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Chapter 1: Introduction 
 

1.1 Background and motivation 

In Japan, the target of reducing the rate of greenhouse gas emission, such as 

carbon dioxide (CO2) has been set at 80% by 2050. Renewable energy power generation, 

such as solar power and wind power generation, is expected to increase to achieve this 

target. According to the long-term energy supply and demand outlook released in July 

2015, solar power and wind power generation will account for 7% and 1.7%, respectively, 

of the total power generation in fiscal year 2030 [1]. However, the output of solar power 

and wind power generation, which are expected to increase, will be significantly affected 

by weather. Therefore, it is difficult for solar power and wind power generation to supply 

stability and environmental compatibility, and the best mix with thermal power generation, 

which utilizes fossil fuels such as coal, liquefied natural gas and oil, is considered 

necessary. For thermal power generation, the production of liquefied natural gas (LNG) 

and shale gas is on track because of the increase in the reserves to production rate. Hence, 

power supply using gas turbine systems is garnering more attention [2]. 

Therefore, it is necessary to develop a new thermal power generation system 

using gas turbines to absorb the fluctuation in the amount of power generated by via 

renewable energy resources. When the operating load is changed at a high speed, the air–

fuel ratio in the combustor changes. This may cause combustion instability. Additionally, 

it is known that carbon monoxide (CO) emissions, which decreases combustion efficiency, 

increases not only at low loads [3] but also at high loads because CO is generated by the 

interference between the flame and cooling air provided to prevent overheating of the 

combustor walls [4]. Recently, Mitsubishi Heavy Industries, Ltd. developed a gas turbine 

combustor that can absorb high-speed fluctuation in operating loads with relatively low 

CO emissions [5]. To develop gas turbine combustors to realize the combination of 

renewable energy and gas turbine systems, it is important to predict CO emissions and 

evaluate the CO formation mechanism. Additionally, CO and nitrogen oxides (NOx) 

emissions standards for gas turbines are becoming stricter every year [6]. Therefore, it is 

necessary for gas turbine combustors to control CO and NOx emissions simultaneously. 
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To reduce greenhouse gas emissions, such as CO2, effectively from such thermal 

power generations methods, the use of hydrogen (H2) instead of LNG is promising. To 

achieve robustness in terms of combustion stability and low environmental loads for a 

fuel composition of H2 and LNG, a gas turbine combustor employing a coaxial jet cluster 

burner, which generates a lean premixed flame, has been developed by Mitsubishi Heavy 

Industries, Ltd. [7-9]. The coaxial jet cluster burner comprises a plate having a plurality 

of air holes and a fuel nozzle arranged coaxially with each air hole. This can rapidly mix 

fuel and air as an oxidizer within a short distance of approximately several tens of 

millimeters in a hole to form a lean premixed combustion field to reduce NOx emissions 

[7-9]. However, in this lean premixed combustion field, CO emissions increases and 

combustion efficiency decreases. Therefore, the reduction of CO emissions is strongly 

required. Although it is necessary to examine the CO formation mechanism in the 

combustor for the CO reduction, it is difficult to measure the distribution of temperature, 

gas composition and velocities in the combustor, because the actual combustor is operated 

in the high-temperature and high-pressure conditions. 

Computational fluid dynamics (CFD) is a powerful tool for investigating the 

detailed combustion conditions, such as gas composition and temperature in detail. 

Therefore, it is effective in the development of gas turbine combustors [9-14]. It is 

expected that by using CFD, the number of prototypes cost, and development period can 

be reduced. Recently, owing to the remarkable progress in computer technology, turbulent 

combustion numerical simulations using a large eddy simulation (LES) for lean premixed 

combustion fields have been reported by many researchers [9, 15-18]. However, most of 

these researchers did not study the effects of heat loss from cooled walls or interference 

between cooling air and flames on CO formation. 

Therefore, the purpose of this study is to develop numerical simulation methods 

to precisely predict CO emissions and elucidate the CO formation mechanism in a lean 

premixed combustion field in combustors with cooled walls and cooling air. The concerns 

of this study is to analyze the flame propagation phenomena near cooled walls, lean 

premixed combustion field in a model combustor with a lab-scale jet burner, and 

combustion field where non-premixed and premixed flames coexist in an actual 

combustor with a coaxial jet cluster burner. For this concern, direct numerical simulation 
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(DNS) without any turbulence model and LES with a turbulence model are used. 

Dynamic models [19, 20] and flamelet approaches [21-25] are employed as turbulence 

and combustion models for LES. Here, flamelet approaches are employed to eliminate 

the need for detailed transport calculations of the chemical reaction mechanism and to 

reduce the calculation costs. Regarding the flamelet approaches, the flamelet generated 

manifolds (FGM) approach [22] and flamelet progress variable (FPV) approach [23] are 

chosen for modeling the premixed and non-premixed flames, respectively, and their 

hybrid approach, i.e., the hybrid turbulent combustion (HTC) approach [24] is also tested. 

For the FGM approach, to take into account the change in the chemical reaction rate 

owing to the heat loss through the cooled walls, the non-adiabatic FGM (NA-FGM) 

approach [25] is mainly used. This treatment is expected to increase the prediction 

accuracy of CO emissions, because CO is highly dependent on temperature change. The 

flamelet libraries needed for flamelet approaches are generated by solving the one-

dimensional (1D) flame transport equations by considering the detailed chemical reaction 

mechanism beforehand [21-25].  
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1.2 Thesis outline 

Figure 1.1 shows the structure of this thesis. Chapter 1, the present chapter, is an 

introduction, which describes the research background, motivation, and outline of this 

study. When classified according to the numerical approach used, that used in Chapter 2 

is the one- and two-dimensional (1D and 2D) DNSs with the detailed reaction mechanism 

approach or the NA-FGM approach. The approach used in Chapter 3 is LES with FGM 

or NA-FGM approaches, whereas that used in Chapter 4 is LES with the HTC approach. 

In Chapter 2, the premixed combustion fields close to the cooled walls with 

flame propagation for the 1D and 2D fields are discussed. For the 1D combustion fields, 

detailed chemical reaction calculations are used to evaluate the effect of heat loss from 

the cooling walls on the rates of CO formation and consumption. For the 2D combustion 

fields, the accuracy of CO formation and consumption rates by the NA-FGM approach is 

validated by comparing the calculation results of the detailed chemical reaction 

mechanism approach with those of the NA-FGM approach.  

In Chapter 3, the CH4-air super lean premixed combustion fields in a model 

combustor under pressurized conditions with heat loss through the cooled walls are 

discussed. The validity of predicting the CO emissions by the LESs using the FGM or 

NA-FGM approaches based on a comparison with the experimental results is examined. 

Moreover, the effects of heat loss and equivalence ratios on the CO emissions are 

investigated in detail. 

In Chapter 4, the complicated combustion fields in an actual combustor with a 

coaxial jet cluster burner in which non-premixed and premixed flames coexist are 

discussed. We validate the LESs with the HTC approach by comparing the results with 

the measured gas temperature and gas concentration distributions obtained by a coaxial 

jet cluster burner test rig under atmospheric pressure and analyze the CO formation 

mechanism, which is an important performance factor for gas turbine combustors. 

In Chapter 5, the conclusions are summarized for the entire thesis. 
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Figure 1.1 Structure of this thesis 
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Chapter 2: One- and two-dimensional (1D 

and 2D) numerical simulations of premixed 

flame in the vicinity of a cooled wall 
 

2.1 Introduction 

Owing to the recent increase in renewable energy power generations, the urgent 

establishment of new technology for industrial gas turbines capable of rapid load 

fluctuation is foreseen. Hence, a main challenge is to operate gas turbine combustors 

using liquefied natural gas (LNG) while maintaining low carbon monoxide (CO) and 

nitrogen oxide (NOx) emissions under a wide load range, i.e., from full load to low partial 

load. Such low-emission combustors have been studied by several researchers worldwide, 

especially in terms of NOx emissions in lean premixed combustion [1-3], whereas little 

research has been performed on CO emissions [4, 5]. Cabot et al. [4] performed an 

experimental study on a lean premixed turbulent combustion in a scale gas turbine 

chamber and confirmed the relationship between the cooling air and CO emissions. Mann 

et al. [5] conducted simultaneous measurements of temperature and CO concentration 

and investigated the transient interactions between the flame and wall.  

Because CO emissions are known to be susceptible to temperature variation [6, 

7], the elucidation of the CO formation and consumption mechanisms in the vicinity of 

the cooled wall in a gas turbine combustor is crucial for achieving lower CO emissions at 

low partial loads. However, the measurement of CO is very difficult owing to the 

quenching of the CO oxidation reaction not only under high-pressure gas turbine 

conditions but also under atmospheric pressure conditions. Moreover, for computational 

fluid dynamics (CFD) employing the turbulent combustion approaches [8-14], such as 

the G equation model [15, 16] and the flamelet generated manifolds (FGM) approach [17], 

it is difficult to predict the CO emissions with heat loss in the vicinity of the cooled wall 

with high accuracy. This is because CO is a kind of minor species whose concentration is 

less than 1000 ppm, and the formation and consumption rates are strongly affected by the 

various combustion conditions.  
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For the turbulent combustion approach, the heat loss must be considered to 

clarify the combustion phenomenon in the vicinity of the wall. Therefore, researchers 

have attempted to develop efficient non-adiabatic flamelet generated manifolds (NA-

FGM) approaches [18–20]. Fiorina et al. [18] and Proch and Kempf [19] suggested a 

method to consider the heat loss effect and verified the applicability of the proposed 

method to a steady burner flame. Fiorina et al. [20] performed three-dimensional large 

eddy simulations (LESs) and demonstrated an improvement in the accuracy of the flame 

height. Pantangi et al. [21] also performed three-dimensional LESs and compared the 

steady CO distribution between the experimental results and calculation results. Honzawa 

et al. [22] applied the FGM approach by considering the heat loss effect to a premixed 

flame and showed the validity of the proposed approach for predicting CO emissions with 

equivalence ratios of 0.84 – 1.31. Additionally, other researchers have shown the 

availability of flamelet approaches for predicting CO emissions [23, 24]. Some studies 

have employed flamelet approaches; however, most of these studies focused on the steady 

turbulent flame. The applicability of the NA-FGM approach for predicting CO formation 

and consumption for the lean premixed flame near the cooled wall has not been 

investigated properly. 

Therefore, the purpose of this study is to perform a one-dimensional numerical 

simulations employing a detailed reaction mechanism approach, and two-dimensional 

numerical simulations employing a detailed reaction mechanism approach or the NA-

FGM approach, to analyze the CH4–air premixed flame near the cooled wall, and to 

investigate the effects of the equivalence ratio (0.5, 0.7, and 1.0), pressure (0.1 and 2.0 

MPa), and wall temperature (300 and 750 K) on CO emissions in detail. The results of 

this study are useful for the development of industrial gas turbine combustors because 

methane is the main component of LNG. 
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2.2 Numerical methods 

2.2.1 Detailed reaction mechanism approach 

The non-filtered and non-averaged conservation equations for mass, momentum, 

enthalpy, mass fractions of chemical species, and the state equation for an ideal gas are 

solved in the gas phase as follows: 

 

𝜕𝜌

𝜕𝑡
+ ∇・(𝜌𝑢) = 0   (1) 

 

𝜕𝜌𝑢

𝜕𝑡
+ ∇・(𝜌𝑢𝑢) = −∇𝑃 + ∇・𝜏 (2) 

 

     
𝜕𝜌ℎ

𝜕𝑡
+ ∇・(𝜌ℎ𝑢) =

𝐷P

𝐷𝑡
+ 𝜏: ∇𝑢 

   + ∇・ ൥𝜌𝐷௛ ൭∇ℎ − ෍(ℎ௞∇𝑌௞)

௞

൱ − 𝜌 ෍(ℎ௞𝑌௞𝑉௞)

௞

൩ 
(3) 

 

𝜕𝜌𝑌௞

𝜕𝑡
+ ∇・(𝜌𝑌௞𝑢) = −∇・(𝜌𝑌௞𝑉௞) + 𝜌𝜔̇௞ (4) 

 

𝑃 = 𝜌𝑅𝑇 ෍
𝑌௞

𝑊௞
௞

 (5) 

 

where 𝜌 is the density, 𝑢 is the velocity vector, 𝑃 is the pressure, 𝜏 is the shear stress 

tensor, ℎ  is the enthalpy, ℎ௞   is the enthalpy of chemical species 𝑘 , 𝐷௛  is the thermal 

diffusivity, 𝑌௞ is the mass fraction of chemical species 𝑘, 𝑉௞ is the diffusion velocity of 

chemical species 𝑘, 𝜔̇௞ is the chemical reaction rate of chemical species 𝑘, 𝑇 is the 

temperature, 𝑅 is the gas constant and 𝑊௞ is the molecular weight of chemical species 

𝑘. 
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The thermodynamic properties considering temperature dependence (ℎ௞   and 

isobaric specific heat 𝐶௣) and transport coefficient (viscosity μ and thermal diffusivity 

𝐷௛), are calculated from the databases of Kee et al. [25]. The detailed reaction mechanism 

applied is GRI-Mech 3.0 considering 53 species and 325 reaction steps [26], and the 𝜔̇௞ 

is obtained by solving Arrhenius formulation of each reaction in this reaction mechanism. 

The results of this approach, which sets very fine grids and doesn’t include any 

mathematical models, can be considered as exact reference without comparing with the 

experimental results. 

 

2.2.2 Flamelet generated manifolds (FGM) approach 

The FGM approach is one of the combustion approaches and the reaction is 

considered by using pre-tabulated database, which is called flamelet library, instead of 

solving Arrhenius formulation directly. The governing equations for the FGM approach 

can be written as: 

 

𝜕𝜌

𝜕𝑡
+ ∇・(𝜌𝑢) = 0   (6) 

 

𝜕𝜌𝑢

𝜕𝑡
+ ∇・(𝜌𝑢𝑢) = −∇𝑃 + ∇・𝜏   (7) 

 

𝜕𝜌ℎ

𝜕𝑡
+ ∇・(𝜌ℎ𝑢) =

𝐷𝑃

𝐷𝑡
+ ∇・(𝜌𝐷௛∇ℎ) + 𝜏: ∇𝑢   (8) 

 

𝜕𝜌𝑍

𝜕𝑡
+ ∇・(𝜌𝑍𝑢) = ∇・(𝜌𝐷௓∇𝑍)  (9) 

 

𝜕𝜌𝐶

𝜕𝑡
+ ∇・(𝜌𝐶𝑢) = ∇・(𝜌𝐷஼∇𝐶) + 𝜌𝜔̇஼   (10) 
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where 𝜔̇஼ is the generation rate of progress variable, 𝐶 is the progress variable defined 

as the mass fraction of burned gas (H2O, H2, CO2 and CO), 𝐷ఊ  is the diffusion coefficient 

൫𝐷ఊ = 𝜆 𝜌𝐶௣⁄ ൯,  λ is the thermal conductivity, and 𝐶௣ is the isobaric specific heat. 

This approach requires a pre-tabulated database called a flamelet library, which 

is generated by calculations involving a one-dimensional laminar premixed flame under 

various conditions, using the following governing equations: 

 

𝜕(𝜌𝑢)

𝜕𝑥
= 0 (11) 

 

𝜌𝑢
𝜕𝑌௞

𝜕𝑥
= −

𝜕𝑗௞

𝜕𝑥
+ 𝑚̇௞ (12) 

 

𝜌𝑢𝐶௣

𝜕𝑇

𝜕𝑥
=

𝜕

𝜕𝑥
൬𝜆

𝑑𝑇

𝑑𝑥
൰ − ෍ 𝐶௣

௞

𝑗௞

𝜕𝑇

𝜕𝑥
− ෍ ℎ௞

௞

𝑚̇௞ (13) 

 

Thus, this library is obtained through detailed elementary reaction calculations 

with the FlameMaster code [27] in combination with GRI-Mech 3.0 [26]. This database 

provides all scalar quantities as functions of the mixture fraction 𝑍  and the progress 

variable 𝐶. Figure 2.1 shows an example of a flamelet library for the FGM approach. 

 



18 
 

 
Figure 2.1 Example of flamelet library for FGM approach. 

 

2.2.3 Non-adiabatic flamelet generated manifolds (NA-

FGM) approach 

In general, the flamelet library for the FGM approach does not consider heat loss. 

However, the premixed flame in a gas turbine combustor is generated in the vicinity of 

the cooling wall. Therefore, the NA-FGM approach [18-20] is employed to include the 

effect of the heat loss. 

The flamelet library, with the effect of the heat loss considered, is calculated 

using eqs. (11), (12) and the following equation (14). 

 

𝜌𝑢𝐶௣

𝜕𝑇

𝜕𝑥
=

𝜕

𝜕𝑥
൬𝜆

𝜕𝑇

𝜕𝑥
൰ − ෍ 𝐶௣

௞

𝑗௞

𝜕𝑇

𝜕𝑥
− ෍ ℎ௞

௞

𝑚̇௞ + 𝑞̇௟௢௦௦ (14) 

 

𝑞̇௟௢௦௦ = 𝛼 ෍ ℎ௞

௞

𝑚̇௞ (15) 

 

where 𝑞̇௟௢௦௦ is the source term of heat loss and 𝛼 is the adjustment parameter. In this 

study, adjustment parameters from 0.0 to 0.4 were calculated at every 0.05 increment. 

The adjustment parameter is based on the maximum value of predicted heat loss [28-30]. 
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The maximum value of predicted heat loss was calculated by the enthalpy of burnt gas at 

a given wall temperature. Figure 2.2 shows an example of the flamelet library for the NA-

FGM approach. The flamelet library for the NA-FGM approach is defined by three 

variables (mixture fraction 𝑍, progress variable 𝐶, and the difference of enthalpy Δℎ) 

in order to output some physical quantities. The difference of enthalpy Δℎ can be written 

as: 

 

Δℎ = ℎ଴ − ℎ (16) 

 

where ℎ଴ is the enthalpy without heat loss, and ℎ is the enthalpy obtained by eq. (8). 

 

 

 
Figure 2.2 Example of flamelet library for NA-FGM approach. 

 

2.2.4 Calculation setup 

In this study, one-dimensional and two-dimensional premixed flame propagation 

near the cooled wall was adopted as the verification object. Figure 2.3 shows the diagram 

of the premixed turbulent combustion regimes [31]. According to this diagram, a 

combustion configuration of the gas turbine combustor mainly includes corrugated 

flamelets, a thin reaction zones regime, and a broken reaction zones regime. This two-
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dimensional object can set the thin reaction zones regime as the calculation condition for 

each equivalence ratio, pressure, and wall temperature. 

The schematic diagram of the calculation domain for one-dimensional numerical 

simulation is shown in Figure 2.4. The length of domain 𝑥 is changed by equivalence 

ratio 𝜑 or initial pressure 𝑃. The computational grid in each case is a staggered grid, 

with a difference range 𝛥𝑥, as shown in Figure 2.4. At the outlet boundary (right side), 

the Dirichlet boundary condition is imposed for pressure, with free outflow conditions 

being imposed for the other variables. The wall boundary (left side) is set as the cooled 

wall. A no-slip condition was used for the wall. Table 2.1 lists the calculation conditions. 

Pressure 𝑃 at 0.1 MPa and 2.0 MPa, premixed fuel temperature 𝑇௙ at 750 K (premixed 

fuel) are set as the initial conditions. Wall temperature 𝑇௪௔௟௟ is set at 300 K and 750 K 

constant, while the fuel composition is CH4 only. The equivalence ratio 𝜑 is changed as 

a parameter (to three values) to evaluate the sensitivity of the CO concentration. In this 

study, the lower equivalence ratio is focused on because the low emissions combustors 

are operated by lean premixed combustion. For ignition in case of the one-dimensional 

numerical simulation, 2000 K for stoichiometric ratio was set at right end of the 

calculation domain. 

 

 
Figure 2.3 Diagram of premixed turbulent combustion regimes. 
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Figure 2.4 Schematic diagram of calculation domain for one-dimensional numerical 

simulation. 
 

Table 2.1 Calculation conditions for one-dimensional numerical simulation. 

Case 
P 

(MPa) 

φ 

(-) 

Tf 

(K) 

Twall 

(K) 

x 

(mm) 

Δx 

(mm) 

1-1 0.1 0.5 750 Adiabatic 10 1.00 ×10
-2

 

1-2 0.1 0.5 750 750 10 1.00 ×10
-2

 

1-3 0.1 0.5 750 750 30 2.00 ×10
-2

 

1-4 0.1 0.7 750 750 18 1.50 ×10
-2

 

1-5 0.1 1.0 750 750 15 1.50 ×10
-2

 

1-6 2.0 0.5 750 750 6.0 4.00 ×10
-3

 

1-7 2.0 0.7 750 750 2.5 1.50 ×10
-3

 

1-8 2.0 1.0 750 750 1.8 1.50 ×10
-3

 

1-9 0.1 0.5 750 300 30 2.00 ×10
-2

 

1-10 2.0 0.5 750 300 6.0 4.00 ×10
-3

 

 

The schematic diagram of the calculation domain for the two-dimensional 

numerical simulation is shown in Figure 2.5. The calculation domain is two-dimensional 

rectangular (40.96 mm × 5.12 mm) [29, 30]. The x coordinate indicates a direction parallel 

to the length of the wall and the y coordinate indicates a direction vertical to the length. 

The computational grids are staggered grids, with the uniform grid size Δ of 20 μm. 2048 

0
x

Unburnt gas Burnt gas

x = 1.8―30 mm, Δx = 1.5―20 μm

Isothermal wall
(Twall = 300 K and 750 K)

Initial conditions
φ = 0.5, 0.7 and 1.0
P = 0.1 MPa and 2.0 MPa
Tf = 750 K

SL



22 
 

grid points are set in the x direction and 256 grid points are set in the y direction. The 

boundary in the x direction is the outlet. At the outlet boundary, the Dirichlet boundary 

condition was imposed for pressure, with free outflow conditions being imposed for the 

other variables. The boundary in the y direction is set at the cooled wall. A no-slip 

condition was used for all walls. Table 2.2 lists the calculation conditions. Pressure 𝑃 of 

0.1 MPa and premixed fuel temperature 𝑇௙ of 750 K (premixed fuel) are set as the initial 

conditions. Wall temperatures 𝑇௪௔௟௟ are set at constants of 300 K and 750 K. The fuel 

composition is CH4, identical to the one-dimensional numerical simulation’s fuel 

composition. Wall temperature 𝑇௪௔௟௟  is changed as a parameter to evaluate the 

sensitivity of the CO concentration. For ignition, in the case of the two-dimensional 

numerical simulation employing a detailed reaction mechanism approach, flame 

temperatures for each equivalence ratio were set at the central position of the calculation 

domain, whereas in the case using the NA-FGM approach, progress variables for ignition 

Cign in the flamelet library were set at the central position of the calculation domain. 

 

 
Figure 2.5 Schematic diagram of calculation domain for two-dimensional numerical 

simulation. 
 

Table 2.2 Calculation conditions for two-dimensional numerical simulation. 

Case 
P 

(MPa) 

φ 

(-) 

Tf 

(K) 

Twall 

(K) 

x 

(mm) 

y 

(mm) 

Δ 

(mm) 

2-1 0.1 0.5 750 750 40.96 5.12 2.00 ×10
-2

 

2-2 0.1 0.5 750 300 40.96 5.12 2.00 ×10
-2

 

x

y
y = 5.12 mm
(256 grids)

x = 40.96 mm (2048 grids)

Isothermal wall
(Twall=300, 750 K)

Initial conditions
φ = 0.5
P = 0.1 MPa
Tf = 750 K
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Artificial turbulence field obtained from the inverse Fourier transform of an 

energy spectrum is applied as the initial turbulence condition [32]. Turbulence variance 

intensity, laminar burning velocity, laminar flame thickness, and integral length scale are 

selected for the thin reaction zones regime for equivalence ration of 0.5 and pressure of 

0.1 MPa. 

The laminar burning velocity 𝑆௅  is calculated by the detailed elementary 

reaction calculation with the FlameMaster code [27]. The laminar flame thickness δ௅ is 

calculated by equation (17). These parameters are calculated at both 300 K and 750 K. 

The Lewis number is assumed as 1 in the case of the NA-FGM approach. The Reynolds 

number is approximately 50 for each equivalence ratio.  

 

δ௅ =
𝜆

𝜌𝐶௣𝑆௅
 (17) 

 

In this study, the in-house code FK3 is used [28-30, 33–37]. The spatial derivative 

of the convective term in the momentum equation is approximated with a fourth-order 

central difference scheme, and a weighted essentially non-oscillatory (WENO) scheme 

[38] is used to evaluate the scalar gradients. A third-order accurate strong-stability 

preserving (SSP) Runge–Kutta method [39] is adopted in time integration. Combustion 

behavior of one-dimensional numerical simulations is calculated for 10 ms using a CRAY: 

XE6 at the ACCMS, Kyoto University, with 256 cores and 6 h (the detailed reaction 

mechanism approach) of wall clock time. On the other hand, combustion behavior of two-

dimensional numerical simulations is calculated for 100 ms using a CRAY: XE6 at the 

ACCMS, Kyoto University, with 1024 cores and 62.5 h (the detailed reaction mechanism 

approach) or 8.5 h (the NA-FGM approach) of wall clock time. Courant–Friedrichs–

Lewy (CFL) number of all cases is less than 0.06, in order to guarantee time accuracy. 

Time-step is 0.02 μs (one-dimensional numerical simulations) and 0.1 μs (two-

dimensional numerical simulations). 
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2.3 Results and discussions 

2.3.1 One-dimensional (1D) numerical simulation 

2.3.1.1 Effects of heat loss on CO emissions 
Figure 2.6 shows the comparisons of instantaneous x-direction profiles of gas 

temperature, enthalpy and CO mass fraction in the vicinity of the wall at x = 0–2.0 mm 

between adiabatic (Case 1-1) and non-adiabatic (Case 1-2) cases. The vertical axis 

denotes temperature, enthalpy, and CO mass fraction, and the horizontal axis the x-

direction distance. Flame propagates from the right side in Figure 2.4 to the left side 

(cooled wall) after ignition. Here, the initial time (0 ms) is defined when the peak of the 

CO mass fraction reaches the cooled wall. In this study, the CO mass fraction at x = 0 mm 

is investigated to evaluate the behavior of CO formation near the cooled wall. 
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Figure 2.6 Comparisons of instantaneous x-direction profiles of gas temperature, 

enthalpy, and CO mass fraction in the vicinity of the wall at x = 0–2.0 mm between 

 adiabatic (Case 1-1) and non-adiabatic (Case 1-2) cases (Continues). 
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Figure 2.6 Comparisons of instantaneous x-direction profiles of gas temperature, 

enthalpy and CO mass fraction in the vicinity of the wall at x = 0–2.0 mm between 
 adiabatic (Case 1-1) and non-adiabatic (Case 1-2) cases (Continued).   

 

 

 

 



27 
 

For Case 1-2 (non-adiabatic wall), the temperature decreases after the flame 

reaches the cooled wall, with heat loss as shown in the enthalpy profiles. On the other 

hand, the CO mass fraction for the non-adiabatic case agrees well with that for the 

adiabatic case. This calculation result means that the combustion configuration before the 

flame reaches the cooled wall is not strongly dependent on the heat loss near the cooled 

wall. However, at 3 ms later, the CO mass fraction near the cooled wall shows a tendency 

to decrease rapidly under adiabatic condition. In contrast, under non-adiabatic condition, 

the CO can remain at the cooled wall (0 mm). This is because the lowering of the CO 

oxidation reaction rate occurs by decreasing temperature due to the heat loss at the cooled 

wall. These results clarify that the effect of heat loss plays an important role in predicting 

the CO mass fraction. 

 

2.3.1.2 Effects of equivalence ratio and pressure on CO emissions 
Figure 2.7 shows the comparisons of instantaneous x-direction profiles of gas 

temperature, enthalpy and the CO mass fraction in the vicinity of the wall at x = 0 – 2.0 

mm under atmospheric pressure conditions with different equivalence ratios (Cases 1-3, 

4 and 5). The vertical axis is for temperature, enthalpy and CO mass fraction, and the 

horizontal axis is for distance in the x-direction. These conditions consider the heat loss 

on the cooled wall. The time t is defined as 0 ms when the peak of the CO mass fraction 

has reached the cooled wall because the flame propagation rate is modified by changing 

the equivalence ratio. 

It is observed that the change in the equivalence ratio strongly affects the flame 

temperature. Conversely, the difference in enthalpy is small compared with that of the 

flame temperature at 0 ms. However, at 6 ms later, temperature and enthalpy make a 

significant difference compared with the results at 0 ms. The CO mass fraction of a lower 

equivalence ratio (φ = 0.5) near the cooled wall at 0 ms is approximately 40 % lower than 

that at a higher equivalence ratio (φ = 1.0). At 6 ms later, the CO mass fraction under 

lower equivalence ratios (φ = 0.5 and 0.7) decreases rapidly (by more than 98 %). In 

contrast, the CO consumption rate for φ = 1.0 is lower (reducing by 93 %) than that under 

lower equivalence ratios because the CO oxidation reaction is not activated by decreasing 

enthalpy at the cooled wall.  
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Figure 2.7 Comparisons of instantaneous x-direction profiles of gas temperature, 
enthalpy and CO mass fraction in the vicinity of the wall at x = 0–2.0 mm under 

atmospheric pressure conditions with different equivalence ratios (Cases 1-3, 4 and 5) 
(Continues). 
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Figure 2.7 Comparisons of instantaneous x-direction profiles of gas temperature, 
enthalpy and CO mass fraction in the vicinity of the wall at x = 0–2.0 mm under 

atmospheric pressure conditions with different equivalence ratios (Cases 1-3, 4 and 5) 
(Continued). 

 

Figure 2.8 shows the comparisons of the instantaneous x-direction profiles of gas 

temperature, enthalpy and CO mass fraction in the vicinity of the wall at x = 0 – 2.0 mm 
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under high pressure conditions with different equivalence ratios (Cases 1-6, 7 and 8). The 

vertical axis denotes temperature, enthalpy and the CO mass fraction, and the horizontal 

axis is for distance in the x-direction.  

 

 
Figure 2.8 Comparisons of instantaneous x-direction profiles of gas temperature, 

enthalpy and CO mass fraction in the vicinity of the wall at x = 0–2.0 mm under high 
pressure conditions with different equivalence ratios (Cases 1-6, 7 and 8) (Continues). 
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Figure 2.8 Comparisons of instantaneous x-direction profiles of gas temperature, 

enthalpy and CO mass fraction in the vicinity of the wall at x = 0–2.0 mm under high 
pressure conditions with different equivalence ratios (Cases 1-6, 7 and 8) (Continued). 
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The width of the CO formation area under high pressure becomes narrower 

because the flame thickness under high pressure is smaller for lean premixed combustion 

than that when it is under atmospheric pressure. The CO mass fraction near the cooled 

wall under high pressure is lower than that under atmospheric pressure conditions for 

each equivalence ratio. This is because, in spite of the same equivalence ratio, the flame 

propagation speed becomes low at high pressure, so that the CO formation/consumption 

rate under high pressure is suppressed compared with that under atmospheric pressure. 

As shown in Figure 2.8 at 6 ms later, CO consumption ratio under high pressure condition 

was 95.58 % (φ = 0.5), 99.98 % (φ = 0.7) and 94.96 % (φ = 1.0). The CO consumption 

rate of lower equivalence ratio is higher than that of a stoichiometric ratio. However, the 

CO consumption rate at each equivalence ratio is adequately fast, and this trend is also 

observed under atmospheric pressure conditions. These results suggest that the 

investigation under atmospheric pressure is effective for understanding the trend of CO 

formation/consumption behavior; nevertheless it is necessary to evaluate CO 

formation/consumption under high pressure in order to predict the CO mass fraction 

quantitatively under actual conditions of the gas turbine combustor. 

 

2.3.1.2 Effect of wall temperature on CO emissions 
Figure 2.9 shows the comparisons of the instantaneous x-direction profiles of gas 

temperature and enthalpy in the vicinity of the wall at x = 0 – 2.0 mm at -3 ms between 

the wall temperatures 𝑇௪௔௟௟ of 750 K (Case 1-3) and 300 K (Case 1-9). The vertical axis 

denotes temperature and enthalpy, and the horizontal axis is for distance in the x-direction. 

There is a difference of enthalpy near the cooled wall as shown in figure 2.9, and 

the enthalpy for Case 1-9 is much lower than Case 1-3 due to the low wall temperature. 

Due to this difference of enthalpy, the flame temperature, at greater than x = 3 mm for 

Case 1-9 is lower than Case 1-3. The unburnt gas region at 750 K is larger than that at 

300 K. It is considered that flame is not supposed to propagate to the cooled wall due to 

significant heat loss.  

Figures 2.10 and 2.11 show the comparisons of the instantaneous x-direction 

profiles of temperature, enthalpy and the CO mass fraction in the vicinity of the wall at x 

= 0 – 2.0 mm between the wall temperatures 𝑇௪௔௟௟ of 750 K (Case 1-3) and 300 K (Case 

1-9) under atmospheric and high pressure conditions, respectively. The vertical axis 
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denotes temperature, enthalpy and CO mass fraction, and the horizontal axis is for 

distance in the x-direction.  

The maximum CO concentration under 𝑇௪௔௟௟= 750 K at 0 ms is slightly higher 

than that under 𝑇௪௔௟௟= 300 K. The amount of CO formation varies depending on the heat 

loss near the cooled wall. However, the CO consumption rate under 𝑇௪௔௟௟= 750 K is high 

in spite of high CO concentration at the initial conditions. The CO mass fraction at 6 ms 

later under 𝑇௪௔௟௟= 750 K is reduced by 98.88 % under atmospheric condition and by 

95.58 % under high pressure condition. In contrast, the CO mass fraction at 6 ms later 

under 𝑇௪௔௟௟= 300 K is reduced by 47.20 % under atmospheric condition and by 25.72 % 

under high pressure condition. The CO consumption rate depends on the wall temperature, 

and this tendency of CO consumption rate is not changed by variance of the equivalence 

ratio.  

These calculation results suggest that excessive cooling of the wall may increase 

the CO mass fraction discharged from the combustor. 

 

 
Figure 2.9 Comparisons of instantaneous x-direction profiles of gas temperature and 

enthalpy in the vicinity of the wall at x = 0–2.0 mm at -3 ms between the wall 
temperatures 𝑇௪௔௟௟ of 750 K (Case 1-3) and 300 K (Case 1-9). 
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Figure 2.10 Comparisons of instantaneous x-direction profiles of temperature, enthalpy 

and CO mass fraction in the vicinity of the wall at x = 0–2.0 mm under atmospheric 
pressure conditions between the wall temperatures 𝑇௪௔௟௟ of 750 K (Case 1-3)  

and 300 K (Case 1-9) (Continues). 
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Figure 2.10 Comparisons of instantaneous x-direction profiles of temperature, enthalpy 
and CO mass fraction in the vicinity of the wall at x = 0–2.0 mm under atmospheric 

pressure conditions between the wall temperatures 𝑇௪௔௟௟ of 750 K (Case 1-3)  
and 300 K (Case 1-9) (Continued). 
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Figure 2.11 Comparisons of instantaneous x-direction profiles of temperature, enthalpy, 

and CO mass fraction in the vicinity of the wall at x = 0–2.0 mm under high pressure 
conditions between the wall temperatures 𝑇௪௔௟௟ of 750 K (Case 1-6)  

and 300 K (Case 1-10) (Continues). 

 



37 
 

 

Figure 2.11 Comparisons of instantaneous x-direction profiles of temperature, enthalpy, 
and CO mass fraction in the vicinity of the wall at x = 0–2.0 mm under high pressure 

conditions between the wall temperatures 𝑇௪௔௟௟ of 750 K (Case 1-6)  
and 300 K (Case 1-10) (Continued). 
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2.3.2 Two-dimensional (2D) numerical simulation 

2.3.2.1 Effect of wall temperature on CO emissions for detailed reaction 
mechanism approach 

In this section, the results for the case of the detailed reaction mechanism 

approach are described. Figure 2.12 shows the comparisons of the time series of 

distributions of gas temperature, enthalpy and the CO mass fraction between the wall 

temperatures 𝑇௪௔௟௟ of 750 K (Case 2-1) and 300 K (Case 2-2). Output times are 0 ms, 

0.9 ms and 2.1 ms, respectively. Figure 2.13 shows the comparisons of the time series of 

values of gas temperature, difference in enthalpy, and CO and CH4 mass fractions at the 

point (a) between the wall temperatures 𝑇௪௔௟௟ of 750 K (Case 2-1) and 300 K (Case 2-

2). The vertical axis denotes gas temperature, the difference in enthalpy, CO mass fraction 

and CH4 mass fraction, and the horizontal axis is for time. Point (a) is set at -1.35 mm 

away from central position of calculation domain in the x-direction and at 0.35 mm away 

from the cooled wall in the y-direction. This point is just above the wall where the flame 

first reaches. The difference in enthalpy is defined as the difference from the initial value. 

The flame structure becomes complicated by the effect of turbulent eddies set as 

the thin reaction zones regime. This flame reaches the cooled wall (y-direction) before 

propagating to outlet (x-direction). Under lower wall temperature condition, time taken 

for the flame to reach the cooled wall is shorter, as is apparent from the temperature and 

CH4 mass fraction distributions in figure 2.13. This is because the flame under higher 

wall temperature condition tends to propagate equally in the x- and y-directions due to 

reduced heat loss of the premixed fuel. Conversely, since premixed fuel under lower wall 

temperature condition loses much heat, the flame is prone to propagate primarily in the 

y-direction, in this case. Although this tendency does not always occur, it is found that the 

direction of flame propagation changes with wall temperature despite equal initial 

turbulence. For both wall temperatures, the decrease in enthalpy near the cooled wall can 

be seen in the figure 2.12. Due to the decrease in enthalpy, gas temperature near the cooled 

wall is reduced. Meanwhile, CO is formed in the flame surface defined as the large 

temperature gradient. The maximum amount of CO formation under lower wall 

temperature condition at approximately 0.5 ms is smaller than that under higher wall 

temperature condition because flame temperature is lower. However, at 1 ms later, the 
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CO mass fraction at lower wall temperature becomes larger than that at higher wall 

temperature. This result shows that the CO consumption rate under the lower wall 

temperature condition is lower than that under the higher wall temperature condition. This 

change in CO consumption rate equates with the one-dimensional numerical simulation. 

It is suggested that accurate consideration of wall temperature is important in order to 

improve the prediction accuracy of the CO consumption rate for a gas turbine combustor.  

 

 
Figure 2.12 Comparisons of time series of distributions of gas temperature, enthalpy 

and CO mass fraction for detailed reaction mechanism approach between the wall 
temperatures 𝑇௪௔௟௟ of 750 K (Case 2-1) and 300 K (Case 2-2).  
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Figure 2.13 Comparisons of time series of gas temperature, difference in enthalpy, and 

CO and CH4 mass fractions at the point (a) for detailed reaction mechanism approach 

between the wall temperatures 𝑇௪௔௟௟ of 750 K (Case 2-1) and 300 K (Case 2-2). 
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2.3.2.2 Flame characteristics for non-adiabatic flamelet generated manifolds 
approach 

Figure 2.14 shows the comparisons of time series of distributions of progress 

variable, temperature and enthalpy for the NA-FGM approach between the wall 

temperatures 𝑇௪௔௟௟ of 750 K (Case 2-1) and 300 K (Case 2-2). Output times are 0 ms, 

0.9 ms, and 2.1 ms, respectively. As time progresses, high progress variable propagates 

in the x- and y-directions. As a result, the high-temperature region expands throughout 

the calculation domain. When the flame reaches the cooled wall, the enthalpy rapidly 

decreases. The flame propagation velocity at a low wall temperature is lower than that at 

a high wall temperature. These trends reproduce the calculation results of the detailed 

reaction mechanism approach described in Section 2.3.2.1. 

 

 
Figure 2.14 Comparisons of time series of distributions of progress variable, 

temperature and enthalpy for NA-FGM approach between the wall temperatures 
 𝑇௪௔௟௟ of 750 K (Case 2-1) and 300 K (Case 2-2). 
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2.3.2.3 Effect of wall temperature on CO emissions for non-adiabatic 
flamelet generated manifolds approach 

Figure 2.15 shows the comparisons of time series of distributions of CO, OH and 

CO2 mass fractions using the NA-FGM approach between the wall temperatures 𝑇௪௔௟௟ 

of 750 K (Case 2-1) and 300 K (Case 2-2). Output times are 0 ms, 0.9 ms, and 2.1 ms, 

respectively. Figure 2.16 shows the comparisons of time series of values of gas 

temperature, CO, OH and CO2 mass fractions at the point (a) for the wall temperatures 

𝑇௪௔௟௟ of 750 K (Case 2-1) between the detailed reaction mechanism approach and the 

NA-FGM approach. Figure 2.17 shows the same graphs as Figure 2.16, except at a wall 

temperature 𝑇௪௔௟௟ of 300 K (Case 2-2). 

As shown in figure 2.15, CO is formed at the flame front surface and converted 

to CO2 by oxidation reaction. It is known that CO oxidation occurs mainly by reaction 

with OH radicals. Therefore, a high OH mass fraction region is generated inside CO 

formation position and is reduced with CO to generate CO2.  
When the flame first attaches to the cooled wall, the results for the NA-FGM 

approach, except for the OH mass fraction, are in good agreement with the results for the 

detailed reaction mechanism approach. The OH mass fraction by the NA-FGM approach 

also follows the trend of the time series of the detailed reaction mechanism approach. 

However, there is the quantitative difference of the OH mass fraction. This is due to the 

flamelet modeling considering the flamelet library constructed by the equilibrium 

composition. For this reason, the prediction of an intermediate product, such as an OH 

radical, by the NA-FGM approach is not accurate. Conversely, the trend of CO 

formation/consumption in the vicinity of the wall for the NA-FGM approach is in good 

agreement with the detailed reaction mechanism approach. The CO mass fraction in the 

vicinity of the wall predicted using the NA-FGM approach tends to decrease due to the 

effect of heat loss through the cooled wall at each wall temperature. In addition, the 

calculation time for the NA-FGM approach was about 87% less than that for the detailed 

reaction mechanism approach. For the combustor development, it is useful to predict CO 

emissions by applying the NA-FGM approach. 
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Figure 2.15 Comparisons of time series of distributions of CO mass fraction, OH mass 
fraction and CO2 mass fraction for NA-FGM approach between the wall temperatures 

𝑇௪௔௟௟ of 750 K (Case 2-1) and 300 K (Case 2-2). 
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Figure 2.16 Comparisons of time series of values of gas temperature, CO, OH and CO2 

mass fractions at the point (a) for the wall temperatures 𝑇௪௔௟௟ of 750 K (Case 2-1) 

between the detailed reaction mechanism approach and NA-FGM approach. 
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Figure 2.17 Comparisons of time series of values of gas temperature, CO, OH and CO2 

mass fractions at the point (a) for the wall temperatures 𝑇௪௔௟௟ of 300 K (Case 2-2) 

between the detailed reaction mechanism approach and NA-FGM approach. 
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2.4 Conclusions 

In this study, 1D numerical simulations (employing a detailed reaction 

mechanism approach) and 2D numerical simulations (employing a detailed reaction 

mechanism approach and NA-FGM approach) were applied to CH4–air premixed 

combustion fields near the cooled wall, and the effects of the equivalence ratios (0.5, 0.7 

and 1.0), pressures (0.1 and 2.0 MPa) and wall temperatures (300 and 750 K) on the CO 

emissions were investigated in detail. 

It was revealed by the 1D numerical simulations that the CO consumption rate 

in the vicinity of the cooled wall was reduced and consequently posed a risk of increasing 

the CO emissions at the combustor exit for lower equivalence ratio, higher pressure, or  

lower wall temperature. The CO consumption rate was most susceptible to the wall 

temperature. Similarly, these tendencies were observed in the 2D numerical simulations 

considering turbulent eddies. These results suggested that the heat loss control through 

the cooled walls could be an important key to effectively reduce CO emissions from 

combustors.  

Furthermore, it was revealed that the NA-FGM approach can reproduce the 

results of the detailed reaction mechanism approach for flame characteristics at different 

wall temperatures. This is because the NA-FGM approach takes account of the heat loss 

near the cooled wall. Additionally, the NA-FGM approach was capable of capturing the 

reduction trend, observed by the detailed reaction mechanism approach, of the CO 

consumption rate by decreasing the wall temperature. Moreover, the computational cost 

of the NA-FGM approach was one-seventh that of the detailed reaction mechanism 

approach. However, the flamelet library is larger and more complicated.  

In conclusion, these results suggest that the NA-FGM approach is effective for 

predicting CO emissions for turbulent lean premixed combustion in combustors. 
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Nomenclature 

𝐶  Progress variable [-] 
𝐶௣ Isobaric specific heat [J/kg/K] 

𝐷௛  Thermal diffusivity [m2/s] 

𝐷ఊ  Diffusion coefficient ൫𝐷ఊ = 𝜆 𝜌𝐶௣⁄ ൯ [m2/s]  

 ℎ௞   Enthalpy of chemical species 𝑘 [J/kg] 

𝑗௞ Mass diffusion flux of species 𝑘 [kg/m2s] 
𝑚̇௞ Mass production rate of species 𝑘 [kg/m3s] 

 𝑃  Pressure [Pa] 

    𝑞̇௟௢௦௦ Source term of heat loss [W/m3] 

 𝑅  Gas constant [J/K/mol] 

𝑆௅  Laminar burning velocity [m/s] 

 𝑇  Temperature [K]  

𝑢  Velocity vector [m/s] 

 𝑉௞  Diffusion velocity of chemical species 𝑘 [m/s] 

 𝑊௞   Molecular weight of chemical species 𝑘 [kg/mol] 

 𝑌௞  Mass fraction of chemical species 𝑘 [-] 

𝑍 Mixture fraction [-] 
 
 
Greeks 
𝛼  Adjustment parameter 
δ௅ Laminar flame thickness [m] 
λ  Thermal conductivity [W/m/K] 

 𝜏  Shear stress tensor [Pa] 

φ Equivalence ratio [-] 
  𝜇   Viscosity [Pa∙s] 
  𝜌   Density [kg/m3] 

 𝜔̇஼  Generation rate of progress variable [1/s] 

 𝜔̇௞  Chemical reaction rate of chemical species 𝑘 [1/s] 

 
Subscripts 

  f Fuel 
  k Chemical species 
  st Stoichiometric air-to-fuel ratio 

  wall Wall 
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Chapter 3: Large eddy simulation of 

premixed combustion in a model type of 

combustor 
 

3.1 Introduction 

In the development of gas turbine combustors, to prevent air pollution, it is 

important to reduce nitrogen oxide (NOx) and carbon monoxide (CO) emissions 

generated by the combustion of hydrocarbon fuels. To control NOx emissions, it is 

effective to reduce the local flame temperature by decreasing the equivalence ratio. In 

contrast, if the equivalence ratio is decreased to achieve a lean premixed combustion, the 

flame combustibility decreases. Therefore, there is a possibility that CO is discharged in 

large quantities [e.g., 1, 2]. Additionally, owing to the recent increase in renewable energy 

power generation, it is necessary to utilize a gas turbine to supplement an unstable power 

supply. Therefore, it is important to develop combustors capable of low emissions and 

stable combustion at low loads, unlike in a conventional combustor, which should operate 

stably at the maximum load. 

A low-emission combustor was developed based on combustion experiments 

conducted in a high-pressure test rig at Mitsubishi Heavy Industries, Ltd. The 

experimental results suggest that CO formation and consumption in a gas turbine 

combustor occurs near a cooled wall with heat loss. However, the effect, i.e., quenching 

due to heat loss through the cooled wall on the CO consumption rate, has not been 

examined sufficiently because it is difficult to understand the CO formation and 

consumption behavior near such a wall as there are few measuring devices that can be 

used in a high-pressure environment.  

Computational fluid dynamics (CFD) employing turbulent combustion 

approaches and turbulence models is expected to be a powerful tool for understanding 

high-pressure combustion behavior, as measurements are difficult to obtain. Particularly, 

a large eddy simulation (LES), which models an eddy smaller than the cell size, has been 

used for various applications recently, because the application of an LES to complex 
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reacting flows has been realistic with advancements in supercomputing performance [e.g., 

2-8]. As a turbulent combustion approach, the flamelet approach [9], which utilizes the 

flame characteristics in the database (i.e., the flamelet library), is effective in terms of 

computational costs and is widely used instead of directly solving the Arrhenius equations 

when considering the detailed chemical reaction mechanisms. Generally, the flamelet 

approach includes two types depending on the target flame characteristics: a non-

premixed (diffusion) flame and a premixed flame. For instance, the flamelet progress 

variable (FPV) approach [10] and flamelet generated manifolds (FGM) approach [11] are 

the representative flamelet methods developed for non-premixed and premixed flames, 

respectively. Regarding CO prediction using LES with the flamelet approach, Vreman et 

al. [12] applied LESs of Sandia Flame D and Flame F using non-premixed and premixed 

flamelet approaches and investigated their validity by comparing the obtained calculation 

results with the experiment results. However, they did not consider the effects of heat loss 

on the walls. In contrast, Donini et al. [13] applied the FGM approach by considering the 

heat loss effect on a premixed flame and examined the heat loss effect on CO emissions. 

However, no comparisons were made with the experimental results. To take the heat loss 

effect into account in the flamelet approach, a non-adiabatic procedure [14] was 

introduced in previous studies for non-premixed and premixed flames [15-19]. However, 

to assess the validity of CO prediction, comparisons with the experimental results are 

essential because of procedural complications.  

Therefore, the purpose of this study is to apply an LES by employing a non-

adiabatic FGM approach (referred to as “NA-FGM approach”, hereafter), which can 

consider the effect of heat loss on the composition of the chemical species [14-17], to 

CH4–air super lean premixed flames for equivalence ratios of φ = 0.43, 0.45, and 0.50 

under pressurized conditions with heat loss through a cooled wall and to examine the 

validity of applicably to predict CO emissions based on a comparison with the experiment 

results. Furthermore, the effects of heat loss and equivalence ratio on CO emissions were 

investigated in detail. 
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3.2 Numerical methods 

3.2.1 Flamelet generated manifolds (FGM) approach 
The governing equations for the FGM approach [11] can be written as follows:  

 

𝜕𝜌

𝜕𝑡
+ ∇・(𝜌𝑢) = 0  (1) 

 

𝜕𝜌𝑢

𝜕𝑡
+ ∇・(𝜌𝑢𝑢) = −∇𝑃 + ∇・𝜏  (2) 

 

𝜕𝜌ℎ

𝜕𝑡
+ ∇・(𝜌ℎ𝑢) =

𝐷𝑃

𝐷𝑡
+ ∇・(𝜌𝐷௛∇ℎ) + 𝜏: ∇𝑢  (3) 

 

𝜕𝜌𝑍

𝜕𝑡
+ ∇・(𝜌𝑍𝑢) = ∇・(𝜌𝐷௓∇𝑍) (4) 

 

𝜕𝜌𝐶

𝜕𝑡
+ ∇・(𝜌𝐶𝑢) = ∇・(𝜌𝐷஼∇𝐶) + 𝜌𝜔̇஼ (5) 

 

where 𝜌 is the density, 𝑢 is the velocity vector, 𝑃 is the pressure, 𝜏 is the shear stress 

tensor, ℎ is the enthalpy, 𝐷௛  is the thermal diffusivity, 𝜔̇஼ is the generation reaction rate 

of progress variable 𝐶, 𝐶 is the progress variable defined as the mass fraction of burned 

gas (H2O, H2, CO2 and CO), 𝐷ఊ  is the diffusion coefficient ൫𝐷ఊ = 𝜆 𝜌𝐶௣⁄ ൯,   λ  is the 

thermal conductivity, and 𝐶௣ is the specific  isopiestic heat. This approach requires a 

database called a flamelet library, which is generated using calculations involving a one-

dimensional laminar premixed flame under various conditions, using the following 

governing equations:  

 

𝜕(𝜌𝑢)

𝜕𝑥
= 0  (6) 
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𝜌𝑢
𝜕𝑌௞

𝜕𝑥
= −

𝜕𝑗௞

𝜕𝑥
+ 𝑚̇௞ (7) 

 

𝜌𝑢𝐶௣

𝜕𝑇

𝜕𝑥
=

𝜕

𝜕𝑥
൬𝜆

𝑑𝑇

𝑑𝑥
൰ − ෍ 𝐶௣

௞

𝑗௞

𝜕𝑇

𝜕𝑥
− ෍ ℎ௞

௞

𝑚̇௞ (8) 

 

Thus, this library is obtained through detailed elementary reaction calculations. 

This database provides all filtered scalar quantities as functions of the filtered mixture 

fraction 𝑍 and filtered progress variable 𝐶. 

 

3.2.2 Non-adiabatic procedure 

In general, a premixed flame is generated within the vicinity of the cooled wall 

in gas turbine combustors. Therefore, we apply the NA-FGM approach [14] to include 

the effect of heat loss. The flamelet library, using the effect of the considered heat loss 

[16], is calculated using equations (6), (7) and (9).  

 

𝜌𝑢𝐶௣

𝜕𝑇

𝜕𝑥
=

𝜕

𝜕𝑥
൬𝜆

𝜕𝑇

𝜕𝑥
൰ − ෍ 𝐶௣

௞

𝑗௞

𝜕𝑇

𝜕𝑥
− ෍ ℎ௞

௞

𝑚̇௞ + 𝑞̇௟௢௦௦ (9) 

 

𝑞̇௟௢௦௦ = 𝛼 ෍ ℎ௞

௞

𝑚̇௞ (10) 

 

where 𝑞̇௟௢௦௦ is the source term of heat loss and 𝛼 is adjustment parameter. In this study, 

adjustment parameters from 0.0 to 0.4 were calculated every 0.05. The adjustment 

parameter is based on the maximum value of predicted heat loss. The maximum value 

of predicted heat loss was calculated by enthalpy of burnt gas at wall temperature. 

Flamelet library for NA-FGM approach is defined three variables (mixture fraction 𝑍, 

progress variable 𝐶 and difference of enthalpy Δℎ) in order to output some physical 

quantity. Difference of enthalpy Δℎ can be written as: 
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Δℎ = ℎ଴ − ℎ (11) 

 

where ℎ଴ is enthalpy without heat loss, ℎ is enthalpy obtained by eq. (3). 
 

3.2.3 Calculation setup 

In this study, a turbulent lean premixed combustion in the thin reaction zones 

regime, which is a combustion configuration of a gas turbine combustor in a turbulent 

premixed flame diagram as designed by Peters [20], was adopted as the object of 

verification. A schematic diagram of the calculation domain for the Paul Scherrer Institute 

burner [21, 22] is shown in Figure 3.1. The feature of this combustion test rig can be 

applied between the atmospheric pressure and high pressure (2.0 MPa). Moreover, 

corrugated flamelets, the thin reaction zones regime, and the broken reaction zones 

regime in the diagram of a turbulent premixed flame can be set as the experimental 

conditions. This rig is composed of a cooling casing, turbulence grid, fuel header, 

combustion chamber and exhaust pipe. The combustion air was preheated to 823 K using 

an electrical heater. After mixing air and fuel in the mixing section, high-pressure air and 

fuel formed in the fuel header flow into the combustion chamber (inner diameter D = 75 

mm) through the turbulence grid (inner diameter d = 25 mm, hole diameter dg = 3 mm 

and blockage ratio bg = 65 %). The fuel reacts with the combustion air and a premixed 

flame then forms in the combustion chamber. The flue gases flow into the exhaust pipe. 

The axial direction from the upstream to the downstream of the burner indicates x, the 

height direction from the center of the combustion chamber indicates y, and the depth 

direction of the combustion chamber indicates z. Here, x = 0 mm is the inlet position from 

the fuel header to the combustion chamber, and y = 0 mm and z = 0 mm are the center 

axis of the combustion chamber in the figure.  

The velocity in the combustion chamber was measured indirectly using particle 

image velocimetry (PIV). CO emissions at x = 300 mm were measured using sampling 

probe. Full details of the tests are available in the literature [21, 22], the data of which 

were taken for validation. Figure 3.2 shows a schematic diagram of the computational 

grids. The computational region was divided into approximately 24 million cells. The 
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control volume size close to the burner and in the reaction zone was approximately 0.01 

mm, which was considered sufficient for the LES. The combustion chamber inner wall 

was set to be isothermal (300 K). The inner wall temperature was validated by comparing 

the calculation results with the experimental results at the outlet of the combustion 

chamber. At the outlet boundary, the Neumann boundary condition is imposed for 

pressure, with free outflow conditions being imposed for the other variables. 

Table 3.1 lists the calculation conditions. The bulk inlet velocity U0 was 40 m/s. 

The fuel temperature was 293 K (non-reacting flow) or 673 K (reacting flow). The 

pressure at the chamber outlet was 1 bar (non-reacting flow) or 5 bar (reacting flow). The 

equivalence ratios were 0.43-0.50. Here, CH4 was used as the fuel. Calculations (reacting 

flow) were carried out for Cases 2-4 (LES/NA-FGM approach) to confirm the sensitivity 

for CO emissions. The consideration of heat loss in the flamelet library was excluded for 

Cases 5-7 (LES/A-FGM approach) to confirm the sensitivity of the heat loss effect. The 

governing equations are solved using an unstructured LES solver, i.e., FrontFlow/Red 

(FFR) extended by some research institutes, including Kyoto University, and referred to 

as FFR-Comb [e.g. 5-8, 15, 17]. The combustion field is treated as incompressible in a 

low Mach number approximation. The NA-FGM approach was previously implemented 

in the LES solver. The flamelet library is obtained through detailed elementary reaction 

calculations using the FlameMaster code [23]. The detailed reaction mechanism was 

applied to GRI-Mech 3.0, considering 53 species and 325 reaction steps [24]. A dynamic 

sub-grid scale model is applied as the turbulence model [25]. A first-order Euler implicit 

method was used for time advancement, and the time step was set to 1×10-6 s, which is 

based on a Courant-Friendrichs-Lewy (CFL) number of less than 1. The spatial derivative 

of the convective term in the momentum equation is approximated using a second-order 

central difference scheme of 95 % and a first-order upwind of 5 %. The turbulent Schmidt 

number and turbulent Prandtl number are set to 0.4. The statistics were collected for each 

case over three flow-through times, and all simulations were calculated for 10 ms using 

a CRAY: XE6 at the ACCMS, Kyoto University, with 544 cores and 40 h of wall clock 

time. 
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Figure 3.1 Schematic diagram of combustion test rig [21, 22]. 

 
 
 

 
Figure 3.2 Schematic diagrams of computational grids. 
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Table 3.1 Calculation conditions. 

 

 

3.3 Results and discussions 

3.3.1 Non-reacting flow 

To assess the prediction accuracy of the velocity, a non-reacting flow (Case 1) 

was first applied using the calculation conditions given in Table 3.1. Figure 3.3 shows the 

distributions of the instantaneous, time-averaged and RMS streamwise velocities on the 

x-y plane for Case 1. It accelerates within the vicinity of the turbulence grid, which 

becomes a turbulent flow generator, and the variation value near the burner inlet (x = 0 

mm) is high in region (A). The premixed fuel jet is gradually damped from the upstream 

of the φ25 mm burner to the φ75 mm combustion chamber, and the potential core 

disappeared at approximately x = 100 mm. The recirculation zone near the wall in region 

(B) was generated owing to the sudden expansion of the diameter from φ25 to φ75 mm. 

The velocity variation becomes large in shear layers where the velocity gradient is caused 

by the sudden expansion of the end of the potential core at point (C) or the inner diameter 

of the combustor is large at point (D).  

Figures 3.4 and 3.5 show comparisons of the centerline profiles of the time-

averaged and RMS streamwise velocities, and comparisons of the radial direction profiles 

of the time-averaged streamwise velocity at x = 25 mm and 175 mm between the LES 

(Case 1) and experiment [26], respectively. The values of the time-averaged and RMS 

streamwise velocities are normalized by an inlet bulk velocity of 40 m/s. The jet 

accelerated by the turbulence grid flows into the combustion chamber at above 40 m/s. 
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After that, the potential core of the flow gradually decays from approximately x = 100 to 

300 mm. The calculation results overestimate the RMS values at approximately x = 0 mm. 

There is a possibility of underestimating the damping of turbulence fluctuations owing to 

the low-order difference scheme or the problem of a lattice resolution near the turbulence 

grid. However, good agreement with the experimental results is confirmed x = 50 mm 

downstream of the velocity field, which is important for a flame formation. The 

calculation results reproduce the tendency of the experimental results from the viewpoint 

of predicting the flame behavior. 

 

 
Figure 3.3 Distributions of instantaneous, time-averaged and RMS streamwise 

velocity on the x-y plane for Case 1. 
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Figure 3.4 Comparisons of centerline profiles of time-averaged and RMS streamwise 

velocity between LES (Case 1) and experiment [26]. 
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Figure 3.5 Comparisons of radial direction profiles of time-averaged streamwise 

velocity at x = 25 mm and 175 mm between LES (Case 1) and experiment [26]. 
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3.3.1 Reacting flow 

3.3.1.1 Effect of equivalence ratios on flame length 
Figures 3.6 shows the instantaneous iso-surfaces of progress variable 𝐶 = 0.1, 

indicating flame fronts with the generation reaction rate of progress variable 𝜔̇஼. Figures 

3.7 the instantaneous distributions of temperature (top), enthalpy (middle), and progress 

variable (bottom) on the x-y plane for equivalence ratios of φ = 0.43, 0.45, and 0.50 

predicted by LES/NA-FGM (Cases 2, 3 and 4, respectively). According to Figures 3.6 

and 3.7, the flame front structure is complicated by the effect of the turbulence eddy, and 

the flame is stably maintained in the outer recirculation zone. The burnt high-temperature 

gas is returned to the combustion chamber inlet by the outer recirculation flow (marked 

as (E) in Figure 3.7) as shown in Figure 3.3 (B), thereby maintaining the flame. The outer 

recirculation zone has much higher temperatures than the central zone in the core flow 

(marked as (F) in Figure 3.7). However, the temperature in this zone (E) is lower than the 

downstream, which is due to the lost heat of the burnt gas through the cooled wall at point 

(G) in Figure 3.7. Moreover, the value of heat loss increases with an increase in the 

equivalence ratio. Despite the occurrence of heat loss through the wall, the progress 

variable near region (H) did not greatly decrease. In this burner, there is a high possibility 

that the flame length does not change even if the effect of heat loss on the chemical 

reaction is ignored. Hence, the flame length was evaluated by comparing the centerline 

profiles of the progression variables. Figure 3.8 shows comparisons of the centerline 

profiles of the time-averaged normalized progress variable for equivalence ratios of φ = 

0.43, 0.45 and 0.50, as predicted by LES/NA-FGM (Cases 2, 3 and 4) and LES/A-FGM 

(Cases 5, 6 and 7). The time-averaged progress variable is normalized by the maximum 

value of each case. The flame length during super lean combustion is an important factor 

of the prediction of CO emissions and the blow-off limit. Here, the flame length is defined 

as from x = 0 mm to the position at the normalized progress variable of 0.5. The flame 

lengths of LES/NA-FGM were 163.43 mm for φ = 0.43, 155.11 mm for φ = 0.45, and 

133.68 mm for φ = 0.50. The flame lengths of LES/A-FGM were 169.65 mm for φ = 0.43, 

159.07 mm for φ = 0.45, and 125.85 mm for φ = 0.50. The unburnt zones, where the 

progress variable is defined as equal to zero, expands in the streamwise direction as the 

equivalence ratio decreases, as shown in Figure 8. As a result, the flame length is validated 
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to increase with a decrease in the equivalence ratio. This is because the lower the 

equivalence ratio is, the lower the flame propagation rate. In this study, the effect of the 

equivalence ratio on the flame length was larger than that of the heat loss. Moreover, the 

difference in flame length between the flamelet library with heat loss and that without 

heat loss is significantly small. 

 Although the flame length of LES/NA-FGM for φ = 0.50 (133.68 mm) is in 

good agreement with the experimental results (140 mm), the effect of the decrease in the 

equivalence ratio on the extension of the flame length is small for lower equivalence ratio 

conditions, and the difference in the flame length between φ = 0.45 and φ = 0.43 is 

significantly small. Therefore, it is necessary to improve the prediction accuracy of the 

flame length under the condition of φ = 0.43, which is near the blow-off limit. To improve 

the prediction accuracy of the flame length, a flame stretch effect can be introduced into 

the NA-FGM approach. The thin reaction zones regime targeted in this study has three 

effects: the flame stretch effect, the diffusion enhancement effect of the preheated regime 

owing to the turbulent flow vortex, and the increasing rate of the flame surface area. The 

decrease in the flame propagation rate is caused by the flame stretch effect. Previous 

studies [3] have suggested that introducing a flame stretch effect [27] into the combustion 

approach improves the prediction accuracy of the flame length, particularly under lower 

equivalence ratio conditions. Further consideration is needed to yield any findings 

regarding the introduction of the flame stretch effect into the NA-FGM approach to 

improve the prediction accuracy of the flame length. 
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Figure 3.6 Instantaneous iso-surfaces of progress variable with the generation 

reaction rate of progress variable 𝜔̇஼ for equivalence ratios of φ = 0.43, 0.45 and 0.50 
predicted using LES/NA-FGM (Cases 2, 3 and 4, respectively). 
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Figure 3.7 Instantaneous distributions of temperature (top), enthalpy (middle), and 

progress variable (bottom) on the x-y plane for equivalence ratios of φ = 0.43, 0.45 and 
0.50, predicted using LES/NA-FGM (Cases 2, 3 and 4, respectively) (Continues). 
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Figure 3.7 Instantaneous distributions of temperature (top), enthalpy (middle), and 

progress variable (bottom) on the x-y plane for equivalence ratios of φ = 0.43, 0.45 and 
0.50, predicted using LES/NA-FGM (Cases 2, 3 and 4, respectively) (Continued). 

 

 
Figure 3.8 Comparisons of centerline profiles of time-averaged normalized progress 

variable for equivalence ratios of φ = 0.43, 0.45 and 0.50, predicted using LES/NA-
FGM (Cases 2, 3 and 4) and LES/A-FGM (Cases 5, 6 and 7). 
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3.3.1.2 Effect of heat loss through the cooled wall on CO emissions 
Figures 3.9 and 3.10 show a comparison of the time-averaged CO and NO 

emissions on the centerline at x = 300 mm among LES/NA-FGM (Cases 2, 3 and 4), 

LES/A-FGM (Cases 5, 6 and 7) and experiment [21], respectively. The experimental 

results show that the CO emissions increase, and the NO emissions decrease for leaner 

equivalence ratio conditions. The CO emissions of the experiments are approximately 

28.0 ppm for φ = 0.43, 5.8 ppm for φ = 0.45, and 1.1 ppm for φ = 0.50. The NO emissions 

of experiments are approximately 0.5 ppm for φ = 0.43, 0.7 ppm for φ = 0.45, and 1.2 

ppm for φ = 0.50. The trends of the CO and NO emissions obtained by LES/NA-FGM 

show good agreement with the experimental results. By contrast, in the case of LES/A-

FGM, although the NO emissions are in good agreement with the experimental results, 

CO emissions for richer equivalence ratio is overestimated and CO emissions for leaner 

equivalence ratio is underestimated. Furthermore, we evaluated the factors leading to the 

high prediction accuracy of CO by LES/NA-FGM. Figures 3.11-13 show a comparison 

of the centerline profiles of the time-averaged CO volume fraction between LES/NA-

FGM (Cases 2, 3 and 4) and LES/A-FGM (Cases 5, 6 and 7) for φ = 0.43, 0.45 and 0.50. 

The CO volume fraction between the LES/A-FGM and LES/NA-FGM peaks at 

approximately x = 100 mm in the streamwise direction. It was found that the CO 

formation rate was almost the same regardless of the heat loss. By contrast, the CO 

consumption rate for LES/NA-FGM is slower than that for LES/A-FGM according to the 

distribution of the CO volume fraction at x = 100mm downstream in the streamwise 

direction. Moreover, the CO emissions of LES/A-FGM under richer equivalence ratio 

conditions are high because the CO of the equilibrium composition without a heat loss is 

extracted from the flamelet library at x = 300 mm, as shown in Figure 11. The CO volume 

fraction at x = 220 mm downstream in the case of LES/A-FGM was found to be 

maintained for Case 5. By contrast, the CO volume fraction at x = 300 mm of the leaner 

equivalence ratios (φ = 0.43 and 0.45) did not reach equilibrium even in the LES/A-FGM. 

This tendency is considered to cause an underestimation of the CO emissions owing to 

the faster CO consumption rate of the LES/A-FGM. These findings suggest that the 

difference in CO emissions downstream is caused by the CO consumption rate. Figure 

3.14 shows a comparison of the CO formation and consumption rates for each 

equivalence ratio. The peak of the CO formation and consumption rates under richer 



69 
 

conditions is higher than that under leaner conditions. Therefore, the calculation results 

confirmed that the high CO concentration region for the leaner conditions tends to be 

maintained until x = 300 mm because the CO consumption rate is lower. 

 

 
Figure 3.9 Comparison of time-averaged CO emissions on the centerline at x = 

300mm among LES/NA-FGM (Cases 2, 3 and 4), LES/A-FGM (Cases 5, 6 and 7) and 
experiment [21]. 

 
 

 
Figure 3.10 Comparison of time-averaged NO emissions on the centerline at x = 

300mm among LES/NA-FGM (Cases 2, 3 and 4), LES/A-FGM (Cases 5, 6 and 7) and 
experiment [21]. 
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Figure 3.11 Comparison of centerline profiles of time-averaged CO volume fraction 

for φ = 0.50 between LES/NA-FGM (Case 2) and LES/A-FGM (Cases 5). 
 

 
Figure 3.12 Comparison of centerline profiles of time-averaged CO volume fraction 

for φ = 0.45 between LES/NA-FGM (Case 3) and LES/A-FGM (Cases 6). 
 

 
Figure 3.13 Comparison of centerline profiles of time-averaged CO volume fraction 

for φ = 0.43 between LES/NA-FGM (Case 4) and LES/A-FGM (Cases 7). 
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Figure 3.14 Comparison of CO formation/consumption rates in the flamelet library 

for Δh = 1021181. 
 

Figures 3.15-17 show comparisons of the time-averaged distributions of the 

source term of the progress variable (top), CO mass fraction (middle) and OH mass 

fraction (bottom) on the x-y plane for each equivalence ratio between LES/NA-FGM 

(Cases 2, 3 and 4) and LES/A-FGM (Cases 5, 6 and 7). First, the effect of heat loss on 

the total reaction is evaluated according to the distribution of the production rate of the 

progress variable. The reaction of LES/NA-FGM is activated downstream of the burner 

(marked as (I), (J), and (K) in Figures 3.15-17, respectively). By contrast, the reaction by 

LES/A-FGM occurs rapidly near the burner (marked as (L), (M), and (N) in Figures 15-

17, respectively). Under the condition of an equivalence ratio of 0.43, the reaction is 

activated 50 mm downstream of the burner. In particular, this tendency is more apparent 

under leaner premixed combustion conditions. It is considered that the slow reaction 

made it easier for CO to remain downstream. The CO formation position is then evaluated. 

The thickness of the high CO mass fraction layer expands by decreasing the equivalence 

ratio (marked as (O), (P), and (Q) in Figures 15-17, respectively). These results imply that 

this is one of the factors of large CO emissions at lower equivalence ratios. In addition, it 
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CO emissions. Here, the prediction accuracy of OH radicals is important because the OH 

radical is dominant for the CO consumption reaction as shown in equation (12). 

 

CO + OH → COଶ + HଶO (12) 

 

There is a difference in the OH radical distribution between LES/A-FGM and 

LES/NA-FGM. When the heat loss through the cooled wall is not considered (LES/A-

FGM), the OH mass fraction is asymptotic to the equilibrium value. By contrast, the OH 

radical by LES/NA-FGM is consumed downstream, and the OH mass fraction gradually 

decreases (marked as (R), (S), and (T) in Figures 3.15-17, respectively). This difference 

greatly affects the CO consumption rate. In addition, Figure 18 shows a comparison of 

the production rates of the CO mass fraction in the flamelet library for φ = 0.43. As the 

reaction proceeds, the order of CO formation and consumption does not change owing to 

the effect of heat loss. Although the CO formation rate becomes lower owing to the effect 

of heat loss, it was less susceptible to the effect of heat loss through the cooled wall 

because CO was generated on the unburnt fuel side (the center side of the combustion 

chamber) as shown in Figures 3.15-17. By contrast, the CO consumed near the cooled 

wall was strongly affected by heat loss, and the CO consumption rate decreased with 

increasing heat loss, as shown in Figure 18. Hence, the difference in the CO consumption 

rate between LES/A-FGM and LES/NA-FGM is caused by heat loss through the cooled 

wall. As described in previous section, the flame length does not change between LES/A-

FGM and LES/NA-FGM for the same equivalence ratio. Therefore, the change in CO 

emissions is caused by the decrease in the CO consumption rate owing to heat loss. 
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Figure 15 Comparison of the time-averaged distributions of source term of progress 

variable (top), CO mass fraction (middle) and OH mass fraction (bottom) on the x-y 
plane for φ = 0.43 between LES/NA-FGM (Case 2) and LES/A-FGM (Case 5). 
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Figure 16 Comparison of the time-averaged distributions of source term of progress 

variable (top), CO mass fraction (middle) and OH mass fraction (bottom) on the x-y 
plane for φ = 0.45 between LES/NA-FGM (Case 3) and LES/A-FGM (Case 6). 
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Figure 17 Comparison of the time-averaged distributions of source term of progress 

variable (top), CO mass fraction (middle) and OH mass fraction (bottom) on the x-y 
plane for φ = 0.50 between LES/NA-FGM (Case 4) and LES/A-FGM (Case 7). 
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Figure 18 Comparison of production rates of CO mass fraction in the flamelet library 

for φ = 0.43 between each heat loss Δℎ(= ℎ଴ − ℎ). 

 

3.4 Conclusions 

In this study, LES employing an NA-FGM approach, which can consider the 
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The validity of accuracy to predict the CO emissions was examined based on a 
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well produced despite the difficulty in predicting a minor reaction at the flame holding 

point near the combustor inlet. The NA-FGM approach captured the trend of CO 

emissions during the experiments in which the CO emissions increased with a decrease 

in the equivalence ratio. This success could be achieved by considering the effects of heat 

loss on chemical reactions involving CO and OH radicals. It was also suggested that the 

cause of the increase in the CO emissions for low equivalence ratios was not due to the 

increase in CO production, but because of the slow consumption rate of CO, which kept 

the CO concentration high downstream. 

In conclusion, these results suggested that capturing such a sensitive 

consumption in the CO consumption rate by heat loss is vital for an accurate prediction 

of the total CO emissions in developing a cutting-edge low emissions gas turbine 

combustor at low loads. For the design tool of gas turbine combustors, the LES employing 

the NA-FGM approach is strongly recommended. 
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Nomenclature 

𝐶  Progress variable [-] 
𝐶௣ Isobaric specific heat [J/kg/K] 

𝐷௛  Thermal diffusivity [m2/s] 

𝐷ఊ  Diffusion coefficient ൫Dஓ = λ ρC୮⁄ ൯ [m2/s]  

ℎ௞   Enthalpy of species k [J/kg] 
𝑗௞ Mass diffusion flux of species 𝑘 [kg/m2s] 
𝑚̇௞ Mass production rate of species 𝑘 [kg/m3s] 
𝑃  Pressure [Pa] 
𝑞̇௟௢௦௦ Source term of heat loss [W/m3] 
𝑇  Temperature [K]  
𝑢  Velocity vector [m/s] 
𝑌௞  Mass fraction of chemical species 𝑘 [-] 
𝑍 Mixture fraction [-] 
 
Greeks 

𝛼  Adjustment parameter 
λ  Thermal conductivity 
φ Equivalence ratio [-] 

 𝜇   Viscosity [Pa∙s] 
  𝜌   Density [kg/m3] 

 𝜏  Shear stress tensor 

 𝜔̇஼  Generation rate of progress variable+ 

 𝜔̇௞  Chemical reaction rate of chemical species 𝑘 

 
Subscripts 

 f Fuel 
 k Chemical species 

  st Stoichiometric air-to-fuel ratio 
  wall Wall 
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Chapter 4: Large eddy simulation of partially 

premixed combustion in an actual gas 

turbine combustor 
 

4.1 Introduction 

Gas turbine power plants are composed of a compressor, combustor, turbine, and 

generator. A low nitrogen oxide (NOx) combustor is needed to reduce air polluting 

emissions from industrial gas turbine power plants, and a low NOx combustor named as 

the “coaxial jet cluster burner” [1-2] was developed for this purpose (as shown in Figure 

4.1). This burner has a gas turbine combustor in which multiple fuel nozzles and holes 

are arranged coaxially. Air and fuel are rapidly mixed in these holes. This rapid mixing 

within a short distance can reduce NOx emissions by achieving homogeneous lean 

premixed combustion [2].  

For the development of gas turbine combustors, computational fluid dynamics 

(CFD) is a powerful tool for investigating the detailed distributions of various emissions 

and temperature [3-7]. Recently, a large eddy simulation (LES) model is used for 

combustion analysis to analyze the unsteady combustion state in the combustor. LES 

models an eddy smaller than the cell size and can reproduce a flow with precision if the 

cell size is sufficiently small. Generally, a long calculation time is required to calculate 

the unsteady turbulence flow because LES requires unsteady simulation with many cells. 

However remarkable progress in computer technology has made it possible to simulate 

actual combustors. LES with the dynamic sub grid scale (SGS) model [8-9] is often used 

as a numerical analysis method for turbulent flow, including combustion flow [3-7]. 

Furthermore, carbon monoxide (CO) emissions are an important index for 

evaluating combustors. If CO is formed, there is a lot of unburned carbon at combustor 

outlet. Thus, the thermal efficiency decreases. Additionally, the reduction in CO 

emissions is necessary from the viewpoint of environmental pollution. In a lean premixed 

combustion, CO is often generated in a combustion chamber at partial loads [10] and 

when a flame is in contact with air [11]. A turbulent combustion approach that can 
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reproduce the CO formation is required. Conventionally, the G-equation approach [12-

13] is used to calculate premixed combustion. However, this approach does not calculate 

the CO concentration accurately because it calculates the unburned and burned gas 

compositions in the equilibrium condition. 

The purpose of this study is: 1) to validate the hybrid turbulent combustion 

(HTC) approach by comparing the obtained calculation results with the measured gas 

temperature and gas concentration distributions obtained using a coaxial jet cluster burner 

test rig under atmospheric pressure; and 2) to analyze the CO formation mechanism which 

is an important performance factor for gas turbine combustors. 

 

 
Figure 4.1 Schematic of combustor with cluster burner. 

 

4.2 Numerical methods 

In this study, we used the HTC approach [7], which is a combination of a 

flamelet/progress variable (FPV) approach [7,14-16] and a flame propagation approach 

[7]. This combined approach can calculate the combustion style or form that the non-

premixed combustion coexists with in premixed combustion. In the following, we 

describe the FPV approach (section 4.2.1), the flame propagation approach (section 4.2.2), 

and the HTC approach (section 4.2.3). 

 

4.2.1 Flamelet/progress variable (FPV) approach 

The FPV approach is generally applied in the case of a non-premixed flame. It 

needs a database, called a flamelet library, which is obtained by calculation of laminar 

Air

Fuel Flame

Burner Combustion chamber
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flow flame under various conditions. This database provides the filtered quantities of all 

scalar values as a function of the filtered mixture fraction Z
~

, the mixture fraction sub-

filter variance 2"Z
~

 , the filtered reaction progress variable C
~

 , and the filtered scalar 

dissipation rate ~  . The governing equation for the mixture fraction and the progress 

variable can be written as:  

 

𝜕𝜌̅𝑍෨

𝜕𝑡
+

𝜕𝜌̅𝑢ప෥ 𝑍෨

𝜕𝑥௜
=

𝜕

𝜕𝑥௜
𝜌̅𝐷௦௚௦ ቆ

𝜕𝑍෨

𝜕𝑥௜
ቇ (1) 

 

𝜕𝜌̅𝐶ሚ

𝜕𝑡
+

𝜕𝜌̅𝑢ఫ෥ 𝐶ሚ

𝜕𝑥௝
=

𝜕

𝜕𝑥௝
𝜌̅൫𝐷 + 𝐷௦௚௦൯

𝜕𝐶ሚ

𝜕𝑥௝
+ 𝑤ௗതതതത (2) 

 

where   s density, iu~  is velocity, D  is dissipation rate and sgsD  is dissipation rate 

of sub grid scale. Using the provided Z
~

 and C
~

, we calculated the mass fraction of the 

chemical species lY
~

 in Eq.(3).  

 

𝑌௟
෩ = න 𝑌௟൫𝑍, 𝐶ሚ൯

ଵ

଴

𝑃൫𝑍, 𝑍෨, 𝑍"෪ଶ൯𝑑𝑍 (3) 

 

where )"
~

,
~

,( 2ZZZP is a probability density function (PDF). The source term of the progress 

variable dw can be written as 

 

𝑤ௗതതതത = න 𝑤ௗ൫𝑍, 𝐶ሚ൯
ଵ

଴

𝑃൫𝑍, 𝑍෨, 𝑍"෪ଶ൯𝑑𝑍 (4) 

 

 

 

 



84 
 

4.2.2 Flame propagation approach 

A flame propagation approach is applied in the case of premixed flame. This 

approach considers the flame stretch effect [17], the diffusion enhancement effect [18], 

and the increasing rate of the flame surface area. Here this approach can be applied to a 

thin reaction zone regime, a corrugated flamelet regime, and a wrinkled flamelet regime [19] 

in the flame forms of the turbulence premixed flame. The governing equation for the mass 

fraction of burned gas G
~

 can be written as: 

 

𝜕𝜌̅𝐺෨

𝜕𝑡
+

𝜕𝜌̅𝑢ఫ෥ 𝐺෨

𝜕𝑥௝
=

𝜕

𝜕𝑥௝
𝜌̅൫𝐷 + 𝐷௦௚௦൯

𝜕𝐺෨

𝜕𝑥௝
+ 𝑤ீതതതത (5) 

 

The source term of the mass fraction of burned gas Gw  can be written as:  

 

𝑤ீതതതത = 𝜌௨𝐼𝐽Ξ∑ഥ𝑆௅
଴ (6) 

 

where 0
LS  is laminar burning velocity. These are given by the following equations 

 

𝐽 = ൭1 +
𝑃𝑟

𝑃𝑟௧
ቆ

𝐶௦𝑐ఋ𝛿௅
଴

𝜂௜
ቇ

ସ/ଷ

𝐽ସ/ଷ൱

ଵ/ଶ

 (7) 

 

𝐼 =
1

1 + 𝑀𝑎∗𝐾𝑎∗
 (8) 

 

Ξ = ൬
Δ

𝑙௜௖
൰

஽ಷିଶ

 (9) 

 

Σത =
𝐴̅

𝑉
 (10) 
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where J   is the diffusion enhancement effect of the preheated regime due to the 

turbulence flow vortex, I is the flame stretch effect [17],   is the increasing rate of the 

flame surface area,    is the flame area density in the calculation cell. *Ma   is the 

Markstein number, and *Ka is the Kalrovitz number. 

 

4.2.3 Hybrid turbulent combustion (HTC) approach 

The HTC approach uses both a FPV approach and a flame propagation approach. 

Eq. (11) relates the progress variable C
~

 and the mass fraction of burned gas G
~

.  

 

𝐺෨ =
𝐶ሚ − 𝐶௨

෪

𝐶௕
෪ − 𝐶௨

෪
 (11) 

 

Substituting Eq. (11) into Eq. (5) gives us  

 

𝜕𝜌̅𝐶ሚ

𝜕𝑡
+

𝜕𝜌̅𝑢ఫ෥ 𝐶ሚ

𝜕𝑥௝
=

𝜕

𝜕𝑥௝
𝜌̅൫𝐷 + 𝐷௦௚௦൯

𝜕𝐶ሚ

𝜕𝑥௝
+ 𝑤௣തതതത (12) 

 

𝑤௣തതതത = ൫𝐶௕
෪ − 𝐶௨

෪൯𝑤ீതതതത (13) 

 

Eq. (12) is the governing equation for premixed combustion based on the 

progress variable C
~

. The only difference between Eqs. (2) and (12) is the source term of 

the progress variable. Therefore, the governing equation for the progress variable in the 

HTC approach can be written as:  

 

𝜕𝜌̅𝐶ሚ

𝜕𝑡
+

𝜕𝜌̅𝑢ఫ෥ 𝐶ሚ

𝜕𝑥௝
=

𝜕

𝜕𝑥௝
𝜌̅൫𝐷 + 𝐷௦௚௦൯

𝜕𝐶ሚ

𝜕𝑥௝
+ ൣ𝑓𝑤௣തതതത + (1 − 𝑓)𝑤ௗതതതത൧ (14) 
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The source term of the HTC approach Cw  is calculated by a linear combination 

of the source term of the progress variable dw  and the mass fraction of burned gas pw  

by the weighting factor f for the source term: 

 

𝑓 = 𝑚𝑎𝑥 ቌ0, 𝑚𝑖𝑛 ቆ1,
1

2

ඃ∇𝐺෨ඇ

ඃ∇𝑍෨ + 𝜀ඇ
− 1ቇቍ (15) 

 

4.2.4 CO transport approach 

In this study, the method which directly calculated from flamelet library as 

shown Eq. (3) is defined as “database approach”. On the other hand, “transport approach” 

is calculated by CO transport equation. The transport approach is considered to be 

effective for an object in which reactions of minor components (CO, NO, etc.) are 

quenched and transported like a gas turbine combustor, to transport and calculate 

chemical species composition individually. In this study, a method to solve the transport 

equation of CO mass fraction expressed by Eq. (16) [15] was adopted. Eq. (17) shows the 

generation term of the transport equation of the CO mass fraction. 

 

𝜕𝜌̅𝑌ప
෩

𝜕𝑡
+

𝜕𝜌̅𝑢ఫ෥ 𝑌ప
෩

𝜕𝑥௝
=

𝜕

𝜕𝑥௝
ቆ

𝜇

𝑃𝑟
+

𝜇௦௚௦

𝑃𝑟௦௚௦
ቇ

𝜕𝑌ప
෩

𝜕𝑥௝
+ 𝜌̅𝑤ప෦ (16) 

 

𝑤ప෦ = 𝑤ప෦ା +
𝑌ప
෩

𝑌ప
෩ி௉௏ 𝑤ప෦ି (17) 

 

where subscript i indicates the chemical species, which in this study represents CO. 𝑤෥௜ 

[kg/m3/s] is the source term of mass fraction of the chemical species i, 𝑤෥௜
ା [kg/m3/s] is 

the generation rate of the chemical species i, 
iw~  [kg/m3/s] is the reverse rate of the 

chemical species i, 
iY

~ [kg/kg] is the mass fraction of the chemical species i, FPV
iY

~ [kg/kg] 

is the mass fraction of the chemical species i based on FPV approach, 𝜇௦௚௦ [Pa・s] is 

viscosity of SGS model. Prsgs [-] is Prandtl number of SGS model, which is set set to 

the internally validated constant value of 0.42. 
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The calculation procedure of the CO transport approach is explained. By the one-

dimensional elementary reaction calculation of laminar diffusion flame, the generation 

rate and the reverse rate of CO are calculated beforehand and added to the flamelet library. 

Next, the mixture fraction and the progress variable are calculated by three- dimensional 

numerical simulation. Finally, the source term of CO is extracted from flamelet library 

using the mixture fraction and the progress variable calculated by the transport equation. 

The CO mass fraction is obtained using the transport equation with Eqs. (16) and (17). 

 

4.2.5 Calculation setup 

4.2.5.1 Structure of coaxial jet cluster burner 
The coaxial jet cluster burner consists of a perforated plate with multiple air holes 

and multiple fuel nozzles arranged coaxially. Figure 4.2 shows a perforated plate of a 

multi-cluster combustor with multiple cluster burners developed for an actual gas turbine 

combustor. Figure 4.3 shows a schematic view of a perforated plate and a fuel nozzle. 

The air holes are arranged in three circles: six holes are arranged on the first circle (with 

the smallest diameter), 12 holes on the second circle (with the middle diameter), and 18 

holes on the third circle (with the largest diameter). The region within the first circle on 

the perforated plate is called the “inner region” and the region without the first circle is 

called the “outer region.”  

Fuel emanates from the fuel nozzles through the air holes into the combustion 

chamber. The fuel through the six air holes on the first circle is referred to as “inner fuel” 

and the fuel injected through the 30 air holes on the second and third circles is referred to 

as “outer fuel.” The distributions of the inner fuel and the outer fuel affect the combustion 

efficiency of the burner. The air holes are inclined for the purpose of forming a swirling 

flow by the combustion air. The central axis of each hole is inclined in the direction of a 

tangent to each of the circles. 
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Figure 4.2 Schematic of perforated plate for multi cluster combustor. 

 
 

 
Figure 4.3 Schematic of a perforated plate and a fuel nozzle for the main burner. 

 

 

4.2.5.2 Structure of combustion test rig 
The experiments were conducted at atmospheric pressure in a combustion test rig of 

a model gas turbine combustor [1]. Figure 4.4 shows a schematic diagram of the 

combustion test rig. The main components of the rig are a combustor, air and fuel supply 

systems, and measurement equipment. 

The combustor consisted of a combustion liner and the coaxial jet cluster burner. 

The combustion liner was equipped with film cooling air holes and liner lips on the 
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surface and it included a cylindrical combustion chamber inside. The diameter of the 

combustion chamber was 120mm. The fuel reacted with the combustion air, and then a 

flame was formed in the combustion chamber. The burned gas was discharged into the 

atmosphere after its temperature had been lowered in the temperature reducer. 

Figure 4.5 shows the burner cooling position assembly. The air supply system 

supplied combustion air and cooling air separately to the combustor from a compressor 

through a heater. The combustion air was used as an oxidant in the combustion. The 

cooling air entered the combustion chamber through the liner. The cooling air cooled the 

liner by impinging on its outer surface and flowed along its inner surface. A large cooling 

air flow was used for the purpose of protecting the combustion chamber. 

The fuel supply system supplied CH4. The fuel supply was separated as the inner 

fuel and the outer fuel. The inner fuel was supplied to the six fuel nozzles on the first 

circle of the perforated plate and the outer fuel was supplied to the 30 fuel nozzles on the 

second and third circles. 

The measurement equipment consisted of a sampling probe, gas analyzer (Horiba, 

Ltd., Model VIA-510), and thermocouple. The gas analyzer measured the concentrations 

of CO, O2, CO2, and total hydrocarbons (THCs) contained in the combustion gas. The 

measurements were carried out at various distances from the burner: from 30 mm to 200 

mm in the axial direction and from 0mm to 40mm in the radial direction. 
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Figure 4.4 Schematic diagram of combustion test rig. 

 

 

  
Figure 4.5 Schematic of burner cooling position assembly. 
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4.2.5.3 Experimental conditions 
The experiments were conducted under the test conditions listed in Table 1. The 

combustion air flow rate was 190m3N/h. Normal temperature and pressure were 273.15K 

and 0.1013MPa, respectively. The combustion air temperature was 623K. The pressure 

in the chamber was atmospheric pressure. The fuel/air ratio (F/A) of the burner was 

0.0314. F/A is a ratio of mass flow rate of fuel and combustion air as oxidizer. 

 

Table 4.1 Test conditions 

 
 

4.2.5.3 Calculation conditions 
Figure 4.6 shows a schematic diagram of the computational domain. The 

computational region was divided into about 4.8 million cells. In order to secure the 

calculation accuracy, the minimum size of 1 side of the grid size was made to be about 

0.1 mm near the fuel nozzle and about 0.2 mm inside the air hole, and the continuous 

structure hexamesh was adopted. It took about 128 CPU × 336 hours to calculate 

combustion behavior for 0.10s using a PC cluster (AMD Opteron 6140). This is about 

three times of the time (0.03 seconds) until the fuel spouted from the fuel nozzle hole and 

passed through the outlet. By this degree of calculation, the effect of the initial value is 

eliminated, and the time average field can be calculated. Time averaging was done for the 

last 0.03s after the influence of the initial conditions disappeared. 

Turbulent flow was simulated using the LES with a dynamic SGS model (LISEA4) 

[8]. These models were programmed on OpenFOAM [20].  

The FPV approach needed a flamelet library. It was generated by the calculation of 

a one-dimensional laminar counterflow non-premixed flame. The flame propagation 

approach needed laminar burning velocity data. These data were calculated by the 

Unit Comb. air Cooling air Fuel(CH4)

Temperature [K] 623 623 298

Flow Rate [kg/s] 0.0682 0.0212 0.00215

Outlet Pressure [MPa] 0.101

Burner F/A [-] 0.0314
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detailed elementary reaction calculation with the FlameMaster code [21]. The detailed 

reaction mechanism adopted GRI-mech 3.0[22]. 

 

 
Figure 4.6 Schematic diagram of computational domain. 

 

4.3 Results and discussions 

We describe the analysis results show the combustion stability of the coaxial jet 

cluster burner (Section 4.3.1), the validation results on the predictive precision of the HTC 

approach by comparison between experimental and calculation results (Section 4.3.2), 

the flame configuration of the coaxial jet cluster burner(Section 4.3.3), the validation 

results of the distribution of CO for the coaxial jet cluster burner (Section 4.3.4), the CO 

formation factors in coaxial jet cluster burner(Section 4.3.5). 

 

4.3.1 Combustion stability of coaxial jet cluster burner 

Figures 4.7 to 4.9 show the instantaneous contours of the axial velocity 

distribution in the combustion chamber, the instantaneous contours of the temperature 

distribution and the time averaged, and the instantaneous contours of the fuel mass 

fraction. A line in figure 4.7 indicates a position where the axial velocity becomes zero. 

The temperature was normalized by equation (18). The line in figure 4.8 is a position 
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where the normalized temperature Tdimensionless = 0.9. In the following, the range over 

normalized temperature Tdimensionless = 0.9 is called a high temperature field. 

 

Tୢ ୧୫ୣ୬ୱ୧୭୬୪ୣୱୱ =
T − T୫୧୬

T୫ୟ୶ − T୫୧୬
 (18) 

 

As shown in figures 4.7 (a) and 4.7 (b), a recirculation flow of about 70 mm in 

the axial direction was formed in the center of the combustion chamber and a recirculation 

flow of about 40 mm in the outer of the combustion chamber. The recirculation flow 

shown in figure 4.7 (a) is included in the high temperature field in the center of the 

combustion chamber shown in figure 4.8 (c). According to the time-averaged temperature 

distribution, the center of the combustion chamber forms a uniform high-temperature 

field as shown in figure 4.8 (d). This means that fuel and combustion air are mixed at 

uniform F/A. In addition, as shown in figure 4.8 (e), a sharp temperature gradient is 

generated at the outer of the combustion chamber and forming a conical high-temperature 

field. 

According to the fuel mass fraction distribution as shown in figure 4.9 (f), the 

fuel mass fraction is high at the outer periphery of the conical high-temperature field, and 

unburnt fuel components exist near the burner. However, the fuel mass fraction decreases 

downstream of the combustion chamber shown in figure 4.9 (g). This is because unburned 

fuel is supplied to the center of the combustion chamber together with high temperature 

burned gas by the recirculation flow region shown in figure 4.7 (a). As the results, it was 

proven that coaxial jet cluster burner maintains the flame stability due to return the 

unburned fuel and high temperature heat source by the recirculation flow in the 

combustion chamber center. Therefore, we thought the burner had high flame stability. 
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Figure 4.7 Calculation result for axial velocity (instantaneous). 

 

 
Figure 4.8 Calculation results for temperature distributions. 
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Figure 4.9 Calculation result for CH4 concentration (instantaneous). 

 

4.3.2 Validation of HTC approach 

In this section, the calculation results are compared with the experimental results 

in order to validate the HTC approach. Figures 4.10, 4.11 and 4.12 respectively show the 

validation results of gas temperature and O2 and CH4 volume fractions along the radial 

line (z=60mm). These results were time-averaged quantities to compare with 

experimental results.  

The calculated gas temperatures showed good agreement with experimental data. 

The simulation tool was able to predict the tendency that temperature decreased from the 

internal side to the outer side of the combustion chamber. Also, it predicted the tendency 

that temperature was uniform from the central position to the radius position 20mm. The 

calculated O2 and CH4 volume fractions also showed good agreement with experimental 

data. The HTC approach predicted the position of the oxidation reaction in fuel (r=20mm). 

The flame shape of this burner could be reproduced by our simulation tool. This is because 

the LES predicted the recirculation flow in the center of the combustion chamber and the 

HTC approach predicted the oxidation reaction rate of the fuel with good accuracy. 
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Figure 4.10 Validation results for temperature 

along z=60mm (time average). 
 
 
 

  
Figure 4.11 Validation results for O2 volume fraction 

along z=60mm (time average). 
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Figure 4.12 Validation results for CH4 volume fraction 

along z=60mm (time average). 

 

4.3.3 Prediction of flame configuration 

 In this section, the flame configuration of the coaxial jet cluster burner is clarified 

by the weighting factor f used in the HTC approach to discriminate non-premixed 

combustion from premixed combustion. 

 Figures 4.13 to 4.15 show the instantaneous distributions of the progress variable, 

the source term of premixed combustion 𝑓𝑤௣ , and the source term of non-premixed 

combustion (1 − 𝑓)𝑤ௗ. These source terms are synonymous with the reaction rate in the 

combustion chamber. In the combustor, when the source term of premixed combustion 

𝑓𝑤௣ is obtained, the flame configuration is premixed combustion, and when the source 

term of non-premixed combustion (1 − 𝑓)𝑤ௗ  is obtained, the flame configuration is 

non-premixed combustion. 

As shown in figure 4.13 (h), the boundary between unburned and burned fuel 

can be distinguished by the distribution of the progress variable. According to figure 4.14 

(i), the reaction is actively occurring as premixed combustion near this boundary. On the 

other hand, as shown in figure 4.15 (j), hardly any reaction as non-premixed combustion 

occurs at this position. 

The weighting factor parameter was judged to be premixed combustion inside the 

contour of the production rate. The HTC approach verified that the type of combustion of 

the coaxial jet cluster burner was premixed combustion in spite of the short mixing 
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distance. The HTC approach was able to reproduce the flame configuration in the 

combustion chamber. This was because the LES had high predictive precision for the 

recirculation flow, so the HTC approach had high predictive precision for the reaction 

rate. 

 

 
Figure 4.13 Calculation result for the progress variable (instantaneous). 
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Figure 4.14 Calculation result for the source term of 

premixed combustion (instantaneous). 
 

     
Figure 4.15 Calculation result for the source term of 

diffusion combustion (instantaneous). 
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4.3.4 Validation of CO transport approach 

 In this section, the distribution of the CO volume fraction is compared between 

experimental and calculation results to validate the transport approach. Figures 4.16 and 

4.17 show the validation results for CO volume fraction along z=60mm and 90mm. These 

results were time-averaged quantities to compare with experimental results. Experimental 

results are shown by dots, the calculation results using a transport approach are shown by 

solid lines, and the calculation results using a database approach for obtaining CO volume 

fraction directly from flamelet library are shown by dotted lines. The radial position r = 

0 mm in the figure represents the center of the combustion chamber. In this study, the 

unstable solution used in the FPV approach incorporated in the HTC approach enables 

the prediction of the phenomenon in which CO is generated in the middle of the oxidation 

reaction of fuel. 

 

 
Figure 4.16 Validation results for CO concentration 

along z=60mm (Time average). 
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Figure 4.17 Validation results for CO concentration 

along z=90mm (Time average). 
 

At 60 mm from the burner edge, the database approach is more than 1000 ppm 

at the radial position r = 0 mm to 15 mm, which is higher than the result calculated by the 

transport approach (about 100 ppm). Experimental results are about 24 ppm, and 

prediction accuracy is higher in the transport approach than in the database approach. In 

the radial direction from the center of combustion chamber to the wall surface, the 

position where the CO volume fraction becomes high over 500 ppm is compared. In the 

experimental result, CO volume fraction increases at r = 20 mm. In contrast, CO volume 

fraction increased at r = 18 mm for the transport approach and at r = 32 mm for the 

database approach. The transport approach well reproduced the experimental results. At 

90 mm from the burner edge, there are no difference between the experimental and 

calculation results both approaches from r = 0 to 30 mm. However, the position of high 

concentration (over 500 ppm) in the radial direction from the center of the combustion 

chamber to the wall surface was r = 33 mm in the transport approach and r = 43 mm in 

the database approach for r = 20 mm in the experimental results. In the downstream, the 

calculation result using the transport approach well reproduced the CO formation position. 

This is because, as described in section 4.3.2 and 4.3.3, the flame shape can be accurately 

predicted by the LES and HTC approaches, and the reaction rate of CO used in the 

transport approach can be accurately predicted by extracting from the flamelet library. 

From the above fact, the transport approach can predict the CO formation position. 
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4.3.5 CO formation factors in coaxial jet cluster burner 

 Figure 4.18 shows the instantaneous contours of CO volume fraction. The center 

of combustion in figure 4.18 (k), CO is not generated due to the complete combustion of 

fuel. CO was mainly generated around the outer periphery of the combustion chamber as 

shown in figures 4.18 (l), (m) and (n). In the inner periphery of the combustion chamber 

shown in figure 4.18(l) near the burner, the oxidation reaction of fuel was active, and CO, 

an intermediate product, was generated, resulting in a high concentration. This is the 

formation factor of CO in the combustion chamber upstream. This can be analyzed by 

reproducing CO generated in the upstream flame zone by the transport approach. 

At the outer periphery of the combustion chamber shown in figure 4.18 (m) near 

the burner, CO flowed from the downstream of the combustion chamber to the position 

shown in figure 4.18 (m) by the recirculation flow as shown in figure 4.7 (b), resulting in 

a high concentration field of about 5000 ppm. In addition, in the vicinity of the wall 

downstream of the combustion chamber shown in figure 4.18 (n), a high concentration 

field of more than 5000 ppm was obtained. In this combustion test equipment, a large 

amount of cooling air is charged from the vicinity of wall surface in comparison with an 

actual combustor in order to protect the equipment main body for the convenience of 

safety. Here, the point downstream of the combustion chamber shown in figure 4.18 (o) 

where the temperature is low (993 K) due to the influence of the cooling air is focused 

on. At this point, the time scale of the reaction rate calculated from the equation of CO 

oxidation reaction rate [23] is 0.0428 seconds. This time is longer than the residence time 

(about 0.03 seconds) in the actual gas turbine combustor. Therefore, CO was not oxidized 

and discharged to the downstream of the combustion chamber in spite of the high oxygen 

concentration over 20% at this area. This decrease in temperature by the cooling air is a 

generating factor of CO in the downstream of the combustion chamber. The reason why 

such analysis was possible was that the phenomenon in which the oxidation reaction of 

CO quenched when low temperature air and combustion gas in the middle of reaction 

were mixed was able to be reproduced by using the transport approach. From the above 

fact, it was possible to evaluate the formation mechanism of CO in upstream and 

downstream of combustion chamber by using HTC approach and the transport approach 

jointly. 
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Figure 4.18 Calculation result for CO concentration (instantaneous). 

 

4.4 Conclusions 

In this study, numerical simulations of coaxial jet cluster burners for gas turbine 

combustors were performed, the prediction accuracy of the CO formation position was 

verified, and the CO formation mechanism was clarified. LES was adopted for the 

turbulence model, and the HTC approach, which can seamlessly analyze from non-

premixed combustion to premixed combustion, developed was adopted for the turbulent 

combustion approach.  

It was confirmed that the HTC approach can predict the CO volume fraction 

distribution in a lean premixed combustion field. It was clarified that the formation factor 

of CO was the oxidation reaction of fuel in the upstream of the combustion chamber and 

the quenching of the CO oxidation reaction by the temperature reduction caused by the 

effect of cooling air in the downstream of the combustion chamber. The high-temperature 

field in the center of the combustion chamber and the steep position of the temperature 

gradient obtained in the combustion experiments were reproduced by numerical 
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simulations. It was clarified that the mixing performance of the coaxial jet cluster burner 

was good despite the short mixing distance of fuel and combustion air, and the flame 

configuration of this burner was a lean premixed combustion by the weighting factor in 

the HTC approach. 
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Nomenclature 

A Calculated cell area [m2] 
𝐶  Progress variable [-] 
𝐶௦ Smagorinsky model parameter [-] 
𝐷   Thermal diffusivity [m2/s] 
𝐷ி   Fractal dimension [-] 
f Weighting factor parameter of flame configuration [-] 

 𝐺 Progress variable [-] 

𝐼 Flame stretch effect [-] 
J Diffusion enhancement effect [-] 
Ka* Kalrovitz number [-] 
Ma* Markstein number [-] 
Pr Prandtl number [-] 
Prt Turbulent Prandtl number [-] 
S L

 0  Laminar burning velocity [m/s] 

 𝑇  Temperature [K]  

𝑢  Velocity vector [m/s] 

 𝑉   Volume of control volume [m3] 

𝑍 Mixture fraction [-] 
cδ Model parameter of flame thickness [-] 
lic Inner cutoff scale [m] 
wd Production rate of non-premixed combustion [kg/m3/s] 
wG Production rate of progress variable [kg/m3/s] 

wi Production rate of premixed combustion [kg/m3/s] 
Yi Mass fraction [kg/kg] 

 
Greeks 
Δ Grid scale [m] 
Σ Fractal parameter[1/m] 
δL

0 Flame thickness [m] 
Ξ Increasing rate of flame surface area [-] 
η Kolmogorov scale [m] 

  𝜇   Viscosity [Pa∙s] 
  𝜌   Density [kg/m3] 

 
Subscripts 

  b Burned 
  sgs Subgrid scale 

  ul Unburned 
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Chapter 5: Conclusions 
 

5.1 Summary and conclusions 

The purpose of this study was to construct numerical simulation methods that 

can predict the performance of combustors and carbon monoxide (CO) emissions. Hence, 

three elementary combustion fields with cooled walls or cooling air were investigated. 

The first case was the one- and two-dimensional (1D and 2D) CH4-air premixed 

combustion fields with flame propagation close to the cooled walls, which were solved 

by direct numerical simulation (DNS) with a detailed reaction mechanism approach or a 

non-adiabatic flamelet generated manifolds (NA-FGM) approach (Chapter 2). The 

second case involved the CH4–air super lean premixed combustion fields generated by an 

axisymmetric jet burner with cooled walls under pressurized conditions, which was 

solved by using a large eddy simulation (LES) employing an NA-FGM approach, 

accounting for the effects of heat loss (Chapter 3). The third case involved the combustion 

fields where non-premixed and premixed combustion fields coexist in an actual 

combustor with a coaxial jet cluster burner, which was solved by using an LES employing 

the hybrid turbulent combustion (HTC) approach combining the flamelet progress 

variable (FPV) approach, flame propagation approach, and CO transport approach. This 

burner generated combustion fields between premixed and non-premixed by controlling 

the mixing process (Chapter 4). 

 In Chapter 2, the CH4–air premixed combustion fields near a cooled wall were 

discussed. In this chapter, the purpose was to perform 1D numerical simulations by 

employing a detailed reaction mechanism approach, and 2D numerical simulations by 

employing a detailed reaction mechanism approach or NA-FGM approach, and to 

investigate the effects of the equivalence ratio, pressure, and wall temperature on CO 

emissions in detail. It was revealed by 1D numerical simulations that the CO consumption 

rate in the vicinity of the cooled wall was reduced and consequently posed a risk of 

increasing the CO emissions at the combustor exit for lower equivalence ratio, higher 

pressure, or lower wall temperature. Moreover, the CO consumption rate was most 

susceptible to the wall temperature. Additionally, similar tendencies were observed in 2D 
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numerical simulations considering turbulent eddies. These calculation results suggested 

that the control of heat loss through the wall could be an important key to the effective 

consumption of CO emissions from combustors. Furthermore, it was revealed that the 

NA-FGM approach can reproduce the results of the detailed reaction mechanism 

approach for flame characteristics at different wall temperatures. This is because the NA-

FGM approach takes account of the heat loss near the cooled wall. In conclusion, these 

results suggested that the NA-FGM approach is effective for predicting CO emissions for 

turbulent lean premixed combustion in combustors. 

 In Chapter 3, the CH4–air super lean premixed combustion fields generated by 

an axisymmetric jet burner with cooled walls under pressurized conditions were discussed. 

In this chapter, the purpose was to predict the CO emissions by applying the NA-FGM 

approach, which can account for the effects of heat loss. It was found that the NA-FGM 

approach improved the prediction accuracies of not only the flame behavior but also the 

CO emissions compared to the conventional FGM approach, which inherently neglects 

the heat loss effect. The NA-FGM approach captured the trends of CO emissions properly 

during the experiments, in which the CO emissions increased with a decreasing 

equivalence ratio. This success could be achieved by considering the effects of heat loss 

in chemical reactions involving CO and OH radicals It was also suggested that the cause 

of the increase in CO emissions for low equivalence ratios was not because of the increase 

in CO production, but owing to the slow CO consumption rate, which kept the CO 

concentration high downstream. In conclusion, these results suggested that capturing such 

a sensitive reduction in CO consumption rate by heat loss is important for accurately 

predicting the CO emissions in developing a low-emission gas turbine combustor at low 

loads. 

In Chapter 4, the complicated combustion fields (coexistence of the non-

premixed and premixed flames) generated by a coaxial jet cluster burner for actual gas 

turbine combustors was discussed. This burner can change the combustion form between 

premixed and non-premixed combustion by controlling the mixing process. Therefore, 

the HTC approach was developed to calculate the form in which a non-premixed flame 

coexists with a premixed flame was developed. The HTC approach consists of the FPV 

approach, flame propagation approach, which includes a flame stretch effect, diffusion 
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enhancement effect, and the increasing rate of the flame surface area; and a CO transport 

approach using a transport equation with a flamelet library. In this chapter, the purpose 

was to understand the phenomena that occurs in the combustion fields and to clarify the 

CO formation mechanism in order to develop gas turbine combustors. In this study, the 

HTC approach was validated by comparing the results of the HTC approach with the 

measured gas temperature and gas concentration distributions obtained from a coaxial jet 

cluster burner test rig under atmospheric pressure. Thus, it was clarified that the formation 

factor of CO was the oxidation reaction of fuel in the upstream of the combustion chamber 

and the quenching of the CO oxidation reaction by the temperature reduction caused by 

the effect of cooling air in the downstream of the combustion chamber. 

Therefore, it was found that the formation and consumption rate of CO were 

strongly affected by heat loss, and the increase in CO emissions in the partial loads of the 

gas turbine combustor was caused by the decrease in the CO consumption rate. Since 

various factors reduce the CO consumption rate, it was found to be a "slow chemistry" 

compared to the main reaction product. The calculation method used in this study 

reproduced a “slow chemistry" by considering the effects of heat loss on the chemical 

reaction. 

 

5.2 Suggestions for future research 

We will conduct the research in the following themes to expand the progress of 

this study. 

 

(1) As described in Chapter 4, it is assumed that a complicated combustion configuration 

is formed in an actual gas turbine combustor. In Chapters 2 and 3, we evaluated the 

validity of the NA-FGM approach for premixed combustion for taking into account 

the effect of heat loss in CO emissions. In the future, the optimal combination of 

turbulent combustion models, i.e., non-premixed combustion and premixed 

combustion approaches will be important for numerical simulations of combustion 

fields in actual gas turbine combustors. In Chapter 4, we tried this approach, but the 

effect of heat loss was not considered, and the delay in the CO reaction rate was 

simulated by introducing a transport equation. However, as described in Chapter 2, 



110 
 

because the effect of heat loss from the cooled walls and cooling air near the wall on 

the reaction cannot be ignored, a combination of the NA-FPV and NA-FGM 

approaches, which are the models for non-premixed and premixed combustion, 

respectively, is desirable. Switching parameters are also important for combining 

turbulent combustion models. When the turbulent combustion model is switched 

incorrectly, there is an uncertainty in the prediction accuracy of both emissions and 

the flame position. In Chapter 4, we used an equation based on the difference in the 

gradient between the mixture fraction and the progress variable as a switching 

parameter. Alternatively, the Flame Index, which uses the difference in the 

concentration gradient between fuel and oxidant, could be used. In any case, to predict 

the performance of an actual gas turbine combustor with low calculation cost and high 

accuracy, it is necessary to develop a new method of combining turbulent combustion 

models. 

 

(2) From the viewpoint of CO2 reduction, the conversion of hydrocarbon fuels to carbon-

neutral fuels such as hydrogen (H2) and ammonia (NH3) will be promoted. Fuel 

flexibility is important in numerical combustion simulation technologies. As 

hydrogen is more combustible than liquified natural gas (LNG), the risk of 

"flashback" which is a transient upstream propagation of a flame, must be assessed. 

First, it is necessary to accurately reproduce the flame position in order to predict the 

flashback. Here, a phenomenon peculiar to hydrogen is the “preferential diffusion 

effect”. The turbulent combustion approach can be expanded to the hydrogen fuel 

correspondence by introducing this effect into the NA-FGM approach examined in 

this study. On the other hand, for the ammonia, the risk of extinction must be assessed 

because it is less combustible than LNG. In gas turbine combustors, swirlers are often 

used to improve flame stability. It is considered that the flame stretch effect, which is 

caused by the velocity gradient generated by the swirl component, reduces the flame 

propagation speed. Therefore, by considering the “flame stretch effect”, the turbulent 

combustion approach can be expanded to the ammonia fuel correspondence. Thus, in 

addition to the effects of the heat loss studied in this study, the “preferential diffusion 

effect” and the “flame stretch effect” can be taken into account to cope with various 
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fuels and contribute to the design of gas turbine combustors. 

 


