important at the

wall due to the relatively low wall temperature. These reactions, being exothermic,

also increase the near-wall heat release rate and wall heat flux. Their contribution to

wall heat flux can be reduced if the amount of available radicals for these reactions

is reduced due to the surface adsorption characteristics of the wall.

Despite decades of research, there are unanswered questions on the topic of FWI

relevant to engine design and simulation. CO emissions may be increased by FWI

due to incomplete combustion near the wall. However, the controlling physics and

chemistry interactions are only poorly understood. Recently, a few experimental and

computational studies have reported on near-wall CO. One of the important results

has been that a species transport budget analysis can be used to understand CO

transport mechanisms near wall. This can provide useful information for near-wall

CO modelling.

Introduction of cooling air jets in a gas turbine combustor also influences CO emis-

sions. Several potential reasons such as reaction quenching and variations in the

inlet equivalence ratio have been reported in the literature. However, the under-

lying physics of flame-cooling air interaction (FCAI) on CO need more rigorous

investigation to make near-wall CO due to FCAI predictable. Near-wall turbu-

lent vortices are another important phenomenon widely discussed in the literature.

These vortices push the flame closer to the wall at some points and push them away

from the wall at some other points, thereby influencing the quenching distance and

the wall heat flux.

In this thesis, the near-wall CO emission characteristics and wall heat flux effects

of laminar and turbulent premixed methane/air flames are investigated, with and

without cooling jets. A preheated flame (Tu “ 800K) is used to mimic the com-

bustor inlet temperature condition of a gas turbine. The specific research questions

are:

1. How do the wall heat flux, emission characteristics and flame be-

haviour vary for a forced laminar premixed flame?
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Analysis of a laminar flame subject to velocity perturbations at the inlet,

isolates certain characteristics of the flame and the impact of unsteadiness on

the near-wall behaviour can be explored. In other words, a laminar flame

subject to velocity perturbations, reproduces certain (though not all) traits of

a turbulent flame, and hence is chosen for this study. This can serve as a first

step towards complete understanding of the behaviour of a realistic turbulent

flame.

2. How do cooling air jets influence the wall heat flux, emission char-

acteristics and flame behaviour of forced laminar premixed flames?

Cooling air jets can trap the unburnt fuel near the wall, leading to either

incomplete or delayed combustion of the mixture. As a result, the CO formed

may not get enough time to oxidise. The relatively low temperature introduced

by the coolant jets may also reduce the CO oxidation reaction rates. This

quenching decreases the rate of consumption of CO. On the other hand, the

cooling air jet provides excess oxygen to the flame tip thereby making the

flame tip leaner. However, although a leaner flame produces lesser peak CO,

the CO oxidation time scale is also higher in a leaner flame. A combination of

such effects affect the near-wall CO emission, thereby making this a complex

problem.

3. How do the cooling air jets and walls influence the wall heat flux,

emission characteristics and flame behaviour of turbulent premixed

flames?

Turbulent vortices near the wall push the flame close to the wall at some points,

while pushing it away from the wall at some other points. The effect of these

vortices when combined with recirculation effects associated with the cooling

air jets may influence CO emission characteristics. Hence, consideration of

turbulent flow conditions may be important in this study.
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2.7 Publications

The appeared and submitted publications which resulted from the work related to

this thesis are listed below:

Peer-reviewed papers

• Chapter 4 [Published]:

R. Palulli, M. Talei, and R. Gordon, Unsteady flame-wall interaction: impact

on CO emission and wall heat flux, Combustion and Flame, 207, 2019.

Conference proceedings

• R. Palulli, B. Jiang, J. E. Rivera, M. Talei, and R. L. Gordon, Direct Numerical

Simulation of Flame-Wall Interaction for a Forced Laminar Flame, in 20th

Australasian Fluid Mechanics Conference, 2016.
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Chapter 3

Numerical Methods

3.1 Introduction

Among various computational fluid dynamics (CFD) methods, i.e. the Reynolds-

Averaged Navier-Stokes (RANS), Large Eddy Simulation (LES) and Direct Numer-

ical Simulation (DNS), DNS is the most accurate method because the governing

equations are solved by fully resolving all the flame and flow time and length scales.

However, DNS is an expensive tool from the computational point of view. DNS

studies are therefore limited to simplified configurations and/or covering a small

range of physical parameters. In spite of these limitations, DNS provides useful in-

sights into the physics of a problem and are very useful for developing models used

in LES, RANS or low-order models. In this thesis, DNSs are used to understand

the fundamental mechanisms involved in flame-wall interaction and flame-cooling

air interaction.

In this chapter, an overview of the numerical methods relevant to the current study

is presented. Section 3.2 introduces the DNS code used in this thesis while Sec-

tion 3.3 discusses the governing equations solved in the code. The details of the

computational domains and the boundary conditions imposed are reviewed in Sec-

tions 3.4 and 3.5, respectively. Section 3.6 shows a comparison of the reduced and

detailed chemical mechanisms used in this thesis, in one-dimensional (1D) and two-

dimensional (2D) configurations.
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3.2 The DNS code: NTMIX-CHEMKIN

The simulations are performed using the DNS code for reacting flows, NTMIX-

CHEMKIN [32, 44–48]. This FORTRAN code is a fully parallelised, high order

accurate solver. An eighth-order finite difference scheme is applied to calculate

the spatial derivatives, while a third-order Runge-Kutta method is used for time

integration. A tenth-order explicit filter is also used to remove the spurious high

frequency waves introduced by the high order finite difference scheme. Two chemi-

cal mechanisms were employed in this thesis. The 53-species, 325-reactions GRI 3.0

mechanism [49] was used for the 2D laminar cases, while a 16-species, 46-reactions

mechanism reported by Smooke et al. [50], referred to as SK, is used for the com-

putationally more expensive 3D turbulent cases.

3.3 Governing equations

3.3.1 Dimensional formulation

The governing differential equations [44] for multi-component reactive species are

noted below. Equation 3.3.1 shows the conservation of mass while the conservation

of momentum and energy are represented by Equations 3.3.2 and 3.3.3, respectively.

The conservation of species is formulated by Equation 3.3.4.

Bρ

Bt
`
Bρuj
Bxj

“ 0, (3.3.1)

Bρui
Bt

`
Bρuiuj
Bxj

“ ´
Bp

Bxi
`
Bτij
Bxj

, (3.3.2)

Bρet
Bt

`
Bpρet ` pquj

Bxj
“
Bpujτijq

Bxi
´
Bqj
Bxj

, and (3.3.3)

BρYα
Bt

`
BρYαuj
Bxj

“ ´
BρYαVαj
Bxj

`Wα 9ωα, (3.3.4)
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where uj refers to the jth component of the fluid velocity. Yα refers to the mass

fraction of the species α. The total energy density per unit mass is denoted by

et. The fluid mass density, the thermodynamic pressure, the viscous stress tensor

and the heat flux tensor are respectively represented by ρ, p, τ and q. The rate of

production and the molecular weight of species α are represented by 9ωα and Wα,

respectively. The diffusion velocity of species α, i.e. Vαj, is calculated assuming it

diffuses to a mixture average species equivalent, as explained in [48]. The variables

xj and t represent the jth spatial coordinate and time, respectively.

The following relations, including the ideal gas equation, are needed for the closure

of the governing equations.

p “ ρRT, (3.3.5)

τij “ µ̄
´

Bui
Bxj

`
Buj
Bxi

´
2

3
δij

3
ÿ

k“1

Buk
Bxk

¯

, (3.3.6)

et “
1

2

3
ÿ

k“1

u2
k `

Ns
ÿ

α“1

hαYα ´
p

ρ
, (3.3.7)

hαpT1q “ ∆h0
fα `

ż T1

T0

CpαpT qdT, and (3.3.8)

qj “ ´λ̄
BT

Bxj
` ρ

Ns
ÿ

α“1

hαYαVαj ´
p

ρ

Ns
ÿ

α“1

DT
α

WαXα

BXα

Bxj
, (3.3.9)

where µ̄ and λ̄ denote the mixture-averaged dynamic viscosity and the thermal

conductivity, respectively. The enthalpy of species α is represented by hα while its

enthalpy of formation at standard temperature (T0 “ 298.15 K) is denoted by ∆h0
f,α.

The mole fraction of species α is denoted by Xα and the thermal diffusion coefficients

by DT
α . The variables T , δij and R denote the temperature, the Kronecker delta and

the specific gas constant, respectively. Species production and molecular transport

terms are solved using the CHEMKIN and TRANSPORT packages.
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3.3.2 Non-dimensionalisation

NTMIX-CHEMKIN solves dimensionless forms of the governing differential equa-

tions displayed in Section 3.3.1. Variables are non-dimensionalised using a set of

dimensionally complementary reference values which are denoted by the subscript

‘ref’ . The speed of sound, density and dynamic viscosity of the unburnt gas are

the reference values for velocity (aref ), density (ρref ) and viscosity (µref ), respec-

tively. The reference temperature is defined as Tref “ pγu ´ 1qTu where γu is the

ratio of specific heats of the unburnt gas and Tu is the unburnt gas temperature.

The reference values for the 2D and 3D simulations are listed in Table 3.1. The

acoustic Reynolds number Reac (= arefρrefLref{µref ) and the inlet Mach number

Ma (= Uin{aref ), where Uin is the peak convective velocity at the inlet, are provided

as inputs to NTMIX-CHEMKIN to obtain the desired jet Reynolds number Re (=

UinρrefLref{µref ).

Table 3.1: Reference values.

Quantity 2D simulations 3D simulation
Lref pcmq 0.28 0.31
aref pcm{sq 5.62ˆ 104

ρref pg{cm
3q 4.21ˆ 10´4

Tref (in K) 249.8

3.3.3 Stability limits

A time-advancing numerical solution is obtained by temporal discretisation, i.e. by

expressing the governing differential equations in terms of algebraic finite-difference

equations using Taylor series expansion [51]. As the higher order terms of the Taylor

series expansion are truncated, the discretised equations carry a truncation error.

A round-off error is also added as the obtained numerical solutions are rounded off

to certain decimal points. These errors might grow in time if the time-step is too

large, thereby leading to an unstable simulation. Several criteria are imposed while

determining the time-step in order to avoid numerical instability.

The time-step is determined as follows in NTMIX-CHEMKIN. Limits of stability

for the convective, diffusive and reactive parts are determined using the Courant-
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Friedrichs-Lewy (CFL) number, the Fourier (Fo) number and a chemical number,

respectively. The CFL and Fo numbers are defined as shown in Equations 3.3.10

and 3.3.11.

CFL “ pu` ` a`q
∆t`

∆X`
(3.3.10)

Fo “
µ`

ρ`
∆t`

∆X`2

1

Reac
(3.3.11)

where u` is the streamwise flow velocity, a` is the local speed of sound and µ` is

the mixture-averaged dynamic viscosity. The variables ∆t` and ∆X` represent the

time-step and the grid spacing in the streamwise direction. The superscript ‘+’ in-

dicates non-dimensional values, non-dimensionalised by the corresponding reference

values as briefed in Section 3.3.2. Although Equations 3.3.10 and 3.3.11 show only

the calculation in the streamwise direction, a similar estimation is performed in all

the relevant directions. For numerical stability, the CFL and Fo numbers are set

to a maximum of 0.6 and 0.1, respectively.

An unrealistically large amount of species production/consumption can result from

a large time-step and can therefore lead to numerical instability. To avoid such a

scenario, an empirically chosen ‘chemical’ number is defined to limit the amount of

species produced or consumed in one time-step.

The time-step is finally determined such that the above-mentioned limits on the

CFL, Fo and chemical number are maintained at every point in the computational

domain, ensuring a stable numerical solution.

3.4 Computational domains

3.4.1 2D laminar flow simulations

Premixed methane/air flames under laminar flow conditions are investigated in the

two-dimensional domain shown in Figure 3.1. The inlet mixture is fed to the do-

main through the left boundary and exits the domain through the right boundary
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where the 1D Navier-Stokes Characteristic Boundary Conditions (NSCBC) are ap-

plied [52]. The transverse direction is bounded by an isothermal, no-slip wall at

the top and a symmetric boundary condition at the bottom edges. Imposing sym-

metric condition helps to reduce computational costs by simulating only half of the

domain.

The coordinates in the streamwise and transverse directions, namely X` and Y `,

have been non-dimensionalised by the reference length (Lref ), which is chosen to be

ten times the laminar flame thickness. This was achieved by a jet Reynolds number

of 400 and a Mach number of 0.021. The domain is 7 units (non-dimensional) long

in the streamwise direction and 1.2 units wide in the transverse direction. The grid

resolution in the streamwise direction is 15µm (∆X` =0.0054). A stretched grid

with a resolution of 5µm (∆Y `=0.0018) at the wall and about 21µm (∆Y `=0.0075)

at the symmetry plane is used in the transverse direction. Details about the choice

of the grid resolution are explained in Section 3.4.3. The flame is anchored at the

inlet from Y ` = 0 to 0.2 to simulate half a V-flame, as shown in Figure 3.1 (see

Section 3.5.1 for details).

Figure 3.1: 2D computational domain. The profiles of streamwise velocity (black)
and temperature (red) imposed at the inlet are also shown.

The computational domain shown in Figure 3.1 was modified to introduce a cooling

hole at the top boundary, as shown in Figure 3.2. The modified boundary is therefore

comprised of two parts: (a) a cooling hole and (b) a no-slip, isothermal wall. The

boundary conditions at (a) are explained in Section 3.5.2.
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Figure 3.2: 2D computational domain with cooling hole.

3.4.2 3D turbulent flow simulation

Turbulent flow conditions are simulated in a three-dimensional domain (Lx ˆ Ly ˆ

Lz “ 15Lrefˆ2Lrefˆ3Lref withNxˆNyˆNz “ 1675ˆ275ˆ335 grid points) as shown

in Figure 3.3, where x, y and z represent the streamwise, wall-normal and spanwise

directions, respectively. The premixed stoichiometric methane/air mixture is fed to

the domain through the inlet (left-side face). A hot sheet is imposed throughout

the spanwise direction at X` “ 1 from Y ` “ 0.5 to 1.5, where the temperature and

mass fractions of the burned gases are imposed. The flame is anchored at this hot

sheet using the technique described in Section 3.5.4. The 1D NSCBC are imposed at

the outflow (right-side face). Periodic boundary conditions are used in the spanwise

direction. Isothermal, no-slip walls confine the flow in the transverse direction (top

and bottom). At the top wall, cooling jets are injected through slots which extend

along the spanwise direction at seven streamwise locations, i.e. X` = 5, 6.5, 8, 9.5,

11, 12.5 and 14. Cooling slots have non-dimensional width of 0.2 and the spacing

between two consecutive cooling slots is 1.5. This spacing to width ratio of 7.5 is

comparable to that reported in [53]. The blowing ratio (BR), i.e. the ratio of mass

flux of the coolant to that of the inlet premixture, is unity.

Figure 3.3: 3D computational domain.
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The computational cost of the 3D DNS case was 720,000 CPU hours, running on

3840 Intel Xeon E5-2690V3 “Haswell” processors. This was equal to 188 physical

hours.

3.4.3 Grid resolution

In general, finer grids are expected to give more accurate results. However, beyond

a limit, finer grids do not improve the accuracy of the results significantly. When

the results do not depend on the grid resolution, grid independence is said to be

established.

3.4.3.1 Two-dimensional (2D) laminar simulations

Grid independence tests are performed to ensure that the flame is well resolved. As

the 2D laminar simulations reported in this thesis focus on the near-wall behaviour

of flames, particularly CO emissions and heat release rate, the near-wall heat release

rate (HRRwall) and the near-wall CO mass fraction (YCO,wall) have been chosen as

the target parameters for the grid independence study. To ensure that the grid

captures the required physics correctly, the following procedure is followed. The

grid independence study is performed for the 2D case, presented in Section 4.3.3,

which involved the maximum fluctuations in the flame position, i.e. for an inlet

frequency of excitation corresponding to a unity Strouhal number. The instant

when the flame is closest to the wall, i.e. the quenching instant (tq), is considered

for the analysis. The variable Tp shown in Figure 3.4 denotes the time period of

excitation. The streamwise location (non-dimensional) where the flame is closest to

the wall is denoted by Xq. Grid independence study is performed at (a) Xq, (b) two

flame thicknesses upstream of Xq, i.e. X` “ Xq ´ 0.2 and (c) two flame thicknesses

downstream of Xq, i.e. X` “ Xq ` 0.2. The study is performed for the domain

shown in Figure 3.1 and is also applicable for that shown in Figure 3.2.

Figure 3.4 shows HRRwall (top row) and YCO,wall (bottom) at the three streamwise

locations mentioned above. The resolution in the streamwise direction (15 µm, i.e.

∆X` = 0.0054) is chosen such that there are at least 15 grid points per flame thick-

ness. Near-wall resolutions of 15 µm, 10 µm, 5µm and 3µm are compared. These

resolutions correspond to ∆Y ` = 0.0054, 0.0036, 0.0018, and 0.0011, respectively.
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A stretched grid is used for the last two cases with the finest resolutions. As the

grid becomes finer, the peak of HRRwall increases. However, the difference in the

peaks of HRRwall captured with the 5µm and 3µm resolutions is small (about 5% at

Xq). Near-wall CO mass fraction is also well captured with 5µm, compared to the

result with 3µm as the error in the peak YCO is within 5%. Therefore, a near-wall

resolution of 5µm is considered to be sufficient to capture the physics of interest in

the 2D computational domains used in this thesis.

Figure 3.4: Grid independence study in the 2D laminar simulations.

3.4.3.2 Three-dimensional (3D) turbulent simulations

The grid resolution for the 3D turbulent simulations is chosen such that the following

quantities are well resolved:

• Kolmogorov length scale

• Flame thickness

• Near-wall viscous sub-layer

To spatially resolve a non-reacting turbulent flow, one grid point per two Kolmogorov

length scales (η) is needed, i.e. the spatial resolution should be less than 2η [54]. The
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Kolmogorov length scale in this study is estimated as 62µm, implying that a min-

imum spatial resolution of about 125 µm (0.04 non-dimensional units) is necessary

to resolve the turbulent flow characteristics.

To resolve the flame characteristics, 10 grid points are considered in the flame thick-

ness in each direction. Note that a relevant 3D DNS study of a turbulent premixed

flame reported in the literature has captured the flame and wall heat flux char-

acteristics with only 6 grids within the laminar flame thickness [6]. The laminar

flame thickness of the preheated premixed methane/air flame used in this study is

about 280 µm. Therefore, to maintain 10 grid points within the flame thickness a

minimum resolution of 28 µm (0.009 non-dimensional units) is required.

To resolve the near-wall viscous sub-layer the following conditions have to be satisfied

[6, 55]. First, at least two grid points are required within yuτ{ν “ 1, where y is

the dimensional wall-normal coordinate, uτ is the friction velocity and ν is the fluid

kinematic viscosity. Second, at least 13 grid points are necessary within yuτ{ν “ 10.

To satisfy the first condition, a near-wall resolution of 6.7 µm (∆Y ` = 0.0022) is

used at the wall in the wall-normal direction. The grid is then stretched in the wall-

normal direction. A parabolic function defines the grid resolution in the wall-normal

direction such that the near-wall resolution is 6.7 µm and the centreline resolution

is about 38 µm (∆Y ` = 0.0123). There are about 20 grid points within yuτ{ν “ 10

thereby ensuring that the near-wall viscous sub-layer is resolved.

Table 3.2 summarises the above-mentioned criteria which are to be satisfied to re-

solve the flow, flame and near-wall viscous sub-layer characteristics. The minimum

resolution requirements are as follows: 28 µm in the streamwise and spanwise direc-

tion, a stretched grid with a 6.7 µm resolution at the wall and about 38 µm at the

centreline. These resolutions are used in the 3D DNSs performed in this thesis.

Table 3.2: Grid resolution criteria.

Criteria ∆Xpµmq ∆Y pµmq ∆Zpµmq

To resolve the Kolmogorov length scale 125 125 125
To resolve the flame 28 28 28
To resolve the near-wall viscous sub-layer – 6.7 - 38 –
Minimum resolution required 28 6.7 - 38 28
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3.5 Boundary conditions

3.5.1 Inlet boundary condition

The temperature and mass fractions of the incoming stoichiometric methane/air

mixture are imposed at the inlet boundary. In the 2D laminar simulations, the

inlet boundary conditions are used to anchor the flame, simulating a hot-plate-

like boundary condition. This is done by imposing the temperature and the mass

fractions of the burned gas from Y ` = 0 to 0.2, along with a zero velocity condition.

A parabolic velocity profile, with the maximum velocity corresponding to a Mach

number of 0.021 (jet Reynolds number, Rejet = 400), from Y ` = 0.2 to the wall

is applied. The velocity component in the transverse direction is set to zero. The

inlet velocity profile is subject to temporal perturbations as shown in Equation

3.5.1.

up1, y, tq “ Uin

´

1´
pY ` ´ 0.7q2

0.25

¯”

1` asin
´2πt

Tp

¯ı

(3.5.1)

The amplitude of the velocity perturbations imposed at the inflow was equal to 25%

of the mean inflow velocity (i.e. amplitude of excitation, a=0.25) with the forcing

frequency represented as a Strouhal number, St “ pfLf q{Uin, where f is the forcing

frequency, Lf is the steady-state length of the flame and Uin is the peak convective

velocity at the inlet. In Chapter 4, St “ 8.3, 5.5, 3.7, 1.9, 1, and 0.5 are considered

while St “ 8.3, 1 and 0.5 cases are studied in Chapter 5.

The temperature and mass fraction profiles imposed at the inlet from Y ` “ 0.2 to

the wall are taken from a 1D freely propagating flame with the same unburnt gas

temperature (800 K) and pressure (1 atm) conditions as the 2D simulations. The

velocity and temperature profiles are shown in Figures 3.1 and 3.2.

In the three-dimensional domain discussed in Section 3.4.2, the temperature (800

K) and mass fractions of the preheated, premixed, stoichiometric methane/air mix-

ture are specified at the inlet. The mean streamwise velocity (u) and fluctuating

components of the streamwise (u1), wall-normal (v1) and spanwise (w1) velocities,

corresponding to a jet Reynolds number of 3200 [6] based on the centreline velocity
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and channel half-width [6] are used to generate the inlet turbulence, as discussed in

Section 3.5.5.

3.5.2 Wall boundary condition

An isothermal boundary condition is imposed at the wall, where the wall tempera-

ture is the same as that of the fresh reactants (Tu = Twall = 800 K). The velocity

components are set to zero to ensure no-slip and no-penetration wall boundary con-

ditions. The cooling holes/slots of the 2D and 3D cases, mentioned in Sections

3.4.1 and 3.4.2 require further modifications of the wall boundary condition. The

resultant velocity of the coolant jet is calculated based on the chosen values of the

blowing ratio (BR), i.e. the ratio of the mass flux of the coolant to that at the

inlet. Several values of BR (= 3, 5 and 10) are considered in the 2D laminar study

reported in Chapter 5 while a unity BR is considered in the 3D case presented in

Chapter 6. The cooling jet velocity profiles imposed at the cooling hole/slots are

parabolic. When air is used as coolant, the mass fractions YO2 and YN2 are set to

0.23 and 0.77, respectively. Similarly, the mass fraction of N2 is set to unity when

only N2 is used as the coolant.

3.5.3 Outflow boundary condition

The 1D Navier-Stokes Characteristic Boundary Conditions (NSCBC) [52] are used

to impose non-reflecting outflow boundary conditions. In this method, the govern-

ing differential equations are modified in terms of the amplitudes of characteristic

waves using characteristic wave analysis [52]. Local one-dimensional inviscid (LODI)

relations applied at the boundaries are used to infer the variations in amplitudes of

these characteristic waves.

To impose a non-reflecting outflow boundary condition, the amplitude of charac-

teristic waves entering the domain at the outlet, called L1, has to be specified. A

perfect non-reflecting boundary condition could be set by imposing L1 “ 0. How-

ever, this results in an ill-posed problem, where the pressure inside the domain can

drift indefinitely. To solve this issue, the pressure at the outlet boundary is relaxed

towards the static pressure at infinity (p8). This is done by imposing the amplitude
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of the incoming wave to L1 “ Kpp ´ p8q, where K is a relaxation constant, such

that the static pressure at the outlet (p) gradually relaxes to p8 [52]. If the outlet

pressure is not close to p8, reflected waves enter the domain to maintain a mean

static pressure close to p8 at the outlet.

3.5.4 Flame anchoring in 3D simulations

In the three-dimensional domain (Figure 3.3), the flame is anchored using a rounded-

rectangle hot sheet. This hot sheet region extends throughout the spanwise direc-

tion. Temperature and species mass fractions corresponding to the burned products

are applied to the points which are within the anchor region, following [6]. The flame

is anchored at a streamwise location X` “ X`
anc “ 1, from Y ` “ Y `anc1p“ 0.5q to

Y `anc2p“ 1.5q. The width of this region is denoted by the variable ‘ranc’ (see Figure

3.5(c)). The exponential function (efpX
`,Y `q) based on fpX`, Y `q (see Equation

3.5.2) is used to smoothly blend the anchor region profiles into the solution. This

function (efpX
`,Y `q) gradually changes from 0 far away from the anchor region to 1

inside the anchor region, as shown in Figure 3.5. The temperature (T ) and mass

fractions (Yk) at each point in the domain is calculated using Equations 3.5.3 and

3.5.4. Here, the variables Tanc and Yk,anc represent the target values of temper-

ature and mass fraction in the anchor region which are the same as the burned

gas temperature and mass fractions. The temperature and species mass fractions

before applying this procedure are denoted by T 1 and Y 1k , respectively. Note, the

temperature and mass fractions far away from the anchor region will be unaffected

as efpX
`,Y `q is zero in these regions.

fpX`, Y `q “ ´
´
ˇ

ˇ

ˇ

X` ´X`
anc

3ˆ ranc

ˇ

ˇ

ˇ

4

`

ˇ

ˇ

ˇ

Y ` ´ 0.5ˆ pY `anc1 ` Y
`
anc2
q

0.5ˆ rranc ` pY `anc2 ´ Y
`
anc1
qs

ˇ

ˇ

ˇ

18¯

. (3.5.2)

T “ T 1 ` pTanc ´ T
1
q ˆ efpX

`,Y `q, (3.5.3)

Yk “ Y 1k ` pYk,anc ´ Y
1
kq ˆ e

fpX`,Y `q, (3.5.4)
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Figure 3.5: Subfigure (a) shows the 2D field of the exponential function efpX
`,Y `q

illustrating the rounded rectangle shaped anchor region. Only the section of the
domain around the anchor region is shown here. Subfigures (b) and (c) show the
variation of efpX

`,Y `q along the streamwise and wall-normal directions.

3.5.5 Turbulence generation

Turbulent flow conditions are imposed at the inlet of the three-dimensional domain

discussed in Section 3.4.2. First, fluctuating components of velocities correspond-

ing to an isotropic turbulent field are computed based on the Passot-Pouquet en-

ergy spectrum [56] using the method proposed in [57]. These components are then

rescaled to match the streamwise (u), wall-normal (v) and spanwise (w) fluctuation

amplitudes of [6], corresponding to a channel flow with a jet Reynolds number of

3200. These rescaled fluctuating velocities are then added to the mean streamwise

profile to obtain the inlet turbulent flow condition. The velocity components are

imposed at the inlet using Taylor’s hypothesis [58, 59]. The convection velocity is

chosen to be 70% of the centreline mean velocity following the recommendation in

[59, 60]. More realistic turbulent inflow conditions can be generated using auxiliary

temporally evolving DNS. However, such simulations increase the computational

cost and therefore were not attempted in this study. Furthermore, it is worth not-

ing that synthetic turbulence generation methods have been used in several recent

DNS studies [24, 48] investigating topics such as flame-wall interaction [24] and

thermoacoustics [48].
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3.6 Chemical mechanisms

In an ideal scenario, it is preferable to use the most detailed chemical mechanism in

the simulations to ensure that the most accurate results can be obtained. However,

the choice of the chemical mechanism is often constrained by the computational cost.

Addition of each species in the chemical mechanism adds another species conserva-

tion equation (Equation 3.3.4) to be solved, thereby increasing the computational

cost. For this reason, a computationally expensive 3D simulation may have to use

reduced chemistry, while a 1D or 2D simulation can usually afford more detailed

chemical mechanisms. However, in a reduced chemical mechanism, it is necessary to

ensure that the parameters of interest are captured with reasonable accuracy.

The 2D simulations (Chapters 4 and 5) reported in this thesis use GRI 3.0 which

is a chemical mechanism with 53 species and 325 reactions [49]. Due to the com-

putational constraints, a reduced 16-species 46-reactions [50] chemical mechanism

(denoted as SK) is used in the 3D turbulent flow simulations. To assess the perfor-

mance of the reduced mechanism, this mechanism is compared with GRI 3.0 in 1D

head-on quenching (HOQ) and 2D laminar FWI configurations.

Figure 3.6: (a) Temporal variation of YCO at the wall (YCO,wall) and (b) the spatial
variation of YCO at the far-field instant (YCO,8) obtained using GRI 3.0 and SK
chemical mechanisms. The quenching instant is denoted by tq in (a) while the flame
position, defined as the X` location of peak HRR, is denoted by Xfl,8 in (b).
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The SK chemical mechanism is compared against the 53-species GRI 3.0 mechanism

in a 1D HOQ configuration in Figure 3.6 using the same unburnt gas temperature

(800 K) and pressure (1 atm) as those in the 2D and 3D cases. Figure 3.6(a) shows

the temporal variation of YCO at the wall while the spatial variation of YCO at

an instant when the flame is far away from the wall, referred hereafter as the far-

field instant, is presented in Figure 3.6(b). The qualitative trends of the CO mass

fraction captured by the SK mechanism, matched with those obtained with the GRI

3.0 mechanism at the wall and at the far-field instant. Quantitatively, the peak

YCO obtained using these two mechanisms differed by about 10% from the results

presented here.

Figures 3.7 and 3.8 show the CO mass fraction results from 2D DNSs of forced (St “

1) laminar flames using the GRI 3.0 and the SK mechanisms. The computational

domain discussed in Section 3.4.1 is used. The presented YCO results are time-

averaged over one period of excitation and are denoted as YCO. The qualitative

trend of YCO captured by the two mechanisms are similar (see Figure 3.7) while a

quantitative comparison is shown in Figure 3.8.

Figure 3.7: Time-averaged contours of YCO (YCO) calculated from 2D DNS of forced
(St “ 1) laminar flames using the (a) GRI 3.0 and (b) SK chemical mechanisms.

Figure 3.8 compares the variation of YCO along the wall-normal direction at several

streamwise locations (X`) with the two mechanisms under consideration. The vari-

able YCO at the wall captured by these two mechanisms differ between 20% to 25%

at the streamwise locations presented in Figure 3.8. Overall, the comparison shows

that the SK mechanism captures the CO and HRR trends even though an error of
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a few tens of percent on YCO can be expected. The SK mechanism was therefore

used in the 3D simulation, leading to a significant reduction of the computational

cost.

Figure 3.8: Comparison of YCO obtained from 2D DNS using GRI 3.0 and SK chem-
ical mechanisms at several streamwise locations, plotted against the wall-normal
direction.

3.7 Summary

This chapter discussed the numerical methods, boundary conditions and the chemi-

cal mechanisms used in this thesis to study flame-wall interaction and flame-cooling

air interaction. First, the fundamentals of the DNS code and the governing equa-

tions were presented. Then, the computational domains and the boundary condi-

tions were discussed. A grid independence study was performed to determine the

required grid resolution in the 2D and 3D simulations. Finally, the performance of

the reduced chemical mechanism used in the 3D turbulent simulations was examined

by comparing the results with the more detailed GRI 3.0 chemical mechanism. The

results obtained using these mechanisms were compared in a 1D head-on quenching

and a 2D forced laminar flame configurations.
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Chapter 4

Laminar flame-wall interaction

(FWI)

4.1 Introduction

The objective of this chapter is to investigate the interaction of a preheated, lami-

nar, stoichiometric methane/air flame with a relatively cold wall. The impact of this

flame-wall interaction on flame dynamics, wall heat flux and CO emissions is dis-

cussed. The effect of low-temperature chemistry on the near-wall heat release rate

is studied. The relative significance of the CO transport phenomena is analysed to

understand the near-wall CO transport.

This chapter is structured as follows. Section 4.2 discusses the simulation parame-

ters. Sections 4.3.1 and 4.3.2 present studies on 1D HOQ and 2D steady configu-

rations, respectively. The flame dynamics, HRR and wall heat flux characteristics

of forced flames are explained in Section 4.3.3 using three representative cases. The

effect of radical recombination reactions on the near-wall heat release rate is detailed

in Section 4.3.4 and the near-wall CO emissions are explored in Sections 4.3.5 and

4.3.6. While Section 4.3.5 intends to provide an understanding of the variations of

the near-wall CO, the transport mechanisms controlling the same are studied in

Section 4.3.6.
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4.2 Simulation parameters

A stoichiometric (φ “ 1) mixture of methane and air at a preheated temperature of

800 K (Tu) and the pressure (p) of 1 atm is considered. This preheated temperature

is relevant to the conditions of modern gas turbines. A 53-species, 325-reactions

GRI 3.0 chemical mechanism is used. The Mach number at the inlet is set to

0.021 resulting in a jet Reynolds number (Rejet) of 400. The transverse velocity

at the inlet was set to zero whereas the streamwise velocity was imposed at the

inlet using the analytical solution of a laminar ducted flow. The details of the

domain (see Section 3.4.1), inlet velocity perturbation (see Section 3.5.1) and the

grid resolution (see Section 3.4.3) have been discussed earlier. The Strouhal number,

St = (f ˆ Lf ) /Uin is the non-dimensional form of frequency of excitation, where

f is the forcing frequency, Lf is the steady-state length of the flame and Uin is the

peak convective velocity at the inlet. The non-dimensional time periods of velocity

excitation imposed at the inlet, namely Tp=20, 30, 45, 90, 180 and 360 correspond to

the Strouhal numbers of 8.3, 5.5, 3.7, 1.9, 1 and 0.5. The simulations were run for at

least two jet flow through times to obtain a stationary flow and the data produced for

a given cycle after that was used for analysis. The simulation parameters including

the thermal flame thickness (δth) and the flame speed (sL) are shown in Table 4.1.

The speed of sound (aref ) is the reference velocity while the distance of the flame,

represented by the peak HRR, from the wall is denoted by ywall.
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Table 4.1: Simulation parameters and non-dimensional numbers

Simulation parameters:

Tu = Twall = 800K Uin/aref = 0.021 δth /Lref = 0.1

p = 1 atm Rejet = 400 sL{aref “ 0.00432

L`x ˆ L`y = 7 ˆ 1.2 Nx ˆ Ny = 1296 ˆ 243 a = 0.25

φ = 1 Y `anc = 0.2 St = 8.3, 5.5, 3.7, 1.9, 1, 0.5

Non-dimensional parameters:

Peclet number (Pe) = ywall / δL
Wall heat flux (φwall) = Φwall / (ρu Yf sL ∆H)

Reynolds number (Rejet) = (Lref Uin ρref ) / µref
Strouhal number (St) = (f Lf ) / Uin

Subscripts: u: unburnt gas anc: anchor point

in: inlet ref : reference condition

Superscipts: `: Non-dimensional value

4.3 Results and discussion

4.3.1 1D HOQ simulations

To provide baseline data for comparison, a 1D head-on quenching (HOQ) simu-

lation was initially performed under the same conditions as the 2D simulations

(Tu=Twall=800 K, p = 1 atm). At X` = 0, isothermal (Twall “ 800K), inert wall

boundary condition was imposed while non-reflecting boundary condition was im-

posed at X` “ 2 using Navier-Stokes Characteristic Boundary Condition (NSCBC).

The grid was stretched such that the resolution at the wall was 2 µm (∆X` = 0.0007)

and that at X` = 2 was 6 µm (∆X` = 0.0021). With this resolution, the peak

HRR and YCO at the wall were well-captured; the maximum difference was less than

1% when compared to the results with 1 µm resolution at the wall. Figure 4.1 (a)

shows the heat release rate and CO mass fraction (YCO) profiles at various instants

as the flame approaches the wall. The variables t1, t2, t3 and t4 are representative

of times where the flame is far away from the wall (t1), affected by the wall (t2), in

the process of quenching (t3), and extinguished (t4), respectively.
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Figure 4.1: (a) Time evolution of heat release rate (top) and CO mass fraction
(bottom) during 1D HOQ simulation. (b) X`´ t contours of heat release rate (top)
and CO mass fraction (bottom). HRR is normalised by the maximum HRR when
the flame is far away from the wall (HRR8).

Figure 4.2: Variation of wall heat flux and HRR (normalised by HRR8, i.e. the
maximum HRR when the flame is far away from the wall) at the wall with time.

The points of local peak HRR are used to define flame position at a given time.
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The time instant when the flame is closest to the wall is defined as the quenching

time (tq). During quenching, high values of HRR are observed at the wall, as seen

in previous studies of HOQ [6] and will be explained more in Section 4.3.4. Also, it

is seen from Figure 4.1 (a) that the quenching of the flame coincides with the initial

increase of CO emissions at the wall and then it reduces to the equilibrium value

which is consistent with previous observations [31]. The X` - t contours of heat

release rate (normalised as explained above) and CO mass fraction, shown in Figure

4.1 (b), illustrate flame deceleration as well as accumulation of CO at the wall as

the flame approaches the wall.

Figure 4.2 shows the temporal variation of HRR at the wall and the wall heat flux.

The wall heat flux (Φwall) is non-dimensionalised using flame power (=ρuYfsL∆H)

[8] where ρu and Yf denote the unburnt gas density and fuel mass fraction, respec-

tively. The heat of reaction and the unstretched laminar flame speed are denoted

by ∆H and sL, respectively. The non-dimensional wall heat flux is denoted by

φwall. As can be seen, the peak HRR at the wall coincides with the peak heat flux.

Importantly, the peak heat flux and HRR are still relatively large even after the

quenching instant.

4.3.2 2D Steady flame

The results of a 2D steady flame quenching at the wall are presented here. The

contours of CO mass fraction and heat release rate are shown in Figure 4.3. High

values of YCO close to the peak value are found near the flame tip at the wall.

Furthermore it can be seen that the HRR at the wall close to the flame tip is not

insignificant. To further elucidate this, the HRR at the wall normalised by the

peak HRR of 1D freely propagating flame is plotted in Figure 4.4. The maximum

HRR at the wall is found to be about half of that of a freely propagating flame.

The HRR remains non-zero over a range of X` in the post-flame zone; the width of

HRR profile at 10% peak is about 6δth. The variation in wall heat flux is also plotted

in Figure 4.4. Similar to the observation in 1D HOQ the HRR at the wall shows a

similar trend to the wall heat flux as a function of the streamwise location.

79



4.3. RESULTS AND DISCUSSION

Figure 4.3: Contours of heat release rate (top) and CO mass fraction (bottom) for
the steady flame. A zoomed image of near-wall HRR is also shown.

Figure 4.4: Wall heat flux (φwall) and HRR at the wall for the steady flame (nor-
malised by the peak HRR of 1D flame unaffected by the wall).

4.3.3 Forced flame dynamics and wall heat flux

The flame response to the incoming velocity fluctuations at the inflow is studied in

this section. Figure 4.5 shows the contour plots of the heat release rate at three

representative Strouhal numbers (St=8.3, 1 and 0.5) at several instants during a

forcing cycle. The changes in the flame position during a cycle is represented in

Figure 4.6. The flame position at a given streamwise location (X`) is determined

as the point of maximum HRR along the wall-normal (Y `) direction. The flame

is defined only at the X` locations where maximum HRR along the wall-normal

direction is at least 10% of the maximum HRR in the whole domain. At a given
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instant, the flame tip is considered as the point where the minimum Pe, defined as

Pemin is achieved. The Peclet number (Pe) is the distance of the flame’s peak HRR

from the wall (ywall) normalised by the reference diffusive flame thickness (δL).

At the highest forcing frequency examined (St “ 8.3), the flame shows a similar

behaviour to the steady flame shown in Figure 4.3. This is also shown by the rela-

tively constant Pemin observed at St = 8.3 in Figure 4.6. The convective wavelength,

defined as Uin/f , is smaller than the flame length (about 1/9th) at this St. As a

result, the flame does not respond strongly to the incoming fluctuations [61, 62].

As the frequency of excitation decreases, the convective wavelength increases and

the flame responds more strongly. At St “ 1, the flame propagates towards the

wall perpendicularly from t=0 to t=Tp/5. This behaviour is similar to that of a 1D

head-on quenching flame at the quenching instant. The Pemin reaches the minimum

value of 1.7 at t=0.23Tp. After that, the flame moves upstream along the wall (see

t=2Tp{5). The Pemin remains constant during this time. However, the flame tip,

which was normal to the wall, changes orientation during this phase of the cycle.

The downstream motion of the flame coincides with an increase in Pemin reaching

its peak (Pemin = 9.3) at about t=3Tp/5. The flame motion during this part of

the cycle is similar to a SWQ flame. It can also be seen that the flame orientation

becomes almost normal to the wall. The main observation from the flame behaviour

at St “ 1 is that FWI involves both HOQ and SWQ at different stages. This

case also experiences a significant change of Pemin compared with other cases. For

the lowest frequency of excitation, i.e. St=0.5, the flame extends and retracts in

a quasi-steady manner with a reduced amount of distortion. This is because the

convective wavelength is now larger than the flame length (about twice). The flame

moves downstream between t=Tp/5 and 3Tp/5. During this time, the value of Pemin

varies from 1.7 to 4.9. A small change in the flame orientation is also observed as

the flame becomes less normal to the wall. An upstream motion of the flame, during

which the flame tip gets closer to the wall, then follows.
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Figure 4.5: Heat release rate (normalised by the peak HRR of 1D flame unaffected
by the wall) contours at several instants with the same time interval during one
cycle for St=8.3, 1 and 0.5, respectively.

Figure 4.6: Variation of Pemin in one time period of excitation for St=8.3, 1 and
0.5.

The X` - t{Tp diagram of HRR at the wall is shown for each of these cases in Figure

4.7 (top row). The contours of wall heat flux are also plotted in Figure 4.7 (bottom

row). The HRR and wall heat flux are observed to have similar qualitative trends.

The maximum HRR and wall heat flux are observed between t = 0.2Tp and 0.4Tp.
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This period coincides with the minimum Pe instants shown in Figure 4.6. Also,

during this period, large values of HRR and wall heat flux in the post-flame zone

are observed. This highlights the significant role of the flame wall distance on the

HRR and wall heat flux.

Figure 4.7: X` ´ t contours of HRR at the wall normalised by the peak HRR of
1D flame unaffected by the wall (top row) and wall heat flux normalised by the
maximum wall heat flux in the steady case (bottom row) for St=8.3, 1, 0.5. The
X` of Pemin at every time instant is represented by the black dots.

To examine this effect in more detail, Figure 4.8 shows variation of the wall heat

flux as a function of Pelocal, defined as the wall-normal distance of the flame from

the wall at a given streamwise position. A correlation for the maximum wall heat

flux (φwall,max) was proposed by Poinsot et al. [8], expressed as,

φwall,max “
”Tad ´ Twall
Tad ´ Tu

ı

Pemin (4.3.1)

where Tad is the adiabatic flame temperature. This is also shown in Figure 4.8 as

a reference. Of note is that the wall heat flux (φwall) shown in Figure 4.8 (for St

=1), normalised by the maximum wall heat flux in a steady flame (φs) can have
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values greater than 1. This is because Pemin can achieve smaller values compared

with the steady flame. At low values of Pelocal (less than about 2.5), which refers

to the HOQ-like behaviour of the flame, the obtained results match with the above-

mentioned correlation. However, a large degree of variation is observed for higher

Pelocal, suggesting that heat flux can not be estimated as a function of local Pe only

for transient FWI. Note, wall heat flux is found to be approximately constant for a

range of high Pelocal values. This behaviour corresponds to the SWQ-like instants

where the flame tip is almost perpendicular to the wall, as observed at t “ 3Tp{5

and 4Tp{5 in Figure 4.5.

Figure 4.8: Variation of non-dimensional wall heat flux (φwall, normalised by the
peak wall heat flux in a steady case, φs) with the local flame position (Pelocal) at
different instants during a cycle (St=1). Results are compared with the correlation
proposed by Poinsot et al. [8] (black line). Minimum (=1.7) and maximum (=9.3)
values of Pemin are shown by vertical lines.

The time-averaged mean and root mean square (RMS) values of the wall heat flux

(φmean and φrms) for representative cases (St = 8.3, 1, 0.5) are now plotted against

the streamwise distance (X`) in Figure 4.9. The wall heat flux in the steady case is

also plotted for comparison. The wall heat fluxes are normalised by the maximum

wall heat flux observed in the steady case. It is observed that φmean is similar to the

steady results for St=8.3 in which case φrms is low. This is consistent with what was

shown in Figure 4.5 as the flame behaves like a steady flame. The mean and RMS

values of the wall heat flux show similar behaviour for St=1 and St=0.5 although
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the flame response at these Strouhal numbers show different features such as a much

larger range of Pemin observed in the St=1 case.

Figure 4.9: The variation of mean (top) and RMS (bottom) of the wall heat flux
(normalised by φs) along the streamwise distance for St=8.3, 1, 0.5.

Figure 4.10 shows the amplitude of quantities associated with the wall heat flux at

the forcing frequency, obtained with Fast Fourier Transform (FFT). The variables

φ@maxmean and φ@maxrms refer to the temporal variation of the wall heat flux at the

streamwise distances where φmean and φrms, respectively, attain maximum values.

The variable φtotal refers to the wall heat flux (normalised by φs) integrated over the

total length in the streamwise direction. As expected, low level of fluctuations in

the wall heat flux is observed at the highest Strouhal number. At low frequencies of

excitation, where the flame features a SWQ behaviour, considerable fluctuations are

observed. The integrated wall heat flux peaks at St=1. This is the forcing frequency

when the flame displays a combination of HOQ and SWQ. The trend observed for

φtotal agrees with the wall heat flux analysis in a turbulent flame, reported in the

literature [6]. The single-point and the total wall heat flux analyses show different

trends of wall heat flux variation, indicating that the former approach may not

always be sufficient to describe the variation of wall heat transfer.
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Figure 4.10: Amplitude of the wall heat fluxes (normalised by φs) fluctuation as a
function of St.

4.3.4 Effect of radical recombination reactions near wall

Our earlier findings showed high values of HRR at the wall during FWI. This

suggests that radical recombination reactions are important near the wall, as seen

previously [6, 21]. Hence, the contribution of these reactions to the overall HRR

is examined here. They are defined as zero-activation energy, exothermic reactions

[6]. The analysis is done for the intermediate frequency (St=1) where the maximum

variation in Pemin was observed.

To identify the reactions which are important near the wall, the HRR due to each

reaction and the overall HRR at the wall were integrated along the streamwise

direction (X`) to get HRRrn,wall and HRRwall, respectively. The contribution of

HRRrn,wall to HRRwall due to each individual reaction was obtained at the quench-

ing instant. The reactions whose HRR contribution are at least 0.1% of the total

HRR at the wall are shown in Table 4.2 in the descending order of their contribu-

tion.

All reactions which contribute to at least 1% of the total HRR at the wall involve

reactive radicals such as H, O or OH. Only two of these reactions (reactions 52

and 99) contain carbon atoms. The conversion of CO to CO2 by reacting with OH
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radicals (reaction 99) is an important fuel-oxidation reaction at high temperatures

[63]. However, the contribution of this reaction is less than that of several radical-

recombination reactions (as seen from Table 4.2) at the cold wall. Reaction 52,

which is the recombination of methyl radicals back to methane, is expected to be

more important at low temperatures [63]. According to the definition for radical

recombination reactions [6], only the zero-activation energy reactions are highlighted

in Table 4.2. Overall, these reactions account for about 50% of the total HRR at

the wall.

The sum of the HRR due to the identified radical recombination reactions (HRRrad)

is compared with the overall HRR in Figures 4.11 and 4.12. Figure 4.11 shows the

contours of total HRR (top) and HRR due to radical recombination near the wall

at tq. The complete domain is not shown here. The values of HRR are normalised

by the peak HRR in a freely propagating 1D flame. The contour plots show a high

HRR zone at the wall between X`=3 and X`=3.5 in which, radical recombina-

tion reactions show relatively high values up to 50% of the peak HRR in the 1D

flame.

Figure 4.11: Contours of total heat release rate, HRR (top) and the heat release rate
due to radical recombination reactions HRRrad (bottom) for St=1 at the quench-
ing instant (tq). HRR and HRRrad are normalised by the peak HRR in a freely
propagating 1D flame. The X` location of the flame tip at tq is indicated by the
vertical black line.

Figure 4.12 provides further insight into the contribution of radical recombination

reactions since it shows the HRR and HRRrad at several Y ` close to the wall.

The peak HRRrad contributes to about half of the overall HRR at the wall. The
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Table 4.2: List of the major reactions (in GRI3.0 chemical mechanism) which con-
tribute to the HRR at the wall at the quenching time (tq) sorted in the descending
order of their contribution (shown in column 2) towards total HRRwall. Ea is the
activation energy in cal/gmol.

Reaction no. HRRrn,wall (%) Reaction Ea

35 22.44 H `O2 `H2O ă“ą HO2 `H2O 0.00
46 13.8 H `HO2 ă“ą 2OH 635.00
43 9.22 H `OH `M ă“ą H2O `M 0.00
45 8.51 H `HO2 ă“ą O2 `H2 1068.00
52 8.4 H ` CH3p`Mq ă“ą CH4p`Mq 536.00
36 8.37 H `O2 `N2 ă“ą HO2 `N2 0.00
38 4.16 H `O2 ă“ą O `OH 17041.00
99 3.68 OH ` CO ă“ą H ` CO2 70.00
87 3.17 OH `HO2 ă“ą O2 `H2O -500.00
84 2.11 OH `H2 ă“ą H `H2O 3430.00
33 1.86 H `O2 `M ă“ą HO2 `M 0.00
4 1.39 O `HO2 ă“ą OH `O2 0.00
41 1.28 2H `H2O ă“ą H2 `H2O 0.00
168 0.95 HCO `O2 ă“ą HO2 ` CO 400.00
44 0.94 H `HO2 ă“ą O `H2O 671.00
55 0.74 H `HCO ă“ą H2 ` CO 0.00
95 0.72 OH ` CH3p`Mq ă“ą CH3OHp`Mq 1330.00
86 0.67 2OH ă“ą O `H2O -2110.00
10 0.55 O ` CH3 ă“ą H ` CH2O 0.00
158 0.54 2CH3p`Mq ă“ą C2H6p`Mq 654.00
98 0.53 OH ` CH4 ă“ą CH3 `H2O 3120.00
85 0.5 2OHp`Mq ă“ą H2O2p`Mq 0.00
39 0.48 2H `M ă“ą H2 `M 0.00
101 0.47 OH ` CH2O ă“ą HCO `H2O -447.00
34 0.41 H ` 2O2 ă“ą HO2 `O2 0.00
284 0.37 O ` CH3 “ą H `H2 ` CO 0.00
119 0.28 HO2 ` CH3 ă“ą OH ` CH3O 0.00
100 0.22 OH `HCO ă“ą H2O ` CO 0.00
290 0.18 CH2 `O2 “ą 2H ` CO2 1500.00
147 0.18 CH2pSq `H2Op`Mq ă“ą CH3OHp`Mq 1145.00
145 0.16 CH2pSq `O2 ă“ą CO `H2O 0.00
125 0.15 CH `O2 ă“ą O `HCO 0.00
58 0.15 H ` CH2O ă“ą HCO `H2 2742.00
76 0.15 H ` C2H5p`Mq ă“ą C2H6p`Mq 1580.00
144 0.14 CH2pSq `O2 ă“ą H `OH ` CO 0.00
48 0.12 H `H2O2 ă“ą OH `H2O 3600.00
2 0.12 O `H `M ă“ą OH `M 0.00
65 0.12 H ` CH3O ă“ą H2 ` CH2O 0.00
12 0.12 O ` COp`Mq ă“ą CO2p`Mq 2385.00
135 0.11 CH2 `O2 “ą OH `H ` CO 1500.00
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contribution of HRRrad is also considerable slightly away from the wall where radical

recombination reactions contribute to about one-third of the overall HRR at the

peak at a wall-normal distance of about 10% of the thermal flame thickness from

the wall.

Figure 4.12: Total HRR and the HRR due to radical recombination reactions
(HRRrad) at and near (δth{20 and δth{10 away from the wall, respectively) the wall
(both the HRR terms are normalised by the peak HRR in a freely propagating 1D
flame) for St=1.

4.3.5 Analysis of near-wall CO

The influence of wall on CO emission was presented in Figure 4.1 and was briefly

discussed in Section 4.3.1. A detailed investigation of near-wall CO mass fraction

for the forced flame is performed in this section. The flame subjected to the inter-

mediate frequency of excitation (St=1), showing the maximum variation of Pemin,

was chosen for the analysis.

Figure 4.13 shows the contours of CO mass fraction and temperature at several

instants (same as those in Figure 4.5) in a forcing cycle. The first two instants,

i.e. t = 0 and Tp/5, show the wall-normal propagation of the flame. During this

motion of the flame, a substantial amount of CO is found between the flame and the

wall. It is also shown that the downstream motion of the flame (t=4Tp/5 and 5Tp/5)

leaves some CO behind the flame close to the wall. This CO, which is in the low

temperature region, is not oxidised until the flame starts to move upstream again.

The temperature dependence of YCO at these instants is quantitatively represented
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in Figure 4.14.

Figure 4.13: Contour plots of CO mass fraction (left) and temperature normalised
by the fresh gas temperature (right) for St=1 at several instants during one cycle.

Figure 4.14 shows the scatter plots of CO mass fraction in a near-wall window against

temperature for the time instants shown in Figures 4.5 and 4.13. The selected

window is 10δth wide on the either side of the flame tip along X` and 2δth from

the wall along Y ` direction. The YCO - T plots in a 1D HOQ simulation at the

quenching instant and 1D freely propagating flame (FPF) configurations are also

plotted as reference. The 1D HOQ configuration shows the behaviour of a quenched

flame while that of a flame unaffected by the wall is shown by 1D FPF. The scatter

plots are colour coded based on the distance from the wall. At t=0, which is the start

of the HOQ process, the 1D FPF solution seems to provide an upper bound for a

large range of temperatures. However, the near-wall CO is non-zero demonstrating

that FWI is contributing to near-wall CO. As the flame gets closer to the wall (t =

Tp/5), the near-wall CO increases and now the combination of the 1D HOQ and 1D

FPF solutions set the limit to YCO. Large fluctuations of YCO at a given temperature

is observed at different instants and the distance from the wall does not seem to be

responsible for these fluctuations. The level of fluctuations in the vicinity of the

wall (where temperature is close to 800 K) decreases for t=0 and 4T {5. These
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are the instants which show SWQ-like behaviour. However, the instants relevant

to the HOQ-like interaction show a higher level of fluctuations. This might not

be surprising given that at these instants, the HOQ is not a 1D phenomenon and

occurs at an angle which can cause these large fluctuations. Overall, this shows the

complex nature of transient FWI which prevents us from describing the near-wall

CO simply by using distance from the wall and temperature.

Figure 4.14: Scatter plots of CO mass fraction against temperature (in K) at several
time instants in a forcing cycle for St=1 in a window with a width of 10δth on either
side of the flame tip and a height of 2δth from the wall. YCO ´ T plots of 1D HOQ
and 1D FPF are also shown for reference. The points are coloured by the distance
from the wall.
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4.3.6 Species transport budget analysis of near-wall CO

A better understanding of the near-wall CO behaviour requires a more comprehen-

sive analysis of the transport phenomena. Equation 3.3.4 can be used to conduct a

species transport budget on the unsteady flame. We consider the St=1 case for this

analysis.

BYα
Bt

“

”

´ uj
BYα
Bxj

ı

`

”

´
1

ρ

BpρVαjYαq

Bxj

ı

`

” 9Wα 9ωα
ρ

ı

(4.3.2)

The terms on the right hand side of Equation 4.3.2 represent the contribution of

mass convection (C), molecular diffusion (D) and reaction rate (R), respectively

to the transport of a given species. This framework, known as CDR analysis, is

commonly used to provide insight into the transport of a species of interest [35]

which is CO in our study.

Figure 4.15: Convection (C), diffusion (D) and reaction (R) terms of the species
conservation equation at several time instants. C, D and R are plotted in a window
which is ten flame thicknesses wide on either side of the flame tip in streamwise
direction. The Y ` dimension of the window varies from the instantaneous flame tip
to the wall. C, D and R terms are normalised by the sum of the absolute values of
C, D and R.

The convection, diffusion and reaction terms in Equation 4.3.2 for CO, normalised
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by the sum of the absolute values of these terms, are shown in Figure 4.15 at several

instants (same as those used in Figures 4.5, 4.13 and 4.14). The contours are plotted

in a changing window position with a width of 20 δth centered at the flame tip in

the streamwise direction. The height of the window varies from the flame tip to the

wall. During the HOQ process, i.e. t=0 to Tp/5, the diffusion of CO is important

near the wall. This is clear from Figure 4.15 which shows an almost unity value

for the normalised diffusion. During the upstream and downstream movements of

the flame, the convection term also becomes important. However, the reaction term

is insignificant compared with the other terms close to the flame tip near the wall.

This observation can be useful for modelling as it suggests that the rate of change

of YCO close to the wall at the flame tip might be predictable by only considering

convection and diffusion.

4.4 Conclusions

This chapter investigated the flame behaviour near walls by studying the interac-

tion of unsteady laminar premixed flames with a constant temperature wall. Two-

dimensional direct numerical simulations of a forced flame were carried out for a

range of excitation frequencies. The flame behaviour was analysed in detail at three

representative Strouhal numbers defined based on the steady-state length of the

flame and peak convective velocity at the inlet (St=8.3, 1 and 0.5). While the flame

did not respond strongly at high forcing frequencies, it showed a side-wall quench-

ing like interaction at low frequencies. At an intermediate forcing frequency (St=1),

the flame showed a combination of head-on quenching and side-wall quenching. In

addition, the analysis of the total integrated wall heat flux showed a similar trend

to that in turbulent flames.

A systematic study of the contribution of reactions towards HRR at the wall in-

dicated that low activation energy, exothermic reactions are significant near the

wall. These reactions, collectively known as the radical recombination reactions

contributed to about 50% of the total HRR at the wall for St=1. This confirms the

importance of low temperature chemistry in understanding the HRR behaviour at

the wall and the wall heat flux. The analysis of CO mass fraction close to the wall
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for St=1 showed that a head-on quenching like interaction coincides with a high

concentration of CO near the wall. This indicates that the geometry of interaction

can have a significant effect on the produced CO. The temperature dependence of

YCO showed that a combination of one-dimensional freely propagating and head-on

quenching solutions for YCO provide an upper bound for the near-wall YCO. The so-

called Convection-Diffusion-Reaction (CDR) analysis was performed to investigate

the CO transport mechanism in detail. The significance of various transport phe-

nomena near the wall varied within a forcing cycle. During the HOQ-like behaviour

of the flame, diffusion was found to be more important than convection and reac-

tion. As the flame moved upstream along the wall, the streamwise convection was

found to be significant. The downstream movement of the flame (like SWQ), showed

that both convection and diffusion were important. CO diffused from the flame and

wall to the region between them. During the downstream motion of the flame, all

three transport phenomena were important. However, the reaction terms were sig-

nificant in the post-flame region only. Overall, the CDR analysis shows that the

near-wall CO transport in the vicinity of the flame tip is dominated by convection

and diffusion which can have important implications for modelling.
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Chapter 5

Laminar flame-cooling air

interaction (FCAI)

5.1 Introduction

The objective of this chapter is to study flame-cooling air interaction (FCAI) using

2D DNSs of a preheated, laminar, premixed methane/air flame interacting with a

jet of coolant. Several cases are considered by varying different parameters such as

the cooling jet mass flow rate, cooling hole position and dilution type. Furthermore,

similar to the approach taken in Chapter 4, the flame is acoustically forced for a

range of frequencies to introduce a range of flow time scales. After analysing the

flame features, their impact on the wall heat flux and CO emissions are examined.

Finally, the implications of our findings for modelling CO emission due to flame-

cooling air interaction (FCAI) are elaborated.

This chapter is structured as follows. The simulation cases considered in this chap-

ter are discussed in Section 5.2. Section 5.3.1 presents the results of 1D freely-

propagating flames over a range of equivalence ratios. The effects of FCAI on flame

behaviour, wall heat flux and CO characteristics are discussed later in the Sec-

tions 5.3.2 to 5.3.4. Analysis of CO thermochemical states near the cooled wall is

presented in Section 5.3.6.
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5.2 Simulation matrix and post-processing frame-

work

A summary of the different cases considered in this chapter is presented in Table

5.1. The BR, St, streamwise location of the cooling hole (Xcool) and the coolant

type used in each simulation are shown in this table. The blowing ratio, BR, is

defined as the ratio of the mass flux of the coolant to that of the inlet mixture. Case

5 is chosen as the baseline case here.

Table 5.1: The simulation matrix.

Case BR St Xcool Coolant
1 3 8.3 3 Air
2 5 8.3 3 Air
3 10 8.3 3 Air
4 3 1 3 Air
5 5 1 3 Air
6 10 1 3 Air
7 3 0.5 3 Air
8 5 0.5 3 Air
9 10 0.5 3 Air
10 5 1 2 Air
11 5 1 4 Air
12 5 1 3 N2

5.2.1 Post-processing parameters

5.2.1.1 Modified mixture fraction

To quantify the effects of dilution, a modified mixture fraction, ξ, was used, which

is a conserved scalar to quantify the extent to which the inlet premixture and the

coolant are mixed. The mixture fraction defined by Bilger [64] is modified such

that the value in the pure inlet stream is unity while that in the coolant stream is

zero.

ξ “
2YC{WC ` YH{2WH ` pYO,cool ´ YOq{WO

2YC,inlet{WC ` YH,inlet{2WH ` pYO,cool ´ YO,inletq{WO

, (5.2.1)

where YC , YH and YO refer to the element mass fractions of carbon (C), hydrogen
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(H) and oxygen (O), respectively while their atomic masses are denoted by WC , WH

and WO. The subscripts ‘inlet’ and ‘cool’ indicate the inlet stoichiometric mixture

and the coolant stream, respectively.

Based on the conventional definition of mixture fraction (ξcon) defined by Bilger [64],

the equivalence ratio (φ) can be defined as:

φ “
ξconp1´ ξconst q

ξconst p1´ ξ
conq

, (5.2.2)

where ξconst is the stoichiometric value of ξcon.

The definition of ξ presented in Equation 5.2.1 is related to ξcon and ξconst as follows:

ξ “ ξcon{ξconst . Thus, Equation 5.2.2 can be written as:

φ “ ξ
p1´ ξconst q

p1´ ξξconst q
(5.2.3)

When a stream of pure methane mixes with a stream of pure air to form a stoi-

chiometric mixture, the value of ξconst is 0.054. For ξconst ăă 1, Equation 5.2.3 results

in:

φ « ξ (5.2.4)

5.2.1.2 Progress variable

A progress variable based on YCO2 is defined locally. Here, the variables YCO2,u and

YCO2,b
refer to the unburnt and burnt mass fractions of CO2 at an equivalence ratio

corresponding to ξ.

cCO2 “

´ YCO2 ´ YCO2,u

YCO2,b
´ YCO2,u

¯

(5.2.5)

The reason for choosing CO2 to define the progress variable will be discussed in

Section 5.3.1.
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5.2.1.3 Enthalpy deficiency

To quantify the effect of wall heat loss, enthalpy deficiency was calculated as fol-

lows:

hdef,norm “
had ´ h

had ´ hprod
, (5.2.6)

where h is the local mixture enthalpy at a given point and had is the adiabatic

enthalpy of the mixture at that point. The mixture enthalpy (h) is calculated as

ΣhiYi where hi and Yi are the enthalpy and mass fraction of species i, respectively.

The variable had is obtained from adiabatic 1D freely-propagating flame simulations

performed in CHEMKIN PRO [65] for the equivalence ratio corresponding to the

local ξ. The mixture enthalpy is obtained from such a simulation for a progress

variable corresponding to the local cco2 and is identified as had, as shown in Figure

5.1. For very low equivalence ratios outside the flammability limits, a 0-D closed

homogeneous reactor model in CHEMKIN PRO is used to obtain the adiabatic

enthalpy. The variable hprod is the mixture enthalpy of the burned products, for

an equivalence ratio corresponding to the local ξ, at the wall temperature. Note,

a higher value of the normalised enthalpy deficiency indicates a higher heat loss to

the wall.
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Figure 5.1: Variation of adiabatic enthalpy (had) with cco2 obtained from 1D freely
propagating flame simulations. Only four equivalence ratios are shown here.

5.2.1.4 Flame length

The flame length Xfl is defined as the maximum X` at which the time-averaged

HRR is 5% of the maximum time-averaged HRR. The variable ∆Xfl, is then

defined as:

∆Xfl “ Xfl(each case)´Xfl(baseline case), (5.2.7)

showing the difference between each case and the baseline case.

5.2.1.5 Variation of CO mass fraction relative to the baseline case

To compare the CO mass fraction (YCO) obtained in each case with the baseline case,

away from the wall (Y ` ă 1) and in the near-wall region (Y ` ě 1), at a streamwise

location near the domain exit (X` “ 6), the following variables are defined,
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∆COfarp%q “
Y CO,far(each case)´ Y CO,far(baseline case)

Y CO,far(baseline case)

ˇ

ˇ

ˇ

X`“6,Y `ă1
ˆ 100, (5.2.8)

∆COwallp%q “
Y CO,wall(each case)´ Y CO,wall(baseline case)

Y CO,wall(baseline case)

ˇ

ˇ

ˇ

X`“6,Y `ě1
ˆ100, (5.2.9)

The variable ∆COfar represents the percentage difference of time-averaged YCO

between each case and the baseline case far from the wall (Y ` ă 1) and close to the

outflow boundary (X` “ 6). The variable ∆COwall shows this difference close to

the wall (Y ` ě 1) at the same streamwise location.

5.2.1.6 Cooling jet trajectory

To show the differences in the coolant jet trajectory for different cases, relative to

the baseline case, at a streamwise location close to the exit of the domain, a variable

∆Ycool|X6 is defined. This variable is used to investigate how a change in the coolant

trajectory affects CO emissions near and away from the wall.

∆Ycool|X6 “ Ycool|X6(each case)´ Ycool|X6(baseline case). (5.2.10)

The variable Ycool|X6 is defined as the Y ` at X` = 6 of the streamline that starts

from the centre of the cooling hole. A positive value of ∆Ycool|X6 indicates that this

streamline at X` “ 6 for the considered case is closer to the wall compared to the

baseline case.
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5.3 Results and discussion

5.3.1 1D freely-propagating flames (FPF)

The interaction of the cooling air jet with the flame changes the local stoichiometry

and dilution and so is likely to influence the near-wall CO. To independently eval-

uate the impact of stoichiometry changes, 1D unstrained freely propagating flames

(FPFs) were simulated with GRI 3.0 chemical mechanism using the CHEMKIN

package [65]. A range of equivalence ratios with the same premixture temperature

of 800 K as the 2D cases were considered. Only four equivalence ratios, i.e. φ = 0.4,

0.6, 0.8 and 1, are illustrated in Figure 5.2. The variation of CO mass fraction (YCO)

with distance and temperature are shown in Figures 5.2 (a) and (b), respectively.

As the mixture becomes leaner, the peak YCO and its associated temperature both

reduce, as expected. Furthermore, the time scales of CO production and oxidation,

calculated based on a 10 % - 90 % criterion [27, 28], increase for leaner mixtures, as

shown in Table 5.2. In other words, although a smaller amount of CO is produced

in a lean mixture, it takes longer for this amount to be oxidised. Figure 5.2(c) also

shows the thermochemical states of CH4, O2, CO2, H2O, CO and a combination of

CO and CO2. Out of the species shown in Figure 5.2(c), the mass fraction of CO2

shows a significant variation with temperature even after complete consumption of

the fuel, hence it was used to define a progress variable in Equation 5.2.5.

Figure 5.3 shows the variation of YCO, YCH4 , YCO2 and dYCO2{dT in the 1D FPF

configuration for several equivalence ratios, normalised by their maximum values

for that φ. The peak location of dYCO2{dT in the temperature space coincides with

YCH4 « 0. A threshold value is defined based on this peak location referred to as c1.

This threshold will be later used as a marker for the post combustion zone where

production of CO2 with respect to temperature starts to slow down.

Table 5.2: Time-scales (in milliseconds) of CO production (tpr) and oxidation (tox).

φ tpr (ms) tox (ms)
1 0.1 0.45

0.8 0.12 0.51
0.6 0.22 0.61
0.4 0.96 1.28
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Figure 5.2: Variation of CO mass fraction (YCO), normalised by the maximum YCO
of the stoichiometric case, against distance (a) and temperature (b) in a 1D freely-
propagating flame configuration for several equivalence ratios (φ). The temperature
dependence of the reactants (CH4 and O2), products (CO2 and H2O), CO and
(CO + CO2), normalised by their maximum values, under stoichiometric conditions
is shown in (c). Legend for subfigure (c): YCO{YCO,max , YCH4{YCH4,max ,
YCO2{YCO2,max , YO2{YO2,max , YH2O{YH2O,max , pYCO`YCO2q{pYCO`YCO2qmax

.

Figure 5.3: The temperature dependence of YCO, YCH4 , YCO2 and dYCO2{dT in a 1D
freely-propagating flame configuration for several equivalence ratios (φ), normalised
by their maximum values for that φ. The vertical dashed lines mark the temperature
at which dYCO2{dT is maximum. Legend: YCO{YCO,max , YCH4{YCH4,max ,
YCO2{YCO2,max , pdYCO2{dT q{pdYCO2{dT qmax.

5.3.2 Flame dynamics

Figure 5.4 shows the contour plot of the mixture fraction for Case 5 at five equally

spaced instants during one forcing period. The flame boundary, defined as the isoline

of the HRR at 5% of the maximum HRR in the time period of excitation (Tp), is

shown with a solid line. As can be seen, the cooling air leads to formation of a long
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flame sheet in the vicinity of the wall. This very lean flame sheet becomes longer

during the upstream motion of the flame up to t “ Tp{5, then quickly burns out

at the final stages of the upstream motion (t “ 2Tp{5). This sheet starts to form

again during the downstream motion (t “ 3Tp{5 ´ 4Tp{5) as the flame passes the

cooling hole. The time-averaged HRR and ξ, shown in Figure 5.5, also illustrate the

lengthening of the flame and reduction in the local stoichiometry near the wall.

Figure 5.4: The variation of modified mixture fraction, ξ within the flame, defined
by the isolines of heat release rate (HRR) at 5% of peak HRR, for Case 5 (see Table
5.1) at several instants within a forcing cycle.

Figure 5.5: Contours of time-averaged HRR (top) and time-averaged modified mix-
ture fraction (ξmean) within the flame region (bottom) for Case 5. HRR is normalised
by the peak HRR of a 1D flame unaffected by the wall.
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Figure 5.6: Isolines of HRR, at 5% of the maximum HRR, for a range of BR, St,
Xcool and coolant (air/N2). Subfigures (a), (b), (c) and (d) show the effect of BR,
St, Xcool, and coolant type, respectively. Legends: (a) BR = 3, BR = 5, BR
= 10; (b) St = 8.3, St = 1, St = 0.5; (c) Xcool = 2, Xcool = 3, Xcool =
4; (d) N2, Air.

The effects of BR, St, Xcool and the coolant fluid (air/N2) on the overall flame shape

are illustrated in Figure 5.6. The flame boundaries using the time-averaged HRR

are also shown. Increasing the BR from 3 to 10 increases the flame length (also

shown in Table 5.3), while changes in the cooling hole position, Xcool from 2 to 4,

decreases the flame length. This shows that positioning the cooling hole in upstream

locations has a similar effect to increasing of the blowing ratio, both making the lean

flame sheet longer. The impact of St is only observable when St was changed from

8.3 to 1 and a minimal impact by the coolant type is observed.
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Table 5.3: Values of the parameters defined in Equations 5.2.7, 5.2.8, 5.2.9 and 5.2.10
for the cases shown in Figure 5.11. The values of ∆COfar and ∆COwall shown here
are averaged in Y `.

Case BR St Xcool Coolant ∆Xfl ∆Ycool|X6 ∆COfarp%q ∆COwallp%q
2 5 8.3 3 Air -0.53 0.001 1.9 -14.8
4 3 1 3 Air -0.3 -0.001 -2.7 -55
5 5 1 3 Air 0 0 0 0
6 10 1 3 Air 0.49 0.038 27.5 25.1
8 5 0.5 3 Air 0.04 -0.001 -0.57 5
10 5 1 2 Air 0.3 -0.023 -10 27.8
11 5 1 4 Air -0.4 0.03 21.3 -29.9
12 5 1 3 N2 -0.09 0.006 59.7 115.8

5.3.3 Wall heat flux

The effects of BR, St and Xcool on the wall heat flux in the wall-cooled region are

shown in Figure 5.7 (a)-(c), respectively. Only the values after the cooling hole

are presented. The coolant type (air/N2) has negligible impact on the wall heat

flux and hence is not shown here. The uncooled case, which represents BR = 0,

is shown in Figure 5.7 (a) as reference. The time-averaged mean and root mean

square (RMS) of the wall heat flux, denoted by φmean and φrms, respectively, are

normalised by the peak wall heat flux in the uncooled, steady state case (φs). A

significant reduction of the mean and RMS values compared with the uncooled case

is observed in the vicinity of the cooling hole, as expected. Also, not surprisingly,

the injection of more air reduces the mean and RMS values. An increase in BR from

3 to 10 decreased the peak φmean by about 30%. Decreasing the forcing frequency

lowers the peak φmean up to a certain St due to a larger motion of the flame in the

streamwise direction. For the same reason, higher fluctuations of the heat flux are

observed for lower forcing frequencies.

Furthermore, as the cooling hole is shifted from X` = 2 to 4, a reduction in peak

φmean of about 30% was observed in the post-cooling hole region. This is because

for Xcool “ 4, the wall downstream of the cooling hole is less affected by the flame

movement. The value of pXfl´Xcoolq decreases from 3.3 to 0.6 as Xcool moves from

2 to 4.
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Figure 5.7: Mean (top) and RMS (bottom) wall heat flux, normalised by φs, for a
range of (a) BR (b) St and (c) Xcool. The uncooled case is denoted by UC in this
plot.

The effects of FCAI on the wall heat flux is further analysed for the baseline case

in Figure 5.8. The normalised wall heat flux, i.e. φwall{φs, is shown as a function

of the local Peclet number (Pelocal), defined as the distance of the isoline of the

reduced temperature, θ “ pT ´ Tu|φ1q{pTb|φ1 ´ Tu|φ1q “ 0.6, to the wall at every

X` ą Xcool, normalised by the diffusive flame thickness (δL). The chosen value of θ

corresponds to the peak HRR of an unstrained laminar flame at the same conditions

as the 2D cases. The wall heat flux is expected to be high when Pelocal is low for

an uncooled case (see Equation 4.3.1). However, Figure 5.8 shows that small values

of Pelocal correspond to a lower wall heat flux for the FCAI case. To examine this

further, the points in the FCAI case are colour coded by X`. This shows that while

Poinsot’s correlation (Equation 4.3.1) breaks down near the cooling hole, it has a

good performance for X` ą 5. Of note is that Xfl for the baseline case is also

5.
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Figure 5.8: The variation of wall heat flux, normalised by φs, with the local flame
position denoted by Pelocal. The region before the cooling hole is denoted by black
circles while that after the cooling hole are coloured by X`. The black line represents
Poinsot’s correlation mentioned in Equation 4.3.1.

5.3.4 Near-wall and exhaust CO emissions

Figure 5.9 shows the contours of CO mass fraction at five equally spaced instants for

Case 5. It can be seen that the cooling air has a large impact on reducing the post-

combustion CO. Another observation is formation of a pocket of CO downstream

of the flame in the vicinity of the wall. This pocket is detached from the lean flame

sheet, and as it convects further downstream, it also moves towards the wall while

the CO concentration within the pocket reduces. Such a lean pocket features a

relatively large CO oxidation time scale and therefore, can be transported to the

outlet before being oxidised. This phenomenon will be investigated later in this

chapter.
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Figure 5.9: Contour plots of CO mass fraction for Case 5 at several instants (same
as in Figure 5.4) in an excitation cycle. The black circles highlight a pocket of CO
being transported towards the wall.

The effects of BR, St, Xcool and coolant type on the time-averaged CO in the whole

domain and at X` = 6 are shown in Figures 5.10 and 5.11, respectively. Here, the

terms near-wall and far-field regions are defined as Y ` ą“ 1 and Y ` ă 1 regions,

respectively. The values of ∆Xfl, ∆Ycool|X6, ∆COfar and ∆COwall for all cases

shown in Figures 5.10 are also listed in Table 5.3. A combination of factors are

observed to influence the CO emission, including the flame tip dilution, the coolant

flow trajectory, and the transport of the CO pocket.

The mean CO in the far-field and most parts of the near field is the highest when

BR = 10 at X` “ 6. As can be seen in Figure 5.10, the cooling jet has an almost

flat trajectory, locating closer to the wall for BR “ 10, compared with other cases.

This is also evident from the results presented in Table 5.3. Therefore, for this case,

the flame tip is mostly affected by the coolant and the influence of the coolant on

CO oxidation in the far field is limited. Note that the flatter coolant trajectory

observed at BR “ 10 can be due to the Coandă effect, the flow tends to stay closer

to the surface for higher jet flow rates due to formation of a low pressure zone in that
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region [66]. The Strouhal number appears to have a negligible impact on CO. As

the cooling hole position is moved further downstream, an increase in the far-field

YCO is observed while an opposite trend is observed for the near-wall CO. This

is because when the cooling hole is further downstream, the cooling air has less

influence on the far-field CO indicated by a high value of ∆Ycool|X6 (see Table 5.3)

but leads to further decrease in the near-wall CO. For the cooling holes at upstream

locations, the cooling jet has a larger zone of influence, producing less CO in the

far field. On the other hand, a longer flame is present in the vicinity of the wall

and the near-wall CO will be higher for this case. Using nitrogen as the coolant

leads to a higher CO compared with when air is used. This is consistent with the

observation by Rivera et al. [39] where providing the additional oxygen results in

further oxidation of CO.

Figure 5.10: Contours of time-averaged CO mass fraction for different blowing ra-
tios (BR), Strouhal numbers (St), cooling hole positions (Xcool) and coolant fluid
(air/N2). The white line marks the X` “ 6 location.
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Figure 5.11: The effect of BR, St, Xcool and the coolant type (air/N2) on time-
averaged CO mass fraction at a streamwise location near the exhaust (X` = 6).

The effects of BR, St, Xcool and the coolant type on CO at the exit of the do-

main, averaged in the wall-normal direction and in time, denoted as YCO,mean,exit,

are presented in Table 5.4 for the cases shown in Figure 5.11. A similar qualitative

behaviour as that in the far-field region shown in Figure 5.11 is observed here. For

instance, Table 5.4 confirms that the exhaust CO decreases due to excess oxygena-

tion as the N2-cooled case produces higher exit CO than the air-cooled case. Also,

both an increase in BR and the downstream movement of the cooling hole increases

the exhaust CO while the effect of St is negligible.

Table 5.4: Mean YCO at the exit of the domain, averaged in the wall-normal direction
and in time (YCO,mean,exit).

Case BR St Xcool Coolant YCO,mean,exit
2 5 8.3 3 Air 0.0106
4 3 1 3 Air 0.0103
5 5 1 3 Air 0.0105
6 10 1 3 Air 0.013
8 5 0.5 3 Air 0.0105
10 5 1 2 Air 0.0097
11 5 1 4 Air 0.0116
12 5 1 3 N2 0.0163

The results for CO and wall heat flux lead to some interesting conclusions for the

optimum values of BR and the cooling hole location. An increase in the blowing

ratio can decrease the mean wall heat flux, but can also increase the exhaust CO, as

seen in the BR “ 10 case. For the cooling hole position, the most upstream location

provides a better performance both in terms of the wall heat flux and exhaust CO.
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These conclusions certainly need further examination in a more realistic configura-

tion but they still provide suggestions for the expected trends of the wall heat flux

and CO emission when BR and the cooling hole position are changed.

5.3.5 CO transport budget analysis

The species transport budget analysis, i.e. CDR analysis (Equation 4.3.2), for

CO was carried out to investigate the transport of the pocket of CO towards the

wall, observed in Figure 5.9 for the baseline case. Figure 5.12 shows the normalised

convection (C), diffusion (D) and reaction (R) terms of the species transport budget

analysis in the near-wall, post-cooling hole region at several instants, same as those in

Figure 5.4. A positive (negative) value of C, D or R indicates an increase (decrease)

in CO mass fraction due to convection, diffusion or reaction, respectively. Selected

isolines of CO mass fraction are shown in Figure 5.12 such that the pocket of CO

observed earlier can be visualised. Contours of C and D in the streamwise (Cx and

Dx) and wall-normal (Cy and Dy) directions are shown in Figures 5.13 and 5.14,

respectively.

Figure 5.12: Contours of CO transport phenomena, namely, convection (C), dif-
fusion (D) and reaction (R), normalised by the sum of absolute values of C, D,
and R are shown for the baseline case at five equally spaced instants. The window
considered is X` ą“ 3 and Y ` ą“ 1. The contour lines of CO mass fraction are
shown (black lines) to locate the CO pocket diffusing towards the wall. Aspect ratio
is not preserved in this figure as the contours are stretched in Y ` direction for better
readability.
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In general, convection is dominant in the streamwise direction and diffusion is domi-

nant in the wall-normal direction. At the locations where the CO pocket is observed,

the diffusion term is dominant at t = Tp{5, indicating the diffusion of CO pocket

towards the wall. In the following instants, the diffusion term becomes negative at

the location of the pocket, showing that CO is now diffusing away from the wall.

This coincides with the reduction in concentration of the CO pocket, as observed in

Figure 5.9. In general, the dominant mechanism of transport for the CO pocket is

diffusion.

Figure 5.13: Streamwise components of convection (C) and diffusion (D), normalised
by the sum of absolute values of C, D, and R are shown for the baseline case at
five equally spaced instants. The window considered is X` ą“ 3 and Y ` ą“ 1.
The contour lines of CO mass fraction are shown (black lines) to locate the CO
pocket diffusing towards the wall. Aspect ratio is not preserved in this figure as the
contours are stretched in Y ` direction for better readability.
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Figure 5.14: Wall-normal components of convection (C) and diffusion (D), nor-
malised by the sum of absolute values of C, D, and R are shown for the baseline
case at five equally spaced instants. The window considered is X` ą“ 3 and
Y ` ą“ 1. The contour lines of CO mass fraction are shown (black lines) to locate
the CO pocket diffusing towards the wall. Aspect ratio is not preserved in this figure
as the contours are stretched in Y ` direction for better readability.

5.3.6 CO thermochemical states

Further analysis of the near-wall CO mass fraction in the wall-cooled region from

X` ą“ 3, Y ` ą“ 1 is shown in Figure 5.15. Scatter plots of YCO versus temperature

at all instants in a forcing cycle are shown for the baseline case. To examine the

role of dilution with excess oxygen, the scatter plots are coloured based on ξ. The

YCO - T plots of 1D FPFs with the same chemical mechanism as that used in

the DNS (GRI 3.0, see Section 3.6) for equivalence ratios φ = 0.24 to 1 are also

shown. It can be seen that on average, the 1D FPFs can capture the temperature

dependence of YCO in the near-wall, post-cooling hole region. The YCO - T scatter

plots are coloured by R{|R| in Figure 5.16 to identify the CO production and CO
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oxidation branches. A positive reaction rate indicates the production of CO while

a negative value of reaction rate indicates CO oxidation. To further analyse the

above-mentioned temperature dependence of YCO, representative bands of ξ are

shown in Figure 5.17. The scatter plot of the case with no cooling hole is also

shown here in the background. Once again, it can be seen that FCAI cases can be

potentially modelled with FPF solutions. A horizontal branch of YCO is present for

ξ “ 0.4 ´ 0.45 which can not be captured with the FPF solution. Also, a small

discrepancy is observed in the production branch of CO of this range of ξ. For

small values of ξ, CO is outside the region of corresponding FPFs in the production

branch. The reason for this discrepancy will be investigated with chemical reaction

network modelling later in this section.

Figure 5.15: Scatter plots of CO mass fraction (YCO) against temperature (in K) for
Case 5 coloured by ξ. Only the points in the near-wall, post-cooling hole window
(X` ą“ 3, Y ` ą“ 1) are considered for this analysis. 1D FPF results for several
equivalence ratios are shown.
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Figure 5.16: Scatter plots of CO mass fraction (YCO) against temperature (in K)
for Case 5 in the window: X` ą“ 3, Y ` ą“ 1, coloured by R{|R| where R is
the reaction rate term in the species transport budget analysis for CO. Red dots
indicate a positive reaction rate term while the negative values are shown in blue.
1D FPF results for the same equivalence ratios as in Figure 5.15 are also shown.

Figure 5.17: Scatter plots of CO mass fraction (YCO) against temperature (in K) for
several bands of ξ for Case 5, in the near-wall, post-cooling hole window (X` ą“

3, Y ` ą“ 1). Relevant 1D HOQ and FPF results and the YCO ´ T scatter plots for
uncooled case are also shown.
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Figure 5.18: YCO - T scatter plots for Case 5 in the window: X` ą“ 3, Y ` ą“ 1,
for ξ = 0.4 - 0.45. The red dots in (a) indicate cCO2 ą c1. Subfigure (b) is coloured
by normalised enthalpy deficiency.

To further investigate the approximately constant YCO as a function of temperature

for ξ “ 0.4´ 0.45, Figure 5.18 shows the scatter plot of YCO against temperature in

the same near-wall, post-cooling hole window as shown in Figure 5.15. A threshold

value of cCO2 , denoted by c1 identified earlier in Section 5.3.1 is used here. The

points where cCO2 ą c1, shown in red in Figure 5.18(a), identifies this low YCO

branch. Further inspection of these points show that this CO branch is located in

the burnt gas region (about X` ą 5), and is close to the wall (about Y ` ą 1).

Also, since this region is away from the cooling hole (Xcool = 3) the effect of the

coolant stream is likely to be less, possibly leading to a higher wall heat loss. To

confirm this hypothesis, the points in Figure 5.18(b) are coloured by the normalised

enthalpy deficiency (hdef,norm). Now, this CO branch can also be identified with high

values of the normalised enthalpy deficiency. Although this indicates that the wall

heat loss is important in predicting the near-wall CO due to FCAI, one should note

that in a realistic effusion cooled combustor, where a sheet of coolant is expected

to be formed near the wall, such a region of high wall heat loss is unlikely to be

present.

To investigate the difference between the FPF solutions and the DNS data in the

CO production branch (see Figure 5.17), an ideal chemical reactor available in

CHEMKIN PRO [65] is used. In the above-mentioned production branch, a sto-
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ichiometric flame interacts with a stream of cold air, mixing to varying extents

which is quantified by ξ. The FPF model assumes that the time scale is sufficiently

long to form a laminar flame at a given equivalence ratio. However, this assumption

can break down if the relatively fast cooling jet leads to very short residence time

available for the reaction of the mixture before it leaves the monitoring window

(X` ą 3, Y ` ą 1). For example, this can occur when the flame tip is in the vicinity

of the cooling hole. To mimic these conditions, a perfectly stirred reactor (PSR)

configuration is used in CHEMKIN, as shown in Figure 5.19. This 0-D model as-

sumes that the mixture is fully mixed and is only limited by reaction kinetics [65].

Such a model provides an effective tool to isolate the impact of residence time on

CO production/oxidation in a similar approach to [39].

Figure 5.19: Schematic of the perfectly stirred reactor configuration.

As shown in Figure 5.19, two inlet streams are first mixed in a gas mixer and are

then fed into the PSR. In the first stream, the conditions correspond to one point

in the production branch of a stoichiometric 1D FPF, representing the flame before

mixing with the coolant stream. This condition is referred as ‘the starting point’

in the rest of the discussion. The temperature and species mass fractions at this

starting point are denoted by Tstart and Yk,start, respectively. Two such starting

points, i.e. Tstart = 1796 K and 1192 K are simulated. The second stream consists

of air at the coolant inlet temperature (800 K), representing the coolant stream. A

range of equivalence ratios for the mixture with two residence times tres, as a factor

of δth{Vcool where Vcool is the resultant coolant velocity, are considered.
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Figure 5.20: Thermochemical states of CO obtained using a PSR analysis, for two
starting points, i.e. Tstart = 1796 K (a) and 1192 K (b) and two residence times over
a range of equivalence ratios. The starting points are marked in the plots using a
black star. The 1D FPF solutions are also shown for reference

.

Figure 5.20(a) shows an increase in CO compared to that of the starting point

when the equivalence ratio is above a certain point and the residence time is short.

However, a decrease in CO is observed for lower equivalence ratios. This shows

that providing additional oxygen when the temperature is still relatively high will

promote production of CO whereas the opposite will occur at lower temperatures.

For a longer residence time, a lower amount CO is generally present at the exit

of the PSR for the high temperature starting point. However, for the lower Tstart

case shown in Figure 5.20(b), the results seem to be insensitive to the residence

time for the cases considered. This is expected as the reactions are slower at lower

temperatures.

These observations indicate that fast mixing of the cooling air with the stoichiometric

flame front can lead to mixtures, featuring a higher amount of CO compared with

the corresponding diluted flame. The inclusion of the effects of these mixing times

can provide an improved modelling framework to predict CO in the production

branch and is left for future work.

To summarise, the behaviour of the near-wall CO due to FCAI can be explained

reasonably well using laminar flame solutions with a modified mixture fraction (ξ),

particularly in the oxidation branch. This is an encouraging result, suggesting path-

118



CHAPTER 5. LAMINAR FLAME-COOLING AIR INTERACTION (FCAI)

ways for prediction of YCO near an effusion-cooled gas turbine wall. Considering the

impact of relatively fast cooling jets on the flame tip and the heat loss to the wall

on CO oxidation can lead to further improvement of this modelling approach.

5.4 Conclusions

This study examined the impact of flame-cooling air interaction (FCAI) on flame

dynamics and CO emissions. Two-dimensional direct numerical simulations (DNSs)

of an acoustically forced laminar flame interacting with a coolant jet issued from

a relatively cold wall were performed. Cases with different blowing ratios, forcing

frequencies, cooling hole positions and coolant type (air/N2) were considered. For

St “ 1, a long flame sheet was formed near the wall as a result of interaction with

the coolant. This lean, diluted flame sheet was found to increase in length with

increasing blowing ratio and with moving the cooling hole further upstream. The

type of the coolant was found to have a negligible impact on the shape of this

flame sheet. The annihilation of this flame sheet coincided with formation of a

pocket of CO, which was then convected downstream while also diffusing towards

the wall.

As expected, the mean wall heat flux in the effusion cooled cases were less than that

in the uncooled case. An increase in blowing ratio, which introduces more coolant

near the wall, further reduced the mean wall heat flux. In addition, a downstream

shift in the cooling hole position reduced the wall heat flux. This was because

the flame is further away from the wall-cooled region as the cooling hole moves

downstream.

An analysis of the time-averaged CO mass fraction downstream of the cooling hole

showed a negligible impact by the forcing frequency. Using air instead of nitrogen as

the coolant reduced the CO emission by providing additional oxygen and therefore

enhancing CO oxidation, as also shown in previous work [39]. Increasing the blowing

ratio led to an increase of the CO emission away from the wall. This was attributed

to the cooling air trajectory and the influence of the cooling jet on the overall flame

dynamics. A similar effect was observed with a downstream movement of the cooling

hole. Furthermore, the qualitative trend of the near-wall CO was attributed to the
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CO pocket formed downstream of the cooling hole.

CO emission in the near-wall, post-cooling hole region was found to be a function of

local temperature and a modified mixture fraction when a progress variable defined

based on the CO2 mass fraction is below a certain threshold. One-dimensional (1D)

freely-propagating flame simulations with corresponding equivalence ratios to the

level of dilution were found to reasonably describe the CO characteristics.
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Chapter 6

Turbulent FWI and FCAI

6.1 Introduction

This chapter aims to extend flame-wall interaction (FWI) and flame-cooling air

interaction (FCAI) studies undertaken in Chapters 4 and 5, respectively, to more

realistic turbulent conditions. Three-dimensional (3D) direct numerical simulation

(DNS) of a preheated, turbulent, premixed, methane/air flame is performed. The

top wall is effusion cooled by injecting cooling air jets to simulate FCAI conditions

while the bottom wall is uncooled, representing FWI conditions. The flame features

and the effect of the flow-field on the flame and wall heat flux are discussed. The

thermochemical states of CO are then examined, a CO modelling framework is

proposed and evaluated using the DNS data.

This chapter is structured as follows. Section 6.2 outlines the major simulation

parameters relevant to this chapter. The key flame features and their impact on

the flow field are discussed in Section 6.3.1 whereas the results for the wall heat

flux are presented in Section 6.3.2. The CO characteristics are explored in Section

6.3.3 and a CO model is proposed which is evaluated using the DNS data in Section

6.3.4.
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6.2 Simulation parameters

This chapter studies a stoichiometric (φ = 1), preheated (Tu = 800 K), premixed

flame under turbulent flow conditions (inlet Mach number = 0.15 which corresponds

to a jet Reynolds number of 3200). To remind the reader, a schematic of the

computational domain of size L`x ˆ L`y ˆ L`z “ 15 ˆ 2 ˆ 3 is shown in Figure

6.1. The flame is anchored using a hot sheet imposed at X` “ 1 from Y ` “ 0.5

to 1.5, as described in Section 3.5.4. Cooling air is fed through the top wall at

several streamwise locations (X` “ 5, 6.5, 8, 9.5, 11, 12.5 and 14) through slots of

width 0.2, imposing unity blowing ratio. The simulations were run for four jet flow

through times and the data of the last two flow through times were considered for

the analysis.

Figure 6.1: Computational domain.

6.3 Results and discussion

6.3.1 Flame dynamics

To visualise the flame, isosurfaces of the progress variable based on CO2 mass frac-

tion (see Section 5.2.1.2), cco2 “ 0.5, are presented in Figure 6.2 at one instant,

coloured by YCO and ξ. Interaction of the flame with an uncooled wall, i.e. flame-

wall interaction (FWI) occurs at the bottom wall while the flame interacts with the

jets of cooling air at the top wall, representing flame-cooling air interaction (FCAI).

Compared to the bottom wall, a region with less CO near the top wall closer to the

exit of the domain is observed. This region corresponds to higher levels of dilution

with the cooling air, as indicated by the lower values of ξ (see Figure 6.2(b)). Also,

the flame appears to be longer near the effusion-cooled top wall unlike the bottom
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wall where the flame seems to be quenched earlier. The reduction of CO emissions

due to effusion cooling was also observed in the 2D laminar FCAI configuration (see

Figure 5.17).

(a) Coloured by YCO.

(b) Coloured by ξ.

Figure 6.2: Isosurface of progress variable at cco2 = 0.5 coloured by YCO and ξ at
one instant.

The contours of cco2 , heat release rate (HRR) and CO mass fraction (YCO) at one

spanwise location, Z` “ 1.2, for several instants are shown in Figures 6.3 to 6.5. As

observed in Figure 6.2, the flame is longer near the top wall compared to the bottom

wall, at all the instants. The regions where both HRR and YCO are low are observed

downstream of the domain near the top wall. To confirm if this behaviour is limited

to the chosen spanwise location and instants, the spanwise and time average of these

parameters are shown in Figures 6.6 and 6.7.
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Figure 6.3: Contours of progress variable at several instants (shown as (a) to (e) )
at one spanwise location, Z` “ 1.2.

Figure 6.4: Contours of HRR normalised by the peak HRR in a 1D HOQ configu-
ration at Z` “ 1.2. Subfigures (a) to (e) show different instants.
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Figure 6.5: Contours of YCO at Z` “ 1.2 at several instants.

Figure 6.6: Contours of the following variables: (a) progress variable, (b) HRR, (c)
YCO and (d) modified mixture fraction (ξ), averaged in the spanwise direction and
in time. In (d), the contour plot is clipped to include only the region where HRR
is more than 5% of the maximum HRR.

Figure 6.6 shows several parameters averaged in the spanwise direction (Z`) and in
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time. The parameters averaged in the spanwise direction and time are denoted as

p.q. Longer regions of relatively low HRR seen near the top wall for X` ą 10 (see

Figure 6.6(b)) coincide with the region of lower YCO (see Figure 6.6(c)) and lower

ξ (see Figure 6.6(d)). Mixing with cooling air reduces YCO and this diluted flame

features a lower HRR. This is once again consistent with the observations from

Chapter 5 (see Figures 5.5 and 5.17).

Figure 6.7: HRR and YCO at several streamwise locations versus non-dimensional
distance from the wall (Y `wall). The top (Y ` ě 1) and bottom (Y ` ă 1) halves of
the domain are indicated with dashed and solid blue lines, respectively. The YCO
obtained from 1D HOQ simulation using SK mechanism is shown in black.

The variables HRR and YCO at three streamwise locations, X` “ 7.5, 10.5 and

13.5, are shown in Figure 6.7. The top (Y ` ě 1) and bottom (Y ` ă 1) halves of

the domain are considered separately. The results are presented as a function of the

non-dimensional, wall-normal distance from each wall (Y `wall). The YCO profiles from

the 1D HOQ solutions obtained using the same premixture temperature (800 K) and

pressure (1 atm) as the turbulent case are also presented in Figure 6.7 for several

instants before and during quenching. The YCO profiles spread over a wider region

of Y `wall compared to the YCO profiles from the 1D HOQ results. This is expected as
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a thicker average flame brush is present in a turbulent flame. However, the profiles

of HRR and YCO near the bottom wall resemble those of 1D HOQ. The heat-release

rate profiles near the top wall is qualitatively similar to that of a freely-propagating

flame. As discussed earlier, the peak HRR and YCO near the top wall is less than

that near the bottom wall and decreases further downstream. From X` “ 7.5 to

13.5 the peak HRR and YCO decrease by about 50 % and 20 %, respectively.

Figure 6.8: RMS HRR and YCO in the spanwise direction. These variables are also
averaged in time and are normalised by HRR and YCO. Only the points greater
than 0.05ˆHRRmax and 0.05ˆ YCOmax, respectively, are shown.

The RMS values of HRR and YCO are shown in Figure 6.8, normalised by their

local mean values. The points where the mean HRR and YCO are below 5% of their

maximum values are not included. This is to ensure that the presented values are

not unrealistically magnified due to normalisation by a low mean value. Figure 6.8

shows that downstream of the hot sheet (X` “ 1), fluctuations of HRR and YCO

increase initially which is likely due to the enhanced flame-turbulence interaction.

Fluctuations of HRR and YCO decrease further downstream from about X` ą 10,

near the top wall. From Figure 6.6(d), this corresponds to the region where flame-

cooling air mixing is stronger, indicated by regions of low values of ξ. Thus, one

may infer that the interaction of the flame with the sheet of cooling air is likely to

reduce the fluctuations of the flame surface and YCO in the vicinity of the wall.

Figure 6.9 shows contours of vorticity magnitude at several instants at one spanwise

location (Z` “ 1.2). The flame is represented by an isoline of progress variable

(cco2 “ 0.5). The flame features marked as B1, B2 and C1, causes the fresh gas to

move away from the wall. They appear in regions with high vorticity values. Further
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investigation of the evolution of such structures is discussed in Figure 6.10.

Figure 6.9: Contour plots of the magnitude of vorticity (non-dimensional) for several
instants at Z` “ 1.2. The flame position (cco2 “ 0.5) is marked in red. Certain
structures, i.e. B1, B2 and C1, are marked for further discussion.

Figure 6.10 shows isosurfaces of progress variable (cco2 “ 0.5) at several instants

between the snapshots shown in Figure 6.9(b) and 6.9(c). The time evolution of the

structure B1 (see Figure 6.9) is illustrated, marked using black circles. From Figure

6.10(a) to 6.10(d), B1 becomes C1 which is a streak like feature marked in Figure

6.9. These “finger-like structures” have been observed in other DNS studies of FWI

with simple chemistry [42]. They eventually collapse at the wall as they move further

downstream and can subsequently influence the near-wall CO transport and wall

heat flux.
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Figure 6.10: Time evolution of flame structures shown using cco2 “ 0.5 isosurfaces.
The figure is stretched in Y ` direction.
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Figure 6.11: Contours of YCO at the bottom wall at several instants. Regions of
interest (B2 and C1) are marked to show the effect of flame structures on CO at
the wall.

Figure 6.11 shows snapshots of YCO at the bottom wall at several instants. The

locations corresponding to the flame structures identified earlier are marked. These

locations are where the flame structures interact with the wall, leading to high CO

emissions. Also, as discussed earlier, such near-wall flame structures are also ex-

pected to influence the wall heat flux which is further discussed in Section 6.3.2.

6.3.2 Wall heat flux due to FWI

The wall heat flux to the top wall is found negligible due to the effect of cooling air

which forms a protective sheet between the flame and the wall. Compared to the

bottom wall, the wall heat flux to the top wall is an order of magnitude less and

hence is not discussed in this section.
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Figure 6.12: Wall heat flux (φwall) to the bottom wall at several instants, normalised
by the peak φwall when a 2D laminar steady-state flame interacted with a non-
effusion wall. Some regions of interest (B2 - B4, C1 - C3) are marked for discussion.
The X` ´ Z` plane shown here is the bottom wall.

Figure 6.12 shows snapshots of the wall heat flux (φwall) to the bottom wall at several

instants, normalised by the peak φwall in a 2D laminar steady-state configuration.

Regions of high φwall are observed at the wall beyond X` “ 9. This is expected

as the flame approaches the wall in this region, as seen in Figure 6.6. Some of the

high φwall regions observed at the bottom wall are marked as B2 - B4 and C1 - C3

as representative cases for further discussion. For better illustration of the flame

at the marked regions, isosurfaces of progress variable (cco2 “ 0.5) at the chosen

instants are shown in Figure 6.13. These isosurfaces are coloured by Y ` to indicate

the proximity of the flame to the bottom wall. The regions B2 - B4 and C1 - C3 are

also shown. At location B2, the flame reaches closer to the wall for a small range

of X`, see Figure 6.13(a). The other marked regions seem to be long streaks of

flame which are closer to the wall contributing to the wall heat flux at the bottom
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wall.

(a) Time corresponding to Figure 6.12(b)

(b) Time corresponding to Figure 6.12(c)

Figure 6.13: Isosurfaces of progress variable (cco2 “ 0.5) at different instants,
coloured by Y `. Figures are stretched in the Y ` direction. The domain is clipped
in this region: X` = 8 to 15; Y ` = 0 to 0.4; Z` = 0 to 3.

6.3.3 YCO - T scatter plots

Figure 6.14 shows the thermochemical states of CO for all instants at X` “ 4.5, 7.5,

10.5 and 13.5. These scatter plots are coloured by the modified mixture fraction (ξ),

as defined in Section 5.2.1.1. The top (Y ` ě 1) and the bottom (Y ` ă 1) halves

of the domain, which represent FCAI and FWI conditions respectively, are shown
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in the top and bottom rows of Figure 6.14. The temperature dependence of YCO

in 1D FPF configuration for different equivalence ratios are also shown. The first

column (X` “ 4.5) in the top half represents the uncooled region as the cooling

slots start from X` “ 5 and hence show ξ “ 1 indicating the unmixed condition.

Similarly, most points in the bottom half of the domain are unmixed. As expected,

the scatter plots at the bottom half resemble the thermochemical states of CO near

a non-effusion cooled wall (see Figure 4.14). Importantly, YCO ´ T dependence in

the top half of the domain, at X` “ 7.5, 10.5 and 13.5, at different ξ are captured

reasonably well by the corresponding 1D FPF results. This is particularly the case

in the oxidation branch of CO while some differences are observed in the production

branch, as also observed in Chapter 5 (see Figures 5.15 and 5.17). Furthermore, the

horizontal branch of CO observed in Chapter 5 (see Figures 5.15 and 5.17) which

was attributed to the wall heat loss is not observed in Figure 6.14. This is because

of the difference in the cooling slot configuration. Multiple cooling slots form a sheet

of cooling air thereby shielding the wall from the flame. As a result, the effect of

the wall heat loss is not seen in the YCO´T plots. To highlight these effects, Figure

6.15 shows these scatter plots for selected bands of ξ only, in the top half of the

domain.

Figure 6.14: YCO - T scatter plots for X` = 4.5, 7.5, 10.5 and 13.5 for all instants.
The top and bottom rows of the figure indicate the top and bottom halves of the
domain, i.e. Y ` ě 1 and Y ` ă 1, respectively. The plots are coloured with ξ. The
line plots show 1D FPF results for a range of equivalence ratios.
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Figure 6.15: YCO - T scatter plots for ξ “ 0.95 ´ 1 (red), ξ “ 0.7 ´ 0.75 (green)
and ξ “ 0.4 ´ 0.45 (blue) at X` = 4.5, 7.5, 10.5 and 13.5 for all instants, for the
top (Y ` ě 1) half of the domain. The 1D FPF results with the corresponding
equivalence ratio, i.e. φ “ 1 ( ), φ “ 0.75 (Ĳ), φ “ 0.7 (Ÿ), φ “ 0.45 ( ) and φ “ 0.4
(˝), are also shown.

Figure 6.16: cco2 - YCO scatter plots for X` = 4.5, 7.5, 10.5 and 13.5 for all instants
for Y ` ě 1 (top row) and Y ` ă 1 (bottom row). The plots are coloured with ξ.
The 1D FPF results are shown for several equivalence ratios.

The scatter plots presented in Figure 6.16 show the variation of YCO with progress

variable (cco2) at X` = 4.5, 7.5, 10.5, and 13.5 for all instants under FCAI (Y ` ě 1)

and FWI (Y ` ă 1) conditions. The scatter plots are coloured by ξ and the corre-

sponding 1D FPF solutions are shown for comparison. Similar to the observations

in Figure 6.14, the YCO - cco2 dependence is also captured reasonably well by the 1D

FPF solutions. This indicates that either temperature or cco2 could be used along
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with ξ to estimate CO under FCAI conditions. In this study, temperature and ξ

are used for CO estimation.

6.3.4 CO model evaluation

It is possible from the results of the previous section that the CO mass fraction close

to the top wall can be estimated using 1D FPF results, if the local temperature

(Tlocal) and mixture fraction (ξlocal) are known. This model for estimation of YCO

is referred to as ‘CO model’ in the remainder of this thesis. To examine to what

extent Tlocal and ξlocal can determine local CO in this configuration YCO - T data

is tabulated for 1D FPFs for stoichiometries ranging from 0.3 to 1. The CO mass

fraction is interpolated at Tlocal and ξlocal where Tlocal at a given stoichiometry is a

proxy for the local progress variable. The 1D FPF simulations were performed using

the same chemical mechanism as that used in the DNS (SK mechanism, see Section

3.6). At very low equivalence ratios (ă 0.3) where the 1D FPF simulations could

not be performed, YCO is set to zero in the model.

Figure 6.17: The contour of YCO at X` “ 7.5 (a) from DNS and (b) from the CO
model, at one instant. The black dotted line shows cco2 “ 0.5.

Figures 6.17 and 6.18 show the values of YCO obtained from DNS and those estimated
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using the CO model, for one instant, at X` “ 7.5 and 13.5, respectively. The flame

front (cco2 “ 0.5) is also indicated on these plots. Importantly, the qualitative

trend of YCO seen in the DNS results is reproduced by the CO model. To further

evaluate the performance of the model, YCO obtained from both the DNS data and

the CO model are averaged in the spanwise direction and in time. These results

are presented as functions of cco2 and Y ` in Figures 6.19 and 6.20 at X` “ 7.5 and

13.5, respectively. Once again, a good agreement is observed between the results of

the CO model and DNS. A more quantitative examination of the performance of

the model at several streamwise locations is presented in Figure 6.21.

Figure 6.18: The CO mass fraction at X` “ 13.5 (a) from DNS and (b) from the
CO model, at one instant. The black dotted line shows cco2 “ 0.5.
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Figure 6.19: The DNS (black) and modelled (blue) YCO at X` “ 7.5 averaged in
the spanwise direction and in time (YCO), as a function of cco2 (left) and Y ` (right).

Figure 6.20: The DNS (black) and modelled (blue) YCO at X` “ 13.5 averaged in
the spanwise direction and in time (YCO), as a function of cco2 (left) and Y ` (right).

To compare the percentage difference between the integrated YCO values obtained

from DNS and from the CO model at several X` locations, a variable ∆model is

defined as follows:

∆model “

´ ỸCO,DNS ´ ỸCO,model

ỸCO,DNS

¯

ˆ 100, (6.3.1)
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where,

ỸCO “

ş ş ş2

Y `“1
pρYCOqdY

`dZ`dt
ş ş ş2

Y `“1
ρdY `dZ`dt

(6.3.2)

The subscripts ‘DNS’ and ‘model’ refer to the data obtained from DNS and the

CO model, respectively. Note, the integration is performed in time, in the spanwise

direction and in the wall-normal direction from Y ` “ 1 to 2. A positive value

of ∆model indicates that the CO model under-predicts ỸCO while a negative value

indicates overestimation of ỸCO by the model.

Figure 6.21: Evaluation of the CO model by comparing with the DNS data at several
streamwise locations. The variable ∆model, defined in Equation 6.3.1, is presented
as a function of X`.

Figure 6.21 shows the variation of ∆model along the streamwise direction from X` “

4.5 to 15. While X` “ 4.5 is a location upstream of all the cooling slots, X` “ 15 is

at the outlet of the domain. Importantly, Figure 6.21 shows that the absolute value

of ∆model is within 3% indicating that the CO model compares well with the DNS

data quantitatively. Although this result is promising, the accuracy of this model

needs to be further assessed for turbulent flames in different parts of the regime

diagram and necessary adjustments are to be made to improve its accuracy under
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those conditions.

6.4 Conclusions

This study investigated the flame dynamics, wall heat flux and CO emission char-

acteristics of a turbulent, premixed flame interacting with a sheet of cooling air

at the top wall and with an uncooled bottom wall. This enables flame-cooling air

interaction (FCAI) and flame-wall interaction (FWI) to be simulated at the same

time. A longer flame with reduced CO mass fraction at its tail was observed near

the top wall compared to the bottom wall. The tail of this flame was leaner due to

mixing with the cooling air. Also, the fluctuations in the heat release rate and CO

mass fraction were relatively low in the region where the flame interacted with the

sheet of cooling air.

Finger-like flame features near the bottom wall were formed due the interaction of

turbulent structures with the flame surface, initially moving away from the wall and

eventually collapsing at the wall. These structures were found to create regions of

high YCO at the wall and large wall heat flux.

The thermochemical states of CO near the effusion-cooled top wall at several stream-

wise locations were captured by 1D freely-propagating flame (FPF) results reason-

ably well. The analysis of the CO thermochemical states presented a framework

to predict near-wall CO due to FCAI. The CO mass fraction corresponding to the

local temperature and dilution level at any chosen point was estimated using the

1D FPF results. A comparison of this estimated YCO to the DNS results confirmed

that the qualitative and quantitative behaviour of YCO was well predicted by the

model. Planned future work will evaluate the performance of this model in different

turbulent combustion regimes with necessary improvements to be made under those

conditions.
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Chapter 7

Conclusions and future work

7.1 Summary of findings

This thesis studied a preheated, premixed methane/air flame in the context of flame-

wall interaction (FWI) and flame-cooling air interaction (FCAI) using direct numer-

ical simulation (DNS). A preheated mixture of methane and air at 800 K, compa-

rable to the temperature at the compressor outlet of a gas turbine (GT) was used.

Methane was used as the fuel since it is the major component in natural gas and is

a common fuel in GTs for power generation.

Chapter 4 investigated the flame behaviour, wall heat transfer and near-wall CO

emissions in a 2D forced laminar flame configuration. The near-wall CO transport

mechanisms were explored using a species transport budget analysis where the con-

tribution of convection, molecular diffusion and reaction terms to the near-wall CO

transport were analysed. Laminar FCAI was the subject of research in Chapter 5

where the effects of injection of coolant jets through the combustor wall were para-

metrically studied in a 2D computational domain. The impact of FCAI on flame

behaviour, near-wall CO and wall heat flux were explored. A model to predict the

near-wall CO due to FCAI was proposed. The effects of FWI and FCAI under

turbulent flow conditions were explored in a 3D computational domain in Chap-

ter 6 where the above-mentioned model was also evaluated under a more realistic

turbulent condition.
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The major findings of this research are summarised below:

1. In an acoustically forced laminar premixed flame interacting with a

relatively cold wall, a range of FWI configurations from SWQ to a

combination of HOQ and SWQ can occur depending on the forcing

frequency.

To study transient FWI, a laminar flame subject to velocity perturbations

at the inlet was studied for a range of forcing frequencies. Such an analysis

helps to isolate different flow time-scales and study their effects on the flame

dynamics separately. The forcing frequency was non-dimensionalised based

on the flame length under steady state conditions and the maximum convec-

tive velocity at the inlet to obtain a non-dimensional number called Strouhal

number (St). The flame was largely unaffected at the highest frequency of

excitation (St “ 8.3), behaving like a steady flame while the flame displayed

a SWQ behaviour at the lowest excitation frequency (St “ 0.5). The flame

showed a combination of HOQ-like and SWQ-like characteristics at unity St.

2. Low-activation energy, exothermic reactions involving reactive radi-

cals contribute to about 50% of the near-wall HRR when a preheated

methane/air flame interacts with a relatively cold wall.

The significance of low-temperature chemistry near a relatively cold wall was

systematically studied by quantifying the contributions of individual reactions

to the overall HRR at the wall. The low-activation energy, exothermic re-

actions involving reactive radicals, collectively known as radical recombina-

tion reactions, contributed to about 50% of the overall HRR at the wall,

at the quenching instant for unity St. This underlines the importance of low-

temperature chemistry in understanding of the near-wall HRR in a preheated,

premixed methane/air flame.

3. Convection and diffusion dominate the near-wall CO transport in

141



7.1. SUMMARY OF FINDINGS

transient FWI.

Near-wall CO transport mechanisms were investigated using species transport

budget analysis [35]. The contributions of mass convection (C), molecular

diffusion (D) and reaction rate (R) terms to the rate of change of CO were

quantified. Convection and diffusion of CO were found to be significant in

the near-wall region. For instance, during HOQ-like behaviour of the flame,

CO diffusion was dominant while movement of the flame in the streamwise

direction coincided with a significant contribution from the convection term.

The reaction rate term was insignificant near the flame tip in the vicinity of

the wall.

4. A combination of factors including flame tip dilution, trajectory of

coolant jet, formation and transport of CO pockets influence the

near-wall CO characteristics due to FCAI.

The interaction of laminar and turbulent premixed flames with cooling air was

investigated. This interaction makes the flame tip leaner and longer compared

with the FWI cases. Also, the CO mass fraction was lower in this region.

The trajectory of coolant jet was found to vary depending on the position of

the cooling hole and on the blowing ratio (BR), i.e. the ratio of mass flux

of the coolant to that of the inlet premixture. This change of the trajectory

controls the extent of the near-wall region which is influenced by the cooling

air, affecting CO both near the wall and away from it. For instance, for high

BR, the near-wall region influenced by coolant jet was smaller compared to the

lower BR cases. An increase in BR, which reduces the wall heat flux increased

the overall CO emissions. Furthermore, the interaction of the coolant jet with

the flame leads to the formation of CO pockets downstream of the flame. The

transport of such CO pockets influenced the near-wall CO characteristics.

5. Near-wall CO characteristics due to FCAI can be modelled as a

function of temperature and a modified mixture fraction, using a
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set of computationally inexpensive 1D simulations.

Based on the thermochemical states of CO observed in the laminar and turbu-

lent cases, this thesis proposed a framework to predict the near-wall CO due

to FCAI, using simple 1D simulations. To quantify the extent of mixing with

the cooling air, a modified mixture fraction (ξ) was defined. Here, the mix-

ture fraction definition proposed by Bilger [64] was modified such that ξ “ 1

refers to the stoichiometric condition of the inlet premixture and ξ “ 0 indi-

cates pure cooling air. One-dimensional, unstrained, freely propagating flame

simulations for equivalence ratios corresponding to the local value of ξ were

performed. The CO mass fraction corresponding to the local temperature

in the computational domain was then estimated using these 1D solutions.

This modelling framework showed encouraging results and provided a basis

for further improvement.

6. Under turbulent FWI conditions, the collapse of certain flame struc-

tures at the wall leads to regions of high CO and wall heat flux.

Under turbulent flow conditions, formation of flame structures were observed

in the regions with high vorticity magnitude. Such flame structures were

found near both effusion-cooled (FCAI) and non-effusion cooled (FWI) walls.

However, these structures were closer to the non-effusion cooled wall and hence

influenced the near-wall parameters more strongly. The propagation of one

of these structures was analysed using 3D isosurfaces of the flame. It was

observed that as these structures reach near the wall, they create local regions

at the wall where wall heat flux and CO are high.

7.2 Recommendations for future work

1. Investigate CO emissions due to FWI and FCAI at higher Re.

For the next step, a DNS dataset simulating FWI and FCAI under a higher
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Reynolds number than that considered in this study can be produced. This

dataset can provide further information on the impact of parameters such as

Karlovtiz number on the flame dynamics as well as CO emissions.

2. Improve the CO model to predict the near-wall CO due to FCAI by

including the effects of flame stretch and wall heat loss.

To further improve the near-wall CO model proposed in this thesis, the con-

tribution of phenomena like flame stretch and wall heat loss can be studied

and included in the model. From the literature, flame stretch and wall heat

loss are known to influence CO predictions in a gas turbine combustor [67].

3. Study the effect of blowing ratio on the near-wall CO under turbu-

lent conditions.

The effect of blowing ratio on the wall heat flux and CO emissions was found to

be important. Although an increase in BR decreased the wall heat flux, high

values of BR adversely affected CO emissions. While the former is important

to reduce the thermal stress on the combustor walls, the latter is undesirable.

The increased CO at a high BR was attributed to the cooling jet trajectory

which affected the near-wall region influenced by the coolant jet. An improved

understanding of the BR effects on CO can be achieved by investigating this

effect in a turbulent flame.

4. Investigate the effect of the near-wall CO characteristics on the ex-

haust CO.

The exhaust CO in a gas turbine is highly relevant to the gas turbine industry.

Therefore, the entire CO journey from where it is formed in the combustor

to where it leaves the gas turbine needs to be considered to improve our un-

derstanding of the exhaust CO emissions. The study conducted in this thesis

needs to be extended to examine the impact of the near-wall CO character-
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istics on the exhaust CO. One should note that the high computational cost

incurred by DNS limits the size of the problem that can be considered. This

means that lesser expensive computational techniques such as large eddy sim-

ulations or other low order models need to be used to simulate the entire CO

journey in a gas turbine.
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Appendix A

Direct Numerical Simulation of

FWI for a Forced Laminar Flame

using Single-step Chemistry

A.1 Introduction

This section investigates the flame-wall interaction of a two-dimensional (2D) lam-

inar premixed flame using direct numerical simulation (DNS) using a single-step

chemistry model. The flame is excited by velocity perturbations at the inlet for a

range of forcing frequencies. The flame behaviour is closely analysed by using the

contours of various parameters. This qualitative inspection is followed by determi-

nation of the Peclet number (Pe) in each case, in order to understand the nature of

the flame quantitatively. A combination of the qualitative and quantitative methods

is used to provide more clarity on the various mechanisms involved in the flame-wall

interaction.

Results shown in this appendix have been presented to the 20th Australasian Fluid

Mechanics Conference [68].
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A.2 Numerical method

A 2D domain as shown in Figure A.1 was used with 800 equally spaced grid points

in the streamwise direction and 120 grids in the transverse direction. The number

of grid points was chosen such that there are at least 10 grid points within the flame

thickness. The upper boundary is the wall and is at the same temperature as the

inlet. Inlet to the domain is at X`=X{Lref “ 0 from Y ` “ 0.2 to 1.2, where Lref

is the width of the inlet. A symmetry condition is applied to the bottom boundary.

The flame is anchored at X` “ 0 from Y ` “ 0 to 0.2, using tanh functions for

both mass fraction and temperature. A parabolic velocity profile, corresponding to

ducted laminar flows is induced at the inlet from Y ` “ 0.2 to 1.2. Sinusoidal velocity

perturbations at 25% of the mean inflow velocity are provided at the inlet corre-

sponding to St=0.01, 0.015, 0.02, 0.025, 0.03, 0.04, 0.05, 0.1, where St “ fLref{aref

is the non-dimensional number corresponding to the frequency of excitation, f . The

variable aref is the speed of sound in the fresh gas. Non-reflecting outflow at the

right boundary was imposed using Navier-Stokes Characteristic Boundary Condi-

tion (NSCBC) [52]. The flame position was defined by the points where the reaction

rate is maximum.

Figure A.1: The computational Domain.

The DNS code NTMIX [69] was used to conduct the simulations. NTMIX is a

high-order accurate solver that has been used to perform DNS of reactive flows

using a single-step chemistry e.g. [70–72]. It features a sixth-order compact scheme

for spatial derivatives, combined with a third-order Runge–Kutta time integrator.

The non-dimensional parameters used are Re=paˆL{νqref , Pr “ pCpµ{λqref , Sc “

pνDqref , Le “ Sc{Pr, Da “ pDΛ{s2
Lqref , s˚L “ psL{aqref where ν is the kinematic

viscosity, Cp is the specific heat at constant pressure, λ is the thermal conductivity,
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µ is the dynamic viscosity, ρ is the density, D is the mass diffusion coefficient,

Λ is the pre-exponential factor, sL is the laminar flame speed, Re is the acoustic

Reynolds number, Pr is the Prandtl number, Sc is the Schmidt number, Le is the

Lewis number, Da is the Damkohler number, δL is the flame thickness and s˚L is

the non-dimensional laminar flame speed. The subscript ‘ref’ refers to unburnt gas

properties which are treated as the reference condition. The heat release by the

flame and the activation energy are measured by α and β respectively. The input

parameters used in the simulation are Re=2000, Le=1, Pr=0.75, sL{aref=0.016,

Tb{Tu =4, α=0.75, β=8. The variables Tu and Tb refer to the unburnt and burnt

gas temperatures respectively. These parameters are taken for a typical premixed

flame simulated in Ref. [8].

A.3 Results and discussions

Simple 1D transient simulation was performed initially, for the case of head-on

quenching. The Peclet number (Pe) defined as the distance (y) of the flame from the

wall, normalised by the reference flame thickness (δL), i.e. Pe=y/δL was calculated.

Quenching (minimum Pe in the domain) was found to occur at a Pe = 3.6. 2D DNS

was then conducted for the case of a steady flow. The contours of temperature and

reaction rate for 2D steady flow are shown in Figure A.2. The minimum Pe in this

case was found to be 4.35 which is close to that in the 1D head-on quenching.

Figure A.2: Contours of reaction rate and temperature (steady flame).
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Figure A.3 shows that at high frequency of excitation (St=0.1), the flame does not

respond strongly to the incoming velocity perturbations. The Pe number varies

from 4.35 to 4.6, while the minimum Pe in the case of steady flame was found to

be 4.35. This is expected as the flame position changes slightly in this case. At an

intermediate frequency of excitation (St=0.025), the flame is closest to the wall at

t=0, with a Pe of 3.6 which is close to the value corresponding to head-on quenching

(HOQ), reported earlier. At this instant, the flame has a long tail, parallel to the

wall, making the flame-wall interaction more like a 1D head-on quenching. After

extinction of this long tail, the flame starts to move backward with Pe number

increasing until t=3(T/5). The flame then starts to move forward as the forcing of

the inlet velocity goes into the positive side of the cycle. As illustrated in Figure

A.4, the flame continues to move away from the wall until the Pe number reaches

its maximum value of 7. This value corresponds to the side-wall quenching (SWQ),

as reported in the literature [8]. Afterwards, the flame developed a longer tail, while

moving closer to the wall and the cycle starts again. The main observation from the

flame behaviour at St=0.025 is that flame-wall interaction involves a combination

of HOQ and SWQ. In the case of low frequency of excitation (St=0.01), the flame

moves away from the wall from t=0 to t=2(T/5) as Pe changes from 4.1 to 5.1, and

moves towards the wall from t “ 3pT {5q onwards. At each value of Pe, the flame

brushes along the X` direction, which is why there are multiple data points with

the same Pe number (not all data points are shown for clarity). The minimum Pe

in this case is 4.1, which is less than the value for steady flames (Pe = 4.35). This

indicates that the flame moves closer to the wall than a steady flame.
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Figure A.3: Snapshots of reaction rate contours at various times for St = 0.01, 0.025
and 0.1 respectively.

Figure A.4: Minimum Pe number (minimum in the domain) versus time for St =
0.01, 0.025 and 0.1 respectively.

The time-averaged mean and root mean square (RMS) values of wall heat flux (φmean

and φrms), for different St, are plotted against X` in Figure A.5. For clarity, only the

plots of three selected frequencies are shown. Decreasing the excitation frequency

spreads out the heat flux profile. In addition, higher RMS values are observed

at lower excitation frequencies. This is expected since the flame travels a larger

distance against the wall as the excitation frequency decreases. The RMS values of

up to 50% of the mean values can be observed at low excitation frequencies showing

a high level of heat flux fluctuations. The peak of the mean heat flux is located

downstream of flame whereas the peak RMS is located closer to the inlet.
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Figure A.5: Mean and rms wall heat flux vs direction of flow (X`) for different St
(φs: maximum wall heat flux for steady flame).

The variation of wall heat flux φ with time observed at the X` locations correspond-

ing to maximum φmean and φrms were named φt,@maxmean and φt,@maxrms, respec-

tively. The mean with respect to time was deducted from φt,@maxmean and φt,@maxrms,

expressing the fluctuation of these two variables as φ1t,@maxmean and φ1t,@maxrms. Also,

the total wall heat flux φtotal for each time was calculated by integrating φ over X`.

The mean with respect to time was deducted from φtotal, and the fluctuation of

total wall heat flux, was expressed as φ1total. The Fourier transforms of φ1t,@maxmean,

φ1t,@maxrms and φ1total were obtained to calculate the amplitudes of these fluctuations,

as shown in Figure A.6.

Figure A.6: Amplitude of Fourier transforms of different φ1, plotted in log-linear
scale (φs: maximum wall heat flux for steady flame).

The trend observed in this Figure A.6 is consistent with what was reported earlier in

the literature [6]. φ1total shows a stronger variation with respect to the excitation fre-
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quency compared with φ1t,@maxmean and φ1t,@maxrms. This suggests that the analysis of

the wall heat flux at a single point may not be appropriate in the case of flame-wall

interaction of forced flames. Figure A.6 shows that at high excitation frequencies,

φ1total, φ
1
t,@maxmean and φ1t,@maxrms converge to similar small values because the flame

does not respond strongly to the incoming velocity perturbations. At an intermedi-

ate frequency, St =0.025, the maximum amplitude for the heat flux is observed. In

particular, φ1total is much higher than φ1t,@maxmean. At this frequency, φ1t,@maxmean and

φ1t,@maxrms also show a peak. As discussed earlier, both HOQ and SWQ play a role

during flame wall interaction for this case. At the lowest frequency of excitation, a

comparable amplitude for φ1total and φ1t,@maxrms is observed. This is expected as the

flame is mostly brushing against the wall at this frequency. Therefore, φ1total will be

mainly dominated by φ1t,@maxrms.

A.4 Conclusions

The present work investigated the flame behaviour near walls by studying the in-

teraction of unsteady laminar premixed flames with a constant temperature wall.

Two-dimensional DNSs of a forced flame were carried out for a range of excitation

frequencies. To reduce the computational cost, a single-step chemistry model was

used. The flame behaviour was analysed in detail at St=0.01, 0.025 and 0.1. While

the flame did not respond strongly at high frequency, it showed a brushing action

at low frequency. The flame behaviour for intermediate frequencies showed a com-

bination of head-on quenching and side-wall quenching. This behaviour resulted

in significantly different trend of total wall heat flux from that of the wall heat

flux calculated using conventional methods. This suggests that more consideration

must be given to this calculation in order to appropriately characterise the flame

behaviour.
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