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ABSTRACT 

The control of nitrogen oxides (NOx) is currently a major issue in designing an effective 

combustion system because NOx has several detrimental effects on the environment and human 

health. Non-premixed combustion, which is used in numerous industrial applications, is suffered 

from a major problem on the control of the NOx emission. Because the chemical reaction 

proceeds at the stoichiometric condition, the flame temperature may exceed 1800 K, at which the 

thermal NOx reaction is activated. Therefore, several combustion techniques have been proposed 

to reduce the NOx emission. Mild (moderate or intense low-oxygen dilution), or called as 

flameless, or high temperature air, combustion has currently attracted a lot of attention because of 

its unique ability to increase the thermal efficiency, and simultaneously achieve ultra-low NOx 

emission. These features make mild combustion an exceptional combustion technique because 

most of other NOx reduction methods reduce the thermal efficiency. The main practical approach 

in this technique is the entrainment of the burnt gases into the combustion reactants. The 

entrained bunt gases dilute the reactants and decrease the flame temperature, because the burnt 

and inert gases, such as CO2, H2O, and N2, increase the heat capacity of combustion mixture, and 

thereby, decrease NOx emission. To achieve an efficient NOx control, in the mild combustion of 

industrial furnaces, an intense dilution of reactants is generally required. In such a case, flame 

instabilities, such as flame extinction or flame blow-out, may often happen because of low 

availability of oxidizer or fuel. Such instabilities are mainly avoided by supplying much enthalpy 

externally, and consequently, the auto-ignition temperature is reached via internal recirculation of 

burnt gases. Among several mild combustion configurations in previous studies, two of them 

seem to be widely used. The first method is characterized by a central jet of fuel, and a number of 

air jets, which are located circumferentially around the central fuel jet, supplying the preheated 

combustion air. In this configuration, the air jets entrain large quantities of the recirculated burnt 

gases, before mixing with the fuel jet. However, the starting procedure of this burner 

configuration has become much complex. To achieve the flameless combustion mode, initially, 

turbulent premixed flames are used through the air-jet nozzles, and then, the furnace is heated up, 

and consequently, it makes the preheated-combustion air to maintain stable turbulent non-

premixed flameless combustion. In the second method, the combustion air is provided by a 

central high-momentum air jet, and that is surrounded by a number of low-momentum fuel jets. 

These weak fuel jets are injected into recirculated burnt gases, and consequently, the fuel is 
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diluted before it mixes with the combustion air. However, in this configuration, overall furnace 

efficiency may go down because fuel jets are not surrounded by air-streams, and hence, un-burnt 

fuel particles may be contained in the exhaust gases. Depending on the position of air and fuel 

injectors, different dilution cases, in which the burnt gases entrain into fuel, air or both streams, 

can be considered. Moreover, in these cases, dilution and preheating processes are coupled 

together, and their values depend on the amount of entrained burnt gases. Therefore, the 

designing of a simple burner configuration, which can achieve a low-NOx combustion system, is 

still increasingly important objective. 

In the meantime, a comprehensive experimental investigation of EINOx characteristics, which 

gives NOx emission in terms of the emission index, of turbulent non-premixed flames in Pyrex-

glass cylindrical furnaces was conducted by Noda et al., and showed that the EINOx significantly 

decreases by the increasing in the inner diameter of the furnace (D), air inlet velocity difference, 

(Ua), and global equivalence ratio, (). The decrease in the EINOx is possibly related to the 

dilution of combustion mixture by burnt gases and flame stretch. The EINOx of confined non-

premixed flame was scaled by the parameter DUFUa, which is proportional to Re,c Da
-1

, and the 

increase in the parameter, DUFUa, leads to linear reduction of EINOx. Here, UF is the fuel 

velocity, Re,c is the furnace Reynolds number, which reflects the turbulence in the furnace, and 

Da is the Damkohler number, which represents the flame stretch through the air velocity 

difference. Moreover, flame photographs show that, in the case of larger cylindrical furnace, 

higher global equivalence ratio, and larger air velocity difference, the flame completely transfers 

to the flameless stage, and these observations provide the evidence that the increase in above 

three factors leads to the low-NOx combustion system. 

In addition to the Pyrex glass wall furnaces, stainless steel cylindrical furnaces were also used to 

evaluate the effect of radiation on NOx emission under the same experimental conditions of 

Pyrex glass furnaces. In this study, it is found that the radiation effect on EINOX is small and 

almost constant with respect to above three parameters.  

In confined jet flames, an inadequate supply of surrounding fluids induces the formation of the 

recirculation structure between the jet and furnace wall. Unlike open flames, confined jet flows 

undergo the entrainment of recirculated fluid at jet boundaries. The recirculation transports high-
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temperature burnt gases upstream, and induces a mixing process that is related to flame 

stabilization and dilution. Consequently, a small cylindrical furnace, which is proposed to place 

in a large industrial furnace room, paves the way to combine the dilution and pre-heating 

phenomena because of the self-recirculation characteristics. Therefore, the enhancement of the 

self-dilution in confined flames should lead to the peak temperature reduction in the furnace, and 

thereby, considerable NOx abatement. 

Hence, this study makes a numerical evaluation to characterize the effect of self-dilution in 

confined flames, in terms of the furnace geometry, the global equivalence ratio, and the air 

velocity difference, on NOx emission properties. In this study, the flow calculation software 

OpenFOAM, which is a high-fidelity open source code, is employed as a finite-volume solver for 

Reynolds-Averaged Navier Stokes (RANS) equations on an unstructured mesh of cylindrical 

coordinate system. The RANS equations include the conservation of mass of species, momentum, 

and sensible enthalpy. Either k- or k- SST (shear stress transport) model was used to model the 

turbulence flux terms in the RANS equations. The turbulent-chemistry interaction was accounted 

with a partially-stirred-reactor (PaSR) turbulent combustion model. This study considers an 

augmented reduced kinetic mechanism for propane-air combustion, which includes 28-species 

and 69-elementary steps, because the dilution of reactants with recirculation fluids slows down 

the chemistry; thereby fast chemistry assumption is no longer valid. However, the use of detailed 

chemistry model has become a burden in terms of computational cost. An in-situ adaptive 

tabulation (ISAT) algorithm library is used to calculate the composition change through the 

chemical reaction, and thereby to reduce the computational burden.  

There have been several studies on NOx formation. In hydrocarbon flames, thermal and prompt 

mechanisms are the main routes for NOx formation. Previous studies showed that when the peak 

temperature is reduced, nitric-oxide production is minimized, and then the prompt mechanism 

becomes the dominant route for the formation of NOx. In addition, a study illustrated that NOx 

reburning chemistry is significant in flames, and the neglect of the prompt and reburning NOx 

chemistries leads to the under-prediction of NOx emission for short-residence time and over-

prediction for long- residence time, respectively. Another study demonstrated that the prompt and 

thermal mechanisms are strongly coupled, and the decoupled mechanisms considerably over-

predict the thermal NO and under-predicts the prompt NO. Therefore, this study employs the 
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detailed NOx formation mechanism, which is extracted from GRI 2.11, with the propane-air 

reduced mechanism. 

In this study, the total flame dilution quantitatively evaluated through the integration of local 

dilution factors along the axial direction. The local dilution factor is defined as the burnt and 

inert gases mass quantity entrained into the flame at each axial cross section with respect to total 

jet zone mass flow rate. The study found that the increase in inner diameter increases the flame 

dilution, and the enhancement of the self-dilution in confined combustion system lead to the peak 

temperature reduction in the flame, and thereby considerable thermal NOx-abatement. The 

EINOx characteristics of confined flames show the liner reduction with the increase in flame 

self-dilution. Moreover, this study found that the increase in dilution ratio as a dominant 

parameter, which controls the characteristics of confined flames, is very important for NOx 

abatement. 

A confined combustion system with the internal self-recirculation can be referred to as an 

unsteady combustion process. In a confined combustion system, two main exemplificative 

asymptotic conditions can be considered. In the first case; air, which issued from the annular 

nozzles, starts to mix with the high-temperature burnt gas, including residual oxygen, which is 

transported upstream in the furnace, and this yields hot diluted oxidant, which mixes and reacts 

with the fuel issued from the central nozzle at the room temperature. In the second case; both the 

fuel and the air can mix with the high-temperature burnt gases, including residual oxygen, 

because of strong turbulence, and this yields hot diluted fuel/oxidant stream. Consequently, in 

confined flame, the internal recirculation should generate the variable composition fuel and air 

streams along the axial direction, and this should lead to the flame structure variation long the 

axial direction. Thus, in this study, the confined flame-structures, in terms of the axial distance, 

in the mixture fraction domain, are examined using a counter diffusion configuration to emphasis 

the effect of self-dilution on NOx abatement. 

Eventually, this study heads to present a low-NOx combustion system in a small cylindrical 

furnace, and to provide a better alternative for the traditional mild combustion systems. 
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CHAPTER 1   

INTRODUCTION 

Turbulent non-premixed flames are encountered in a large number of industrial systems such as 

industrial furnaces, gas turbines, and combustion engines because of two main reasons [1]. First, 

when compared to premixed flames, non-premixed flames are simpler to design and build 

because perfect reactant mixing in specific proportion is not required. Second, these flames are 

also safer as they do not propagate, and thereby do not flash back, or auto-ignite in undesired 

locations. There are current concerns regarding pollutant emissions such as NOx, CO, and 

unburnt hydrocarbons. Hence, the above mentioned advantages become liabilities because the 

combustion of low emissions in non-premixed flames can be controlled to a lesser extent [2]. 

Because the chemical reactions proceed at the stoichiometric condition in the non-premixed 

flames, and thereby the flame temperature may exceed 1800 K, at which the thermal NO 

reactions are activated. NOx has several detrimental effects on the environment and human 

health, such as ground-level ozone formation, acid aerosol and acid rain formation, water quality 

deterioration, toxic chemical formation, and global forming. These harmful effects lead to the 

enforcement of firm legislations and regulations on air quality to develop low-emission 

combustion systems. Consequently, it is increasingly important to design highly-efficient 

combustion systems with minimum pollutant emissions. 

1.1 Motivation for the dissertation 

Several combustion techniques have been proposed to reduce the NOx emission, including 

multistage combustion [3], and mild (moderate and intense low-oxygen-dilution) combustion [4]. 

Among these, mild combustion has currently attracted a great deal of attention because of its 

unique ability to increase thermal efficiency, whereas simultaneously achieving ultra-low NOx 

emission. These features make mild combustion an exceptional combustion technique because 

most other NOx reduction methods reduce the thermal efficiency. The main practical approach in 

this technique is entrainment of the burnt gases into the combustion reactants mixture. The burnt 

gases dilute the reactants and decrease the flame temperature, because the burnt and inert gases, 

such as CO2, H2O, and N2, increase the heat capacity of the combustion mixture, and thereby 
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decrease the NOx emission. In order to achieve an efficient NOx control, in the mild combustion 

of the industrial furnaces, an intense dilution of reactants is generally required. In such a case, 

flame instabilities, such as flame extinction or flame blow-out, may often happen because of the 

low availability of an oxidizer or fuel. Such instabilities are mainly avoided by supplying much 

enthalpy externally, and consequently, the auto-ignition temperature is reached via internal or 

external recirculation of burnt gases. 

When considered the importance on achievement of sufficiently high levels of flame dilution 

using the burnt gas, in order to obtain the desired NOx reduction, the combustion chamber 

geometry is noticeably important. In the last two-decades, multiple studies have been made with 

different geometries and various burner configurations with this goal in mind. Pioneering 

research works were simultaneously carried out in Japan, Germany, Australia, and at the 

International Flame Research Foundation (IFRF), in the Netherland.  

 

 

 

 

 

 

 

 

Fig. 1.1 Schematic structure of heat recirculating furnace operated with high frequency 

alternating flow regenerators [4, 5] 
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The Japanese design [4, 5] was distinct from the other designs such that high temperature air 

combustion (HiTAC), or can be referred to as a mild or flameless combustion, was carried out in 

a high frequency alternating flow type regenerative furnaces using highly preheated air flow, as 

shown in Fig. 1.1. The system consists of two-sets of a ceramic honeycomb regenerator and a 

burner. Since they are operated alternately every minute or so, an extremely high heat exchange 

coefficient is achieved by the effect of unsteady heat transfer in the honeycomb regenerator, in 

which the flow direction of the burnt gas and fresh air alternates against each other. The design 

received much attention for its accomplishment not only in energy saving, but also low NOx 

emission. In the study [5], the characteristics of combustion with highly preheated air were 

extensively studied to understand the change of combustion regime and the reason for the 

compatibility between high performance and low nitric oxide emission. The study found that 

combustion was sustained even in an extremely low concentration of oxygen, if the combustion 

air was preheated higher than the auto-ignition temperature of the fuel, as shown in Fig. 1.2. As 

an application of the principle, nitric oxide emission was reduced by the dilution of combustion 

air with plenty of recirculated burnt gas in the furnace, and dilution makes the oxygen content of 

the oxidizer low, which decreases temperature fluctuations in the flame as well as the mean 

temperature, and hence, achieves low nitric oxide emission. 

 

 

 

 

 

 

Fig. 1.2 Auto-ignition limits and blow-off limits for natural gas in a preheated air or a 

diluted air with CO2 or N2 [5] 
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However, major draw-back of this combustion system is its complexity. The combustion system 

needs large floor area for the installation and operation. 

In the German path [6, 7], flameless combustion system is characterized by a central jet of fuel, 

and a number of air jets, which are located circumferentially around the central fuel jet, supplying 

the preheated combustion air. In this configuration, the air jets entrain large quantities of the 

recirculated burnt gases, before mixing with the fuel jet, as shown in Fig. 1.3. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.3 Principle of a burner and combustion chamber used for flameless oxidation [7] 
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 However, in this combustion system, the furnace is only able to run flameless combustion at 

temperature above 800 
0
C. To heat up the combustion chamber, a starting burner is needed. 

During the process of heating up the furnace, fuel ○1 , as shown in Fig. 1.3, is led into a 

combustion volume within the burner ○2 , and mixed with air ○3 . The mixture is electronically 

ignited, and six burner-stabilized flames are formed to heat up the furnace. Because of furnace 

geometry, the burnt gas stream, in reversed flow, is directed outward of the furnace long the heat 

exchanger fins of the burner ○5 . The burnt gas heats up the air, and accelerates its flow velocity. 

Once the combustion chamber temperature has reached above 800 
0
C, flameless combustion 

mode is possible, and the control valve ○8  switches the fuel flow to the center nozzle ○9 . 

Consequently, the premixed flames, which are used as pilot flames, are extinguished, and 

preheated air, through the burner ○2 , is diluted by the recirculated burnt gas. Then, a mixture of 

fuel, preheated air, and burnt gas is formed, and heated up continuously by recirculating burnt 

gases. The reaction takes place in the downstream of the furnace. At this point, the NOx emission 

suddenly decreased, as shown in Fig. 1.4, owing to the flame dilution.  

 

 

 

 

 

 

 

Fig. 1.4 Starting behavior of a flameless combustion in the furnace [7] 
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Fig. 1.5 Definition of Stability limits of flameless combustion by means of the furnace 

temperature and recirculation rate [7] 

In these studies [6, 7], three combustion regimes (stable flames-A, unstable flames-B, and 

flameless combustion-C) were identified based on the furnace temperature and the relative 

recirculation rate, Kv, which is defined in Eq. (1.1), and the stability limits of the flameless 

combustion for methane and air are reported by means of the furnace temperature and Kv, as 

shown in Fig. 1.5.   

)( fo

r

v
MM

M
K


                                                                                                        (1.1) 

Here, Mr and (Mo+Mf) denote the total mass flux of recirculated burnt gas and the injecting 

reactants (fuel and oxidant), respectively. However, the authors of [6, 7] have pointed that only 

the burnt gas recirculated into the combustion air/fuel stream before the reaction is considered to 

be recirculated burnt gas (Mr). Thus, the recirculation of burnt gas into the flame, which leads the 

flame stability and dilution, is not considered here as recirculated burnt gas. As shown in Fig. 1.5, 

stable flame A is possible over the whole range of combustion chamber temperature with only 

very low recirculation rates. For higher recirculation rates, the flame becomes unstable (the 

 



7 

region B in Fig. 1.5), and then lift off and finally blow-out, if furnace temperature is below the 

self-ignition value. However, if the furnace temperature and burnt gas recirculation rate are 

sufficiently high, a steady and stable form of combustion (the region C) is possible. As can be 

seen from the Fig. 1.5, it would be not possible to achieve the flameless stage with a cold 

combustion chamber. Hence, the combustion chamber must be heated up with flames, and then, 

switched to flameless oxidation regime. 

In addition, these studies [6, 7] have showed a comparison of temperature and OH concentration 

between a highly turbulent premixed flame and the flameless combustion, as shown in Fig. 1.6. 

The upper measurements were taken from the premixed flame, whereas the bottoms belong to the 

flameless combustion mode. The left and right sides represent the temperature and OH radicals, 

respectively, by means of colored bar. It is obvious that there are no steep temperature gradients 

for the flameless combustion. The high temperature areas in the premixed flame front are usually 

the spots, in which large amount of thermal NO are formed. In the flameless combustion, high 

local temperature spots are almost eliminated, and its leads to the low-thermal NO formation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.6 Comparison of simultaneously taken temperature and OH-LIPF images between 

premixed flames under highly turbulent condition and flameless oxidation [7] 
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However, the starting procedure of this burner system has become much complex. As discussed 

above, to achieve the flameless combustion mode, initially, turbulent premixed flames are used 

through the air-jet nozzles, and then, the furnace is heated up, and consequently, it makes the pre-

heated combustion air to maintain stable turbulent non-premixed mild combustion flame.  

In the Australian path [8, 9], the combustion air is provided by a central high-momentum air jet, 

and that is surrounded by a number of low-momentum fuel jets, as shown in Fig. 1.7, and the 

system is called as a parallel jet burner system. In this system, weak fuel jets are injected into 

internal recirculated burnt gases, and consequently, the fuel is heated and diluted before it mixes 

with the combustion air. In this configuration, the flame stability highly depends on the 

momentum ratio of the fuel and air. 

 

 

 

 

 

 

 

 

 

Fig. 1.7 Schematic diagram of mild combustion furnace and parallel jet burner system [8] 
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The study [8] described the performance and stability characteristics of the parallel jet mild 

combustion burner system in a laboratory–scale furnace, in which the reactants and burnt gas 

ports are all mounted on the same wall. Thermal field measurements have been presented for 

cases with and without combustion preheat, in addition to the global temperature and emission 

measurements for a range of equivalence ratio, heat extraction, air preheat, and fuel dilution 

levels. The burner configuration of [8] has proved to operate without the need for external air 

preheating, and achieved the high degree of temperature uniformity. In addition, based on an 

analysis of the temperature distribution and emissions, the CO formation was found to be related 

to the mixing patterns and furnace temperature, rather than reaction quenching by the heat 

exchanger. The critical equivalence ratio, or excess air level, which maintains the low CO 

emission, is reported for different heat exchanger positions such that critical equivalence ratio, 

critical = 0.89, and an optimum operating condition is identified. Results of CO and NOx 

emissions, together with visual observations and simplified two-dimensional analysis of the 

furnace aerodynamics, demonstrate that fuel jet momentum controls the stability of this multiple 

jet system.  

Therefore, in this configuration, overall furnace efficiency may go down at above the critical 

equivalence ratio because of incomplete combustion. The fuel jets, which are not surrounded by 

air-streams, lead to incomplete combustion at higher global equivalence ratios. 

In addition to the major furnace configurations as discussed above, Dally et al. [10] reported a jet 

in hot co-flow (JHC) burner which consists of an insulated and cooled central fuel jet and an 

annulus with a secondary burner, as shown in Fig. 1.8. The secondary burner provides hot 

combustion products, which are mixed with air and nitrogen using two side inlets upstream of 

the annulus exit, to control the oxygen level in the mixture. The cold mixture of air and nitrogen 

also assists in cooling of the secondary burner. The study [10] reported detailed measurement of 

temperature and concentration of major and minor species, which have been conducted on three 

flames of methane and hydrogen mixture, which stabilized on the JHC burner at three different 

oxygen concentrations. The co-flow contained hot products at 1300 K in the immediate vicinity 

of the jet and the burner was mounted in a wind tunnel running air at atmospheric conditions. 

The data have been shown that reducing the oxygen mass fraction from 9% to 3% in the hot 

oxidant stream results in substantial changes to the flame structure. These changes include a peak     
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Fig. 1.8 Cross-Section of Jet in hot co-flow burner [10]  

Temperature drops of up to 400 K, a threefold drop in OH and CO level, and significant NOx 

reduction.  

Moreover, Oldenhof et al. reported [11, 12] on the Delft jet-in-hot co-flow (DJHC) burner which 

is based on Dally et al. [10]. The main difference is that Dally et al. uses addition of N2 to cool 

down the co-flow, whereas the DJHC burner uses cooling of the co-flow through radiative and 

convective heat losses along the burner pipe. In this study [11], by analyzing high-speed 

recordings of luminescence in the visible and near UV-part of the spectrum, the lift-off behavior 

of flames, at which burning in a hot and diluted co-flow, was studied. Analysis of luminous 

image shows that, the physical mechanisms governing the lift-off process in jet-in-hot-co-flow 

flames and conventional lifted flames are very different. This difference is reflected in the trends 

for lift-off height as a function of jet Reynolds number, which are completely dissimilar. Instead 

of flame propagation, ignition kernel generation by auto-ignition followed by convection and 

growth are responsible for flame stabilization. 
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From the Netherlands research group, Weber et al. [13, 14] performed a series of experimental 

studies on the mild combustion of gaseous, liquid, and solid fuels. Their measurements were 

conducted inside a furnace operating with highly preheated air regime (1300 
0
C). Their data for 

natural gas showed that a substantial improvement in net flux of thermal radiation can be 

achieved under the mild combustion. Both mixing pattern and intensity have significant effects 

on the overall performance of the furnace firing with natural gas, specifically, on the thermal 

efficiency part. The combustion process of light oil is very similar to that of natural gas, with 

invisible flames. However, combustion of heavy fuel oil and coal is significantly different, and 

the flames are always visible in their test. Weber et al. [13] pointed out that further research is 

still needed to optimize the burner designs for maximizing the recirculation and mixing inside 

the furnace. Note that their test furnace of square cross section is characterized by a burner with a 

central air nozzle and two small off-axis fuel injectors, and an exhaust outlet opposite to the 

burner inlets. 

Experimental investigations of the MILD combustion, using the burner configuration of Weber et 

al. [13], have been performed by Rottier et al. (a France research group) [15-17].  

 

 

 

 

 

 

 

Fig. 1.9 The optimized burner configuration of [18] 
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Kumar et.al. [18] reported a another new burner configuration with a mild combustion concept, 

as shown in Fig. 1.9. The principal features of configurations are (a) a burner with forward exit 

for burnt gas (b) injection of gaseous fuel and air as multiple, alternative, peripheral high speed 

jets at the bottom of the ambient temperature, thus creating high enough recirculation rates of the 

hot combustion products into fresh incoming reactants, and (c) use of a suitable geometric 

artifice- a frustum of a cone help recirculation. The system, operated at the heat release rates of 2 

to 10 MW/m
3
, shows a 10-15 dB reduction in noise in the mild combustion mode compared to a 

simple open burner, and NOx emission below 10 ppm for a 3 kW burner with 10% excess air. 

The peak temperature shows about 300 K reductions compare to a conventional burner.    

Accordingly, depending on the position of air and fuel injectors, different dilution cases, in which 

the burnt gases entrain into fuel, air or both-streams, can be considered. Moreover in these cases, 

as discussed above, dilution and preheating process are coupled together, and their values depend 

on the amount of entrained burnt gases. Hence, the designing of a simple burner configuration, 

which paves the way to combine a high degree of preheating with a high degree of dilution and 

thereby leads to the low-NOx emission combustion system, is still increasingly important 

objective. 

1.2 Objectives of the dissertation 

However, the self-recirculation of burnt gases naturally takes place in a confined combustion 

system because of the wall confinement. In confined jet flames, an inadequate supply of 

surrounding fluids induces the formation of the recirculation structure between the jet and 

furnace wall. Unlike open flames, confined jet flows undergo the entrainment of recirculated 

fluid at jet boundaries. The recirculation transports high-temperature burnt gases into upstream, 

and induces a mixing process that is related to flame stabilization and dilution [19]. 

Consequently, a small cylindrical furnace, which is proposed to place in a large industrial furnace 

room, paves the way to combine the dilution and pre-heating phenomena because of the self-

recirculation characteristics. In the meantime, a comprehensive experimental investigation of 

EINOx characteristics, which is defined as the ratio of the total grams of NOx produced to 1 kg 

of fuel burnt, of turbulent non-premixed flames in Pyrex-glass cylindrical furnaces was 

conducted by Noda et al.[20], and showed that the EINOx significantly decreases by the 
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increasing the inner diameter of the furnace (D), air inlet velocity difference (Ua), and global 

equivalence ratio ().The EINOx of confined non-premixed flames was scaled by the parameter 

DUFUa, which is proportional to Re,c Da
-1

, and the increase in the parameter, DUFUa, leads to 

the linear reduction of EINOx. Here, the furnace Reynolds number Re,c = DUF/, is based on the 

furnace inner diameter, which reflects the turbulence in the furnace, i.e. the dilution., UF and  

are fuel velocity and kinematic viscosity, respectively. The Damkohler number, Da, related to the 

air velocity difference; the number which is inversely proportional to the stretch rate S = Ua/L, 

where L is the distance between the two air nozzles. Hence, the decrease in the EINOx, in the 

extensive experimental study of Noda et al. [20], is possibly related to the dilution of combustion 

mixture by burnt gases and flame stretch. Accordingly, the study of Noda et al., make an 

impressive starting point to develop a low-NOx combustion system using a small cylindrical 

furnace. 

However, Pyrex glass makes penetration of thermal radiation in the range of wave length 

between 0.3 and 4.0 µm. Thus, in addition to the Pyrex glass wall furnaces, in this study, 

stainless steel cylindrical furnaces are used to evaluate the effect of radiation, which is 

predominant in the Pyrex glass wall furnaces, on NOx emission under the same experimental 

conditions of Pyrex glass furnaces. Consequently, EINOx characteristics are repeatedly evaluated 

on the parameter DUFUa using well-insulated stainless steel furnaces. 

The several physical phenomena in a confined configuration because of combustion, such as 

recirculation, entrainment, and dilution, can be calculated by numerical simulation on the basis of 

mathematical models. Thus, these models should be able to design the optimum combustion 

operation and predict the pollutant emission. The computational evaluation of the pollutant 

emission characteristics leads to the building of a scaling law for predicting the NOx emissions 

in the designing of industrial furnaces. Thus, in this study, confined turbulent non-premixed 

flames are numerically investigated, and the computational predictions of flow and scalar fields 

are extensively compared with experimental measurements.  

Moreover, the enhancement of the self-dilution in confined flames should leads to the reduction 

of peak temperature in the furnace, and thereby, considerable NOx abatement. Hence, this study 
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directs to make a numerical evaluation to characterize the effect of self-dilution in confined 

flames on NOx emission properties. In this study, the total flame dilution quantitatively evaluated, 

and it is needed to evaluate the effect of the increase in dilution ratio, as a dominant parameter, in 

confined flames on NOx abatement. 

A confined combustion system with the internal self-recirculation can be referred to as an 

unsteady combustion process. In a confined combustion system, two main exemplificative 

asymptotic conditions can be considered. In the first case; the air starts to mix with high-

temperature burnt gases, including residual oxygen, which are transported upstream in the 

furnace, and this yields hot diluted oxidant, which mixes and reacts with the fuel issued at room 

temperature. In the second case; both the fuel and the air streams can mix with high-temperature 

burnt gas, including residual oxygen, because of strong turbulence, and this yields hot diluted 

fuel/oxidant stream. Consequently, in confined flames, the internal recirculation should generate 

the variable composition and temperature streams along the axial direction, and this should lead 

to the flame structure variation long the axial direction. Therefore, in this study, the confined 

flame-structures, in terms of axial distance, in the mixture fraction domain, are examined by 

using the counter diffusion configuration. The study desires to verify the self-dilution 

characteristics in confined flames using the flame structures in mixture fraction domain. 

1.3 Outline of the dissertation 

The dissertation is presented in following order. Chapter 1 describes the general motivation and 

objectives in this research. This chapter includes the brief summary on currently existing NOx 

reduction techniques, and primary requirements for a simple low-NOx combustion system. 

Chapter 2 describes the experimental investigation of the effect of radiation on EINOx emission 

in the confined flames.  As a starting point, chapter 3 illustrates the numerical evaluation 

methodology for confined turbulent non-premixed flames.  The numerical simulation leads to the 

characterization of main features of turbulent non-premixed confined flames. In addition, 

numerical codes are verified for the future studies. Chapter 4 discusses the self-dilution 

characteristics of confined flames in terms of the furnace geometry, the global equivalence ratio, 

and the air velocity difference. Moreover, this chapter presents the variation of the EINOx 

characteristics of confined flames in the flame self-dilution characteristics. Chapter 5 is used to 
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authenticate the self-dilution characteristics in confined flames by using the counter diffusion 

configuration. Chapter 6 gives concluding remarks and recommendations for future studies. 
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CHAPTER 2  

EXPERIMENTAL INVESTIGATION OF THE EFFECT OF 

RADIATION ON EINOX IN CONFINED TURBULENT NON-

PREMIXED FLAMES 

2.1 Introduction 

In several practical applications, combustion is performed in a confined configuration with 

gaseous fuel and oxidizer, which are introduced as jets. An important characteristic of confined 

jet flows is the existence of recirculation vortex. Thus, the confined combustion is strongly 

affected by high-temperature burnt gas, which is transported by recirculation. This leads the 

dilution of fuel and oxidizer, and then, dilution leads to the decrease in the maximum flame 

temperature. In addition, the entrainment of burnt gases into the flame leads to high efficiency 

combustion, through the recovery of heat. An investigation of the EINOx characteristics of 

confined flames, by using Pyrex glass wall furnaces, was conducted by Noda et al. [20], and 

showed that the EINOx significantly decreases by increasing the inner diameter of the furnace 

(D), the air inlet velocity difference (Ua), and the global equivalence ratio ().The EINOx of 

confined non-premixed flames was scaled by the parameter DUFUa, which is proportional to 

Re,c Da
-1

, and the increase in the parameter, DUFUa, leads to the linear reduction of EINOx. 

Here, the furnace Reynolds number Re,c = DUF/, is based on the furnace inner diameter, which 

reflects the turbulence in the furnace, i.e. the dilution., UF and  are fuel velocity and kinematic 

viscosity, respectively. The furnace Reynolds number is an analogue to the back ward-step flows, 

of which flow structures are dominated by the step-height and the main flow velocity [21]. The 

Damkohler number, Da, related to the air velocity difference; the number which is inversely 

proportional to the stretch rate S = Ua/L, where L is the distance between the two air nozzles. 

Hence, the decrease in the EINOx, in the extensive experimental study of Noda et al., is possibly 

related to the dilution of combustion mixture by burnt gases and flame stretch. On the other hand, 

Pyrex glass makes penetration of thermal radiation in the range of wave length between 0.3 and 

4.0 µm. This range is a part of the wave length of thermal radiation, but the main part in terms of 

the emissive power. Thus, the experimental study of Noda et al [20] was carried out in another 
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time, using the insulated stainless steel cylindrical furnaces, to evaluate the effect of radiation on 

EINOx characteristics in confined flames. Then, the radiation effect is deeply discussed by 

comparison of the flame characteristics in both furnaces. 

2.2 Experimental apparatus 

The experimental apparatus is basically the same as that reported by Noda et al [20], as shown in 

Fig. 2.1. Furnaces consist of cylindrical combustion chambers, either Pyrex glass or stainless 

steel, which are installed vertically, and a burner is installed at the center of the bottom of the 

combustion chamber. The stainless steel cylinders were completely covered by insulators. In 

addition, the stainless steel walls were used to measure laser Doppler velocity. Each of them has 

a pair of quartz windows of 600 × 55 mm
2
, which has thickness of 2 mm, on the front and back 

sides. The cylindrical furnaces, having the inner diameter (i.d) of 95, 143, and 182 mm, were 

used to investigate the effect of the furnace geometry, and each furnace is 840 mm in height. The 

fuel nozzle is constructed of a stainless pipe of 2 mm i.d with a rim thickness of 0.205 mm and a 

pilot nozzle of 3.19 mm i.d with a rim thickness of 0.28 mm. The fuel nozzle projects 27 mm 

into the furnace and two air nozzles surround the fuel nozzle at the bottom of the furnace.  

 

 

 

 

 

 

 

Fig. 2.1 Schematic of experimental apparatus (left) and burner configuration (right) [20] 

(dimensions in mm) 
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The inner and outer nozzles are of higher and lower air velocity, respectively. The higher-

velocity nozzle is of 12 mm i.d with a rim thickness of 1 mm, and the lower-velocity nozzle is of 

30 mm i.d with a rim thickness of 1 mm. The furnace exit is contrasted to 38 mm in diameter to 

facilitate the uniform flow and scalar fields. The coordinates z and r used, henceforth, are of the 

axial and radial directions, respectively. 

2.3 Experimental conditions 

Propane was used as the main-fuel, whereas hydrogen was used as the pilot-fuel. The volumetric 

ratio of the hydrogen flow rate to the total-fuel flow rate was fixed at 0.3; nonetheless the ratio of 

the heat-release of hydrogen flow rate to total-heat-release rate is approximately 4.8%. The air-

velocity difference, Ua, which is based on the difference between high and low air velocities, is 

interpreted as the turbulent intensity at the flame boundary. The total airflow rate was fixed to 

0.002 m
3
/s, and thus, the increase in the fuel velocity, UF, increases the global equivalence ratio,. 

The experimental conditions are summarized in Tables 2.1 and 2.2. 

Table 2.1 Experimental conditions for fuel 

Global equivalence ratio  0.4 0.6 0.8 0.9

Propane U C3H8 [m/s] 10.4 15.5 20.7 23.3

Pilot flame (H2) U H2 [m/s] 4 6 8 9.1

Reynolds number Re 4500 6800 9100 10200  

Table 2.2 Experimental conditions for air flows 

Total air flow rate Q a [l/min] 120

Velocity difference U a [m/s] 2 4 6 8 10 12 14 16

High air velocity U H [m/s] 4.7 6.4 8.1 9.8 11.5 13.2 14.9 16.6

Low air velocity U L [m/s] 2.7 2.4 2.1 1.8 1.5 1.2 0.9 0.6  

2.4  Measurement methods  

2.4.1  Laser Doppler velocimetry 

Velocity measurements were implemented using a laser Doppler velocimetry (LDV) system (TSI, 

IFA 755) with the equipment error of 0.1%. Magnesium oxide powder of 1 µm in mean diameter 

was used as the particle tracker. The fluctuation of gas density refracts the laser beams to shift the 
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measurement point and change the measurement data. Based on Yanagi [22], in the evaluation, 

the velocity measurement errors were less than 2%. 

2.4.2 Thermocouples 

The temperature was measured by a Pt/Pt-13%Rh thermocouple of 0.1 mm coated with Y2O3-

BeO in order to avoid catalysis. The thermocouple support, except for the measuring part, was 

cooled by water to protect against heat damage. Radial distributions of temperature were 

measured at the locations of z = 50, 150, 250, 350, 450, and 550 mm from the fuel nozzle exit. 

2.4.3 Gas analyzer 

Concentration measurements were performed using a NOx-O2 gas analyzer (SHIMAZU, NOA-

7000) for NOx (NO and NO2), and an infrared gas analyzer (SHIMAZU, CGT-7000) for CO, 

CH4, and O2. Moreover, a preprocessing unit, referred to as a gas sampling unit (SHIMAZU, 

CFP-8000), was used to remove particles such as water and soot. A sampling probe of 2 mm i.d 

was cooled by water in order to freeze the reaction and withstand the high temperatures. The 

sampling line between the probe and the analyzer however was heated to over 100
0
C in order to 

avoid condensation of H2O. NOx data is discussed only for the flame condition, in which the CO 

concentration is lower than 300 ppm. 

2.4.4  Digital camera 

Flame photographs were taken with a digital camera (OLYMPUS, C-5050ZOOM) with an 

exposure of 1/5s and F2.3. 

2.5 Results and discussion 

Initially, in order to facilitate the discussion of the effect of radiation on EINOx characteristics in 

confined flames and of numerical investigation of the effect of self-dilution characteristics in 

confined flames on NOx abatement in next the chapters, the confined flame characteristics, using 

the experimental measurements [23], are briefly reported here from Section 2.5.1 to Section 2.5.3. 
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2.5.1 Flame appearance 

Figure 2.2 shows flames in Pyrex wall furnaces with respect to the furnace inner diameter, D, and 

the global equivalence ratio,, for the air velocity difference, Ua of 8 m/s. An increase in D 

leads to the contraction of the luminous flame region and the expansion of the blue flame region. 

This tendency is enhanced by the increase in Ua, as shown in Fig. 2.3, which shows flames in 

Pyrex wall furnaces with respect to the D and Ua, for  = 0.8. In the case of D = 182 mm and  

= 0.8, the flame completely enters the flameless stage at Ua = 12 m/s and 14 m/s. Moreover, the 

increase in the Ua decreases the flame length, with a linear decrease in the luminous region and 

a linear increase in the blue flame region. In addition, in Fig. 2.2, in the case of D = 95 mm, the 

flame volume has been linearly increased by the increase in . However, in D = 182 mm, the 

increase in the flame volume is not linear with respect to the increase in , and the increase rate is 

decreased. Thus, the flame appearance with respect to D, , and Ua should be related to the 

entrainment of burnt gases at the flame boundaries and flame stretch. 

 

 

 

 

 

 

 

 

Fig. 2.2 Flame photographs for Ua = 8 m/s 
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Fig. 2.3 Flame photographs for  = 0.8 

 

2.5.2 The effect of inner diameter on temperature  

The changes in the temperature with respect to the inner diameter of the furnace, D, for the case 

of  = 0.8 and Ua = 14 m/s in Pyrex glass wall furnaces are shown in Fig. 2.4. The temperature 

radial distributions at z = 50 mm show the maximum values in the flame region, which is 

identified by the blue flame in Fig. 2.3. The temperature decreases outside the high temperature 

region because of the cooling caused by the airflow. However, the temperature again increases 

outside the airflow. This is possibly caused by the transportation of the burnt gases towards the 

upstream region by recirculation vortex. The increase in D decreases the temperature in the flame 

region. This is caused by the dilution through the strengthened burnt gases self-recirculation 

(BGR), resulting from the enlarged vortices. On the other hand, the maximum temperatures near 

r = 20 mm do not change monotonically with D. This is attributed to the vortex strength and the 

temperature of burnt gases. In the case of D = 95 mm, the strength of the vortex is weaker, and 

thus the temperature characteristics should be dominated by the cooling, which is caused by the 
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cold air flow. The increase in D enhances the effects of BGR and increases the ambient 

temperature in the case of D = 143 mm. However, the BGR also decreases the flame temperature, 

and consequently, the temperature of burnt gases. This causes a decrease in the ambient 

maximum temperature at near r = 20 mm in the case of D = 182 mm. The temperature profiles at 

z = 150 mm and 250 mm may reflect the above flame appearances with respect to the luminosity 

and flame size. The temperature distributions tend toward uniform with D.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4 Radial distributions of mean temperature in terms of inner diameter, D, for  = 0.8 

and Ua = 14 m/s, in Pyrex glass wall furnaces. 
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2.5.3 The effect of inner diameter on surrounding oxygen concentration 

Figure 2.5 shows the radial distribution of oxygen concentration for the case of D = 95 mm and 

182 mm, for  = 0.8 and Ua = 14 m/s, in Pyrex glass wall furnaces. The distributions of O2 

concentration at z = 50 mm show a saddle-shape, which is attributed to the air supplies. The 

increase in D decreases the concentration in the flame and the ambient regions because of the 

dilution. Note that the concentration near the wall from z = 50 mm to 250 mm is maintained 

approximately 5 vol% for the case of D = 182 mm. This value is more approximate to the 

theoretical burnt gas volume composition for  = 0.8, such that CO2 :9.7%, H2O:12.6%, 

N2:74.1%, and O2:3.6%. This is an evidence of the occurrence of strong BGR in large cylindrical 

furnaces. 

 

 

 

 

 

 

 

 

 

Fig. 2.5 Radial distributions of oxygen concentration in terms of inner diameter, D, for  = 

0.8 and Ua = 14 m/s, in Pyrex glass wall furnaces 
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2.5.4 The effect of radiation on EINOx characteristics 

 

(a) D = 95 mm     (b) D = 182 mm 

Fig. 2.6 Radiation effect on EINOx 

 

(a) D = 95 mm    (b) D = 182 mm 

Fig. 2.7 Axial mean temperature distributions for Ua = 8 m/s. 

Figure 2.6 shows emission indices of NOx (EINOx) in terms of the inner diameter, D, and the 

global equivalence ratio, for the cases of Pyrex glass wall and stainless steel wall, respectively. 

Figure 2.7 shows axial mean temperature distributions in Pyrex glass and stainless steel wall 

furnaces, in terms of D and , for Ua = 8 m/s, respectively. The EINOx difference for both 
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furnaces is attributed to the radiation with the consideration of the penetration wave length of 

Pyrex glass, as mentioned in Section 2.1. The characteristics of EINOx may be related to the 

flame appearances in Section 2.5.1, i.e. the EINOx is roughly proportional to the luminosity. The 

increase in D, Ua, and  decreases EINOx with exceptions of Ua and  for D = 95 mm. The 

increase in D should enlarge the recirculation vortices, and thereby, enhances the entrainment of 

burnt gases, and hence dilution. The increase in Ua for the lower range, in the case of D = 95 

mm, increases the EINOx as a result of the enhancement of the reaction through the mixing of 

fuel and oxidizer. However, the larger Ua decreases the EINOx, and this is caused by the flame 

cooling associated with flame stretch and the dilution through the more enhancement of mixing. 

The increase in  increases the furnace Reynolds number, Re,c = DUF/, under the present 

conditions, reflecting the turbulent intensity in the furnace as mentioned above. Thus, the 

increase also works for the enhancement of dilution through the recirculation of the burnt gases 

of lower oxygen concentration. Moreover, the increase in  for D = 182 mm increases the flame 

volume non-linearly, and the increase rate is depressed with  , as shown in Fig. 2.2. This leads 

to the decrease in EINOx, which is defined as the total grams of NOx produced per 1kg of fuel 

burnt. Then, the above exception is elucidated with the temperature distributions in Fig. 2.7 (a). 

In the case of D = 95 mm, sizes of recirculation vortices are smaller, and thereby, the dilution 

effect is weaker. The volume of the flame and total heat amount become larger with , and the 

maximum temperature becomes higher, as shown in Fig. 2.7 (a). This leads to the increase in 

EINOx. This tendency is stronger for the adiabatic case of steel wall. Thus, the radiation effect on 

the EINOx becomes stronger. The EINOx difference between the Pyrex and steel walls changes 

from approximately 0.15 g/ (kg fuel) for  = 0.4 to 0.5 for  = 0.6 in the case of D = 95 mm and 

Ua = 8 m/s. However, in the case of D = 182 mm and Ua = 8 m/s, the EINOx difference 

changes from approximately 0.15 g/ (kg fuel) for  = 0.4 to 0.3 for  = 0.6 and 0.8. The 

negligible differences between the D = 95 and 182 mm for  = 0.4 is caused by smaller volumes 

of the flames. The decrease in the EINOx differences for the larger  of 0.6 and 0.8 in the case of 

D = 182 mm is also caused by the reduction of the flame volume due to the dilution as shown in 

Fig. 2.2. This volume reduction weakens the radiation effect. The dilution effect enhanced in D = 

182 mm depresses maximum temperature. The increase in  for D = 182 mm does not lead to an 

increase in maximum temperature through the entrainment of burnt gases with lower oxygen 
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concentration. Thereby, the radiation effect is decreased for larger  in the case of D = 182 mm. 

Figure 2.8 shows the radiation effect on EINOx with respect to the parameter DUFUa, and the 

EINOx decreases linearly with the parameter, and the radiation effect is approximately constant 

except for small values of the parameter (as shown in a circle). Considering the reaction rate of 

NOx, as an exponential function of temperature, these results reflect small temperature changes 

in the furnace can reduce the NOx emission, even though flames are exposed to radiation. 

 

Fig. 2.8 Radiation effect on EINOx with respect to DUFUa 

2.6 Conclusions 

In this study, the radiation effect on the NOx emission was investigated through the comparison 

of NOx characteristics between Pyrex glass and stainless steel wall furnaces. The radiation effect 

under the present conditions is small, and the EINOx difference is almost constant with respect to 

the parameter of DUFUa.  
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CHAPTER 3  

NUMERICAL SIMULATION OF CONFINED TURBULENT 

NON-PREMIXED FLAMES USING A PARTIALLY-STIRRED 

REACTOR COMBUSTION MODEL 

3.1 Turbulent non-premixed jet flames 

In non-premixed combustion, fuel and oxidizer enter separately into the combustion chamber, in 

which, they mix and burn during continuous inter-diffusion process. Fuel is supplied by jets of 

gaseous fuel, which entrain enough air from coaxial air jets so that all the fuel is burned within a 

certain distance from the nozzle, and that distance is called flame length [24]. There is no 

propagation in non-premixed flames, and it is located where the fuel and the oxidizer meet. This 

property is useful for safety purpose; nonetheless it also has consequences on the chemistry-

turbulence interaction. Without propagation speed, non-premixed flames are unable to impose its 

own dynamics on the flow field, and are more sensitive to turbulence. Non-premixed combustion 

is sometimes called diffusive combustion or combustion in diffusion because diffusion is the rate 

controlling process. The time needs for convection and diffusion, and both being responsible for 

turbulent mixing. Turbulent mixing is typically much larger than the time needed for combustion 

reactions. Turbulent combustion results from the two-way interaction of chemistry and 

turbulence. When a flame interacts with a turbulent flow, turbulence is modified by combustion 

because of the strong flow accelerations through the flame front induced by heat release and 

because of the large changes in kinematic viscosity associated with temperature changes. On the 

other hands, turbulence alters the flame structure, which may enhance the chemical reaction but 

also, in extreme cases, completely inhabit it, and then, leads to the flame extinction. 

3.2 Computational approaches to confined turbulent non-premixed combustion 

The description of turbulent combustion process using computational fluid dynamics (CFD) may 

be achieved using three levels of computations [1]: 

 Reynolds-Averaged Navier Stokes (RANS) computation technique was developed to solve 

for mean values of all quantities. The balance equations of Reynolds or Favre averaged 
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quantities are obtained by averaging the instantaneous balance equations. The average 

equations require closure rules. A turbulence model is needed to deal with the flow dynamics, 

whereas a combustion model is used to describe the chemistry-turbulence interaction. 

Solutions of these equations provide average quantities over time for stationary mean flows. 

 In large eddy simulations, (LES), the large eddies in turbulence are explicitly calculated, 

whereas the effects of smaller eddies are modeled using sub-grid closure rules.  The balance 

equations for LES are obtained by filtering the instantaneous balance equations. LES 

determines the instantaneous position of a large scale resolved flame front; nonetheless a 

sub-grid model is still required to take into account the effects of small turbulent scales on 

combustion. 

 In direct numerical simulations (DNS), the full instantaneous Navier Stokes equations are 

solved without any model for turbulent motions. All turbulence scales are explicitly 

determined, and their effects on combustion are captured. DNS would predict all time 

variations of required quantities.  

In terms of computational cost, DNS is the most demanding method, and is limited to fairly low 

Reynolds numbers and simplified geometries. LES works with moderately coarse grids and may 

be used to deal with higher Reynolds numbers; however it requires sub-grid scale methods. The 

computational quantity and the results accuracy are directly linked to these physical sub-grid 

models. In current engineering practices, RANS is extensively used because it is less demanding, 

in terms of computational resources, nonetheless its validity is limited by the accuracy of closure 

models, which describe the turbulence-combustion interaction. By considering, the accuracy of 

turbulent and chemical reaction models and computational limitations, in this study, RANS 

method is used. 

3.3 Governing Equations 

The governing equations, which describe the fluid-flow, can be derived from the principles of 

conservation of mass, momentum and energy [1, 25]. 



29 

General conservation equation for a scalar can be written as; 

       
SourceDiffusionConvection

Unsteady

SD
t

 







.. U  (3.1) 

where  is the density, U is the velocity vector, D is the diffusion coefficient, and   denotes all 

conserved scalars. 

3.3.1 Species conservation 

The species mass balance equation in terms of the species mass fraction iY is given by; 
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where i is the net formation rate of species i (i = 1,…..,N) per unit volume. The mass diffusion 

coefficient, D, is defined as; 

Sc
D




  (3.3) 

where   is the dynamic viscosity and Sc is Schmidt number. Schmidt number is a 

dimensionless number, which describes the relationship between viscosity and mass diffusivity. 

3.3.2 Momentum conservation  

The momentum conservation is expressed by the equation; 
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where p is the fluid pressure, and the viscous stress tensor s  for a Newtonian fluid is given by; 
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where superscript T denotes for a matrix transpose ,and I is an identity matrix. 

3.3.3 Energy conservation 

Specific enthalpy, hs, equation is derived based on the first law of thermodynamics. 
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where h is the chemical source term of the sensible enthalpy. The thermal diffusion 

coefficient, , is defined as; 

Pr


     (3.7)      (3.7) 

where Pr is Prandtl number, and it is a dimensionless number, which describes the relationship 

between viscosity and thermal diffusivity. Moreover, 
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where; 

  dTch

T

refT

pisi                                                                                                                        (3.9) 

T is the absolute temperature. 

3.3.4 State equation 

The state relations are assumed to be those of an ideal gas mixture. 

 
i

ii WYTRp 0   (3.10) 

where 
oR is the universal gas constant and 

iW is the molecular weight of species i  
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3.3.5 Averaging the governing equations 

The equations, which are descried so far, constitute closed set equations, and, in principle, they 

could be solved numerically with appropriate initial and boundary conditions. This method is 

known as direct numerical simulation; however, this method is computationally prohibitive for 

high Reynolds numbers and complex geometries. The traditional approach for treating high 

Reynolds number turbulent flows has been to average the conservation equations. Different types 

of averaging can be applied, however they all share a common feature; the closed set of 

instantaneous equations is transformed by averaging into an ‘open’ set of equations [25]. Two 

common types of averaging are the Reynolds (un-weighted) and Favre (density-weighted) 

approach, which are defined as follows; 

Reynolds averaging 
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Favre averaging 
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where    txA i , is the thi realization. A standard practice is to decompose the instantaneous 

equations into mean and fluctuating parts, and then average them. With density-weighted 

averaging the velocity and scalars (but not the density and pressure) are decomposed according to  

uuu  ~  (3.13) 

 
~

 (3.14) 

With the definition of Favre averaging, it can be easily shown that 

0 u  (3.15) 



32 

For Reynolds averaging, 

uuu   (3.16) 

   (3.17) 

where 0 u  (3.18) 

The reason for employing Favre averaging is that the resulting conservation equations do not 

include terms involving correlations of density fluctuations. Consequently, the resulting 

equations are easier to interpret, and hence, do not required model than their Reynolds averaged 

counterparts. Moreover, Favre averaging leads to equations, which describe the mean of 

conserved quantities. The resulting momentum equation is in terms of uu ~  rather than u , 

which is obtained from Reynolds averaging and is not conserved. Thus, 

uuuu   ~ and u can be very difficult to calculate accurately [25]. By applying the 

Favre averaging into the conservation Eq. of (3.2), (3.4), and (3.6), it yields; 
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Momentum conservation 
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Energy conservation  
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An unknown terms, which are appeared in Eq.(3.19) to (3.21) are the mean species formation 

rate 
i  owing to the chemical reaction, species turbulent mass flux, Y U , Reynolds stress U U , 

turbulent energy flux 
sh U  and mean chemical energy formation rate 

h . 

3.3.6  Modeling of turbulent flux terms 

The simplest turbulence closures are based on the eddy viscosity approach. The Reynolds stress 

in the momentum Eq. (3.20), and the turbulent mass and energy fluxes in the species (3.19) and 

energy (3.21) equations are assumed to be linearly related to the mean rate of strain rate via eddy 

viscosity [1]. 
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Eddy viscosity is given by; 


  ~

~ 2k
CT    (3.25) 

where C is the constant with the standard value of 0.09, and the values of k and  are obtained 

from the solutions of the modeled transport equations of the turbulent kinetic energy k and its 

dissipation rate , respectively. 

3.3.7 The k -  turbulence model 

The Favre average turbulent kinetic energy k
~

and its dissipation rate ~ are defined as follows [1, 

25]. 

UU 
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k  (3.26) 
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The values of k
~

and ~  are obtained from the solutions of the modeled transport equations as 

shown in Eq. (3.28) and (3.29), respectively. 
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In Eq. of (3.28) and (3.29), the two terms, on the left hand side, represent the local rate of 

temporal change and convection, respectively. The first term, on the right hand side, represents 

the turbulent diffusion, and the second one composed of turbulent production and the turbulent 

dissipation. 

The model constants are assigned standard values as; 3.1Pr,0.1Pr,92.1,44.1 21     kcc  

The dissipation  plays a fundamental role in turbulent theory. The eddy cascade hypothesis 

states that it is equal to the energy transfer rate from the large eddies to the smaller eddies, and 

thus, it is invariant within the inertial sub-range of turbulence. 

3.4  Turbulent combustion models 

The production rate of species i , ( i ),  scmg/ 3
, in Eq. (3.2), is evaluated based on the 

Arrhenius law as shown in Eq. (3.30) and (3.31) [1].  

 



































  

 





ns

n

ns

n n

n

bl

n

n

fl

nrk

l

ililii

nlnl

W
k

W
kW

1 11




  (3.30) 

)/exp( 0TREATkl    (3.31)  



35 

where il  is the stoichiometric coefficient of reactant i in reaction l , and il  is the stoichiometric 

coefficient of product i  in reaction l , flk and blk are the forward and backward reaction rate 

coefficients of reaction l ,respectively. As shown in the equation 3.31, the reaction rate coefficient 

is typically exponential function of temperature,T , pre-exponential constant, A, activation energy, 

E, and universal gas constant, R0. Moreover, n is the product of mixture density, and the mass 

fraction of species n ; i.e.  nn Y  .  In addition, nW is the molecular weight of species .n  

In turbulent reactive flows, temperature and species compositions are random functions of space 

and time as shown in Fig. 3.1. Because of the non-linear dependence of the production rate, on 

temperature and compositions, the time average of the Reynolds decomposition of the species 

production rates yields a large number of terms, of which, most are unknown higher order 

correlations, as illustrated in the following section.  

Let us consider a single step, irreversible, and elementary reaction. 

CBA   (3.32) 

 

 

 

 

 

 

 

Fig. 3.1 A Schematic on fluctuations of the turbulent chemical reaction rate  
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Instantaneous production rate of C  scmg/ 3  can be written, according to Eq. (3.30) and (3.31), 

as follows.  

 BAcBAc YY
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Then, the mean reaction rate is given by; 
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  (3.34) 

In Eq. (3.34), higher order terms do not converge, and it is very difficult to model all unknown 

correlations. Hence, the chemical source terms are averaged by integrating the product of the 

species production rates with the joint probability density function (joint PDF) of temperature 

and composition at the each spatial location, as shown in Eq. (3.35). 

   
NSNSNSii YdYdYdTdYYYTPYYYT ˆ,.....,ˆˆˆˆ,....,ˆ,ˆ,ˆˆ,....,ˆ,ˆ,ˆ

212121    (3.35) 

where i is the mean reaction rate, i is instantaneous reaction rate, P is the joint PDF of 

temperature and species compositions. 

The integration, in the above expression (3.35), is taken over all realizable values of temperature 

and compositions, and the independent variables of the joint PDF represent the sample space of 

the random variables T  and iY . If the PDF of temperature and compositions are known, then the 

average of the chemical source terms can be evaluated exactly. 

The PDF method was suggested by Pope [26] in 1985.The aim of the method is to calculate the 

properties of turbulent reactive flow fields. At each point in the flow field, a complete statistical 

description of the state of the fluid is provided by the velocity-composition joint PDF. This is the 

joint PDF of the three components of velocity and of the composition variables (species mass 

fractions and enthalpy). This method is to solve a modeled transport equation for the velocity-
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composition joint PDF. For a variable-density flow, with arbitrarily complex and nonlinear 

reactions, it is remarkable that in this equation the effects of convection, reaction, body forces 

and the mean pressure gradient appear exactly, and thus, do not have to be modeled. Even though 

the joint PDF is a function of many independent variables, its transport equation can be solved by 

a Monte Carlo method [27] for the inhomogeneous flows of practical interest. Even though PDF 

approach is more elaborate and consequently, this method is computationally more expensive.  

As an alternative to the highly computational expensive PDF method, Girimaji [28] has 

suggested the assumed PDF approach, in which the form of PDF is assumed and completely 

defined according to the information of only the first and second moments. In the assumed PDF 

approach, it is for simplicity assumed that statistical independence between temperature and 

composition [28]. 

         
NSNSYNSYiTTii YdYdYdTdYYYPYYYTPT ˆ.....ˆˆˆˆˆ,....ˆ,ˆ~ˆ,....ˆ,ˆˆ~ˆ

212121,,      (3.36) 

The temperature PDF,  TPT
ˆ~

, and composition PDF ,  
NSY YYYP ˆ..,.........ˆ,ˆ~

21
, are approximated by an 

uni-variate beta function and a multivariate beta function, respectively [29, 30]. However, as a 

number of species increases, this technique leads to the ambiguity in the interaction between 

turbulence and reactions, especially in terms of minor species, because it needs to construct 

several marginal PDFs to evaluate of each chemical source term.  

A sophisticated idea regarding turbulent combustion modeling was presented by Golovitchev et 

al. [31], called as a partially-stirred-reactor (PaSR) model. Under highly turbulent intensity, 

turbulence primarily influences combustion, and the influence of finite-rate chemistry is never 

negligible. The formation of archipelagos of unburnt gas pockets behind the flame front is 

regarded as the main consequence of this model. Therefore, PaSR has been generalized to 

account the effect of the mixture imperfection. This model is similar to the turbulent-dissipation 

approach, but this model can account for detailed finite-rate chemistry.  

The PaSR model expresses the concept that the combustion in the reactor is a sequential process, 

in which the chemical reaction (process I) is followed by the mixing (process II) as shown in Fig. 

3.2, and that, in any process, the rates of individual processes and the overall process must be  
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Fig. 3.2 Process diagram of the PaSR 

equal. The model distinguishes between the concentration in the reactor exit, c1, concentration in 

the reaction zone, c, and concentration in the feed, c0, as shown in Fig.3.2. The rates of the 

processes I and II in the reactor are assumed to be linear: 

       (3.37) 

where  is the progression of time, c is the chemical-reaction time, and mix is the micro-mixing 

time. After some algebraic manipulations:  

   (3.38) 

Equation (3.38) shows that the turbulent-combustion time is the summation of mixing and 

reaction times. The model is generalized by the substituting the Arrhenius reaction rate, fr(c), (as 

shown in Eq. (3.30)) in to Eq. (3.37). 
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A combination of the second and fourth parts of Eq. (3.39) leads to the definition of the reactor 

volume ratio, K,
* 

      *
0

*
1 1 KccKc           (3.40)

 

where 

            (3.41) 

Finally, after algebraic manipulations, the turbulent combustion reaction rate can be expressed in 

terms of the reactor exit parameters. 

           (3.42) 

Micro-mixing time can be calculated using Eq. (3.43) 

           (3.43) 

In this study, Cmix is a tuning constant and it is set to 0.005. 

3.5 Chemical kinetics models and in-situ adaptive tabulation 

The global chemistry kinetics of hydrocarbon fuels, which was developed by Westbrook et al. 

[32], consists of single-step or two-step Arrhenius kinetics for the fuel oxidation. The kinetics is 

optimized to reproduce the main features of laminar premixed flames by tuning activation energy, 

pre-exponential factor, and reaction orders of the fuel and oxidizer. However, when used in non-

premixed combustion, this kinetics yields reaction rates beyond the flammability range. 

Therefore, the amount of heat released per mole of fuel is overestimated especially on the fuel-

rich side [33]. In this study, the flammability range is not considered with the PaSR combustion 

model, and thus, it would result in overprediction of temperature. Hence, this study considers a 

detailed kinetic model for the propane-air oxidation. Djavdan et al. [34] proposed and validated 

an augmented-starting mechanism for propane-air combustion, which includes 28-species and 

69-elementary reaction steps. This mechanism, which improved the reduced propane-air 
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mechanism proposed by Paczko et al. [35], was compared with the detailed propane-air chemical 

kinetic model of Warnatz, which involves 32 species and 123 reaction steps [34]. The 69-

step/28-species kinetics showed a good agreement with the Warnatz mechanism with a fair 

degree of precision [34], and was also computationally less expensive. Thus, in this study, the 

Djavdan propane-air mechanism was selected to use in PaSR model. The Djavdan and Warnatz 

kinetics model are shown in Appendix A and Appendix B, respectively. 

The use of the detailed chemistry model has become a fundamental prerequisite for the PaSR 

concept. Chemical-characteristic time is much smaller than flow-characteristic time. Therefore, 

splitting the operator approach is appropriate, in which variations at the molecular level resulting 

from the CFD time-step, reaction and molecular mixing, are evaluated separately from the 

contributions of convection and diffusion. The in-situ Adaptive Tabulation (ISAT) algorithm, 

which was developed by Pope [36], is a storage/retrieval technique that is used calculated the 

composition change owing to the chemical reaction. The accuracy of the ISAT algorithm 

depends on a specified ISAT- absolute-error tolerance (1 ×10
-6

), which controls the error 

occurred during retrieval from the ISAT table. Based on Pope, Contino et al. [37] developed a 

library called as the tabulation of dynamic adaptive chemistry for OpenFOAM. This study uses 

this library to reduce the impact of the detailed propane oxidation on the computational cost. 

3.6 NOx Modeling 

Several studies on NOx formation have been reported in the literature [38-42].There are several 

possible means of producing nitric oxide in diffusion flames; for all of the mechanisms, the 

relevant reaction rates are slow with respect to the overall rate of combustion for the primary fuel. 

Thus, in calculating emissions in combustion, it is necessary to take into account the finite rates 

of the associated reactions. Moreover, the NO production is strongly influenced by the flame 

temperature and radical concentrations; hence, these must be modeled carefully. In this study, 

four routes to NO formation are considered. These are the thermal mechanism (thermal-NO), the 

prompt mechanism (prompt-NO), the nitrous-oxide (N2O) mechanism, and NO production 

through the oxidation of NNH, as shown in Table 3.1. If NO concentrations are significant 

enough, reburn reactions, which lead from NO back to N2, can become important, and these are 

also considered in this study (NO-reburning). The NOx  kinetics [39] is shown in Appendix C.  
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Table 3.1 NOx mechanisms from GRI 2.11 [39] 

 

 

 

 

 

 

 

 

 

The thermal mechanisms are long recognized as a source for nitric oxide in flames, and it was 

calculated through the Zel’dovich mechanisms (R178-R180), as shown in Table 3.1, where R 

denotes the reaction number of GRI 2.11[39]. The reaction R178, with the large activation 

energy, is the rate-controlling step, and the very strong temperature dependence, associated with 

its high activation energy, implies that accurate knowledge of the peak temperature is crucial in 

obtaining correct predictions for emissions. Since the rate of this step also proportional to O-

atom concentration, accurate results for the radical-O, in the flame, are also needed.  

The reactions, between N2 and hydrocarbon radicals, lead to what is commonly referred to as 

prompt NO; this mechanism is also known as the Fenimore mechanism. The prompt NO 

formation is started through the reactions R240-R243 to form HCN, which is then subsequently 

oxidized to NO, as pointed out by Ju et al. [41] and Cho et al.
 
[42]. Cho et al. [42] have made the 

NOx mechanisms reaction-path diagram for better understanding of the prompt NO formation, as 

shown in Fig.3.3. 
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Fig. 3.3 NOx reaction paths for a case of  = 0.9 [42] 

According to Fig. 3.3, the main routes of the formation of prompt NOx are HCN 

HOCNHNCONH2  NH HNO NO and HCN  NCO  NHHNONO. 

In the N2O mechanism, N2 is converted to N2O, and then NO through the reactions R181-R185, 

R199, and R228. At the lower temperature and oxygen-rich conditions, the N2O route is more 

important. Hence, as  is increased, the oxygen concentration decreases, and thus, the N2O 

emission decreases. 

The NO production by the oxidation of NNH radicals was proposed by Bozzelli and Dean [43]. 

They found that significant amounts of NO can be produced in combustion from N2 via NNH, 

and then NNH radicals are oxidized into NO, as illustrated in the reaction R208, in Table 3.1. 

The importance of NNH mechanism has been investigated through a number of experimental and 

numerical studies in hydrocarbon flames, and especially, Galletti et al. [44] recently found that 
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the NNH intermediate route must be taken into account in the mild combustion of hydrogen 

containing fuels. 

The NO-reburning mechanism denotes a group of reactions, (R244-R276), in which NO is 

reduced by hydrocarbon radicals (CHi). The reduction of NO by reburning is influenced by fuel 

mixing, temperature, stoichiometry, and gas residence time [45]. 

In addition to NO and N2O, nitrogen dioxide (NO2) is also an important pollutant arising from 

the reactions of nitrogen-containing species. NO2 is formed from NO on the lean side of the 

flame, and it is a significant emission. Generally, however, emissions are reported in terms of the 

summation of NO, N2O and NO2 emissions. Since the NO2 is formed through NO, as illustrated 

in reactions (R186-R189) in Table 3.1, its formation does not alter the total pollutant emissions. 

Hewson et al. [40] showed that when peak temperature is reduced, the nitric-oxide production is 

minimized, and prompt mechanism is generally the dominant route for the formation of NOx. In 

addition, this study showed that reburning chemistry is significant in flames, and neglecting 

prompt and reburning chemistries leads to the underprediction of NOx emissions for short 

residence times and its overprediction for long residence times, respectively. Ju et al. [41] 

demonstrated that prompt and thermal mechanisms are strongly coupled. The conventional 

method, which decoupled thermal and prompt mechanisms, considerably overpredicts the 

thermal NO and underpredicts the prompt NO. Therefore, this study employs the detailed NOx 

formation mechanism extracted from GRI 2.11 [39]. However, detailed NOx mechanisms have 

many uncertainties. Cao and Pope [46] showed that NOx formation of GRI 3.0 [47] overpredicts 

the experimental results of methane-air non-premixed combustion whereas the GRI 2.11 

evaluates NOx reasonably well with the PDF combustion model. 

3.7 Numerical models and conditions 

In this study, the flow-calculation software OpenFOAM [48], which is a high-fidelity open 

source code, is employed as a finite-volume solver for Reynolds-averaged Navier-Stokes 

(RANS) equations, and the k-  model is used to model the turbulent flux terms in RANS 

equations, as described in Section 3.3.7. A Furnace consist of the cylindrical combustion  
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(a)              (c)  

Fig. 3.4 Calculation grid configuration (a) 2-D view of burner and upstream region of 

combustion chamber (b) Enlarged 2-D view of burner configuration (c) 3-D view of grid 

structure  

chamber, which is installed vertically, and a burner is installed at the center of the bottom of the 

chamber, and more details of the geometry can be found in Section 2.2. The upstream region of 

(b) 
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the axi-symmetric calculation domain is shown in Fig. 3.4 (a), and the numerical simulation was 

performed in the three-dimensional grids using the periodic boundary condition. The geometry is 

specified as a wedge of small angle (<5
0
), and one cell thickness is running along the plane of 

symmetry, which straddling one of the coordinate planes, as shown in Fig. 3.4 (c). The inner 

diameter of chamber is 95 mm, and the height is 840 mm. The calculation grids were 

concentrated at the flame region, and the smallest grid size was 0.2 mm. Thus, the computational 

domain was discretized to 120,000 grid cells. In order to get the fully-developed turbulent flow 

profile at the exit of the fuel nozzle, in this study, the nozzle inlet was located 50 mm upstream 

from the exit, as shown in Fig. 3.4 (b). Propane was used as the main-fuel, whereas hydrogen was 

used as the pilot-fuel. The global equivalence ratios were 0.4, 0.6, and 0.8; initial flow velocities 

are shown in Table 1.1. The total air flow rate was fixed at 0.002 m
3
/s, and the high and low air 

velocities of two air annular nozzles were 9.8 and 1.8 m/s, respectively. A turbulence intensity of 

10% was set for both fuel and air-inlet flows. The furnace walls were non-slip and adiabatic, and 

the outlet was specified by the continuity boundary condition. The reactingFOAM solver is based 

on the unsteady pressure implicit splitting of operation algorithm with two pressure correctors 

and two momentum correctors per time-step. The initial CFD time-step was selected as 1 10
6

 s 

with a corresponding Courant number of approximately 0.4, whereas the initial chemical time-

step was selected as 1 10
7

 s. Numerical results have been compared with experimental 

measurements of stainless wall furnaces, but the experimental data for  = 0.8 were not available. 

3.8 Results and discussion 

3.8.1 Flow Field 

The radial distributions of the mean axial velocity in terms of global equivalence ratio, , at axial 

distances of z = 25 mm through z = 200 mm are shown together with the experimental data in 

Figs. 3.5 (a), (b) and (c). The tilde symbol of the mean is henceforth ignored in figures. There is a 

good agreement between the velocity predictions and experimental data. Both the shapes and 

peak values of the radial distributions of the mean axial velocity are accurately captured. The 

increase in  corresponds to the increase in the fuel flow rate. Therefore, axial velocities near the 

center for  = 0.8 result in higher velocities than others, at each cross section. However, each 

velocity distribution is very similar. The axial velocities near the furnace wall show negative  
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(a)  = 0.4   (b)  = 0.6   (c)  = 0.8 

Fig. 3.5 Radial distributions of mean axial velocity in terms of  

values, which clearly indicate the existence of a recirculation vortex between the flame boundary 

and furnace wall. Therefore, the flow field consists of two zones: recirculation and jet-like 

propagation zones. Figures 3.6 (a) and (b) show the vector maps of flow fields to the upstream 

and downstream of the combustion chamber, respectively, for  = 0.4. The vector maps of flow 

fields for  = 0.6 and 0.8 show similar flow fields to  = 0.4, not shown here. The arrows of the 

vector are not in the scale, and the colored bar shows the magnitude of velocity vector. Moreover, 

Figs. 3.6 (a) and (b) show a recirculation vortex generated between the fuel jet and the wall. 

Therefore, this vortex should lead the entrainment of burnt gases to the flame and the dilution in 

confined flames. 
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(a)      (b) 

Fig. 3.6 Vector maps of flow field in combustion chamber for  = 0.4 (a) Upstream (z = -27 

mm to 100 mm) (b) Downstream (z = 100 mm to 230 mm) 

These results are based on the standard two-equation k- model used as a turbulent model. It is 

well known that the k- model overpredicts the decay rate and the spreading rate of a round jet 

flow. Pope [49] has suggested that, in a round jet flow, the stretching of turbulent vortex tubes by 

the mean flow has a significant influence on the process of scale reduction. As the jet spreads,  
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(a)   = 0.4   (b)  = 0.6                  (c)  = 0.8 

Fig. 3.7 Radial distributions of mean temperature in terms of  

rings of vorticity are stretched. This leads to greater scale reduction, greater dissipation, less 

kinetic energy and hence to lower effective viscosity. According to this argument, the effective 

viscosity and the spreading rate are lower in a round jet than in a plane jet. Therefore, in this 
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study, we tuned the constant Cµ in the k- model from 0.09 to 0.05 to reduce eddy viscosity, and 

thereby lower the spreading rate. Thus, the spreading rate of the axisymmetric jet is significantly 

improved in a confined flow. 

3.8.2 Temperature characteristics 

The radial mean temperature distributions in terms of global equivalence ratio, , from z = 50 

mm through 450 mm are shown in Figs. 3.7 (a), (b) and (c). This study reproduces the radial 

temperature distributions of the experimental measurements to a considerable degree. The 

increase in  corresponds to the increase of fuel flow rate, and thus, the reaction rate should be 

enhanced to approximately  = 1. Thereby, the maximum temperature at each axial distance is 

recorded in  = 0.8. The temperature distributions at an axial distance of   z = 50 mm, in all cases 

of , show the maximum value in the flame region, and temperature decreases outside the high-

temperature flame region because of the airflow. However, temperature again increases outside 

the airflow because of burnt gases, which transported by the recirculation vortex. Moreover, flat 

temperature distributions in the downstream are reproduced perfectly. Figures 3.8 (a), (b) and (c) 

indicate the axial distributions of mean temperature in terms of  with the experimental 

measurements. The predicted temperature shows a very good agreement with the measurements. 

As expected, the maximum axial temperature increases with , and the maximum temperatures 

of  = 0.4, 0.6 and 0.8 are located near z = 250, 330 and 425 mm, respectively. The temperatures 

decrease in the downstream and become constant. The locations, where temperatures become 

constant, should correspond to the end of flame. This will be justified through reaction rates 

shown in the later section. Thus, the present model predicts the correct flame volume.  

In this study, the turbulent Schmidt number is maintained at unity, whereas the turbulent Prandtl 

number is set to 0.7 for proper thermal dissipation. The turbulent Schmidt number describes the 

momentum and mass transfer interaction, whereas the turbulent Prandtl number describes the 

momentum and heat transfer interaction. Unlike open flames, confined flames undergo the 

entrainment of recirculated fluid at jet boundaries. Moreover, there exist no radial momentum 

and mass transfers at the furnace wall. The circumstance makes both the rates of the momentum 

and the mass transfers get near in turbulence. Thus, the turbulent Schmidt number is set to unity.  
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(a)  = 0.4   (b)  = 0.6          (c)  = 0.8 

Fig. 3.8 Axial distributions of mean temperature in terms of  

On the other hand, heat is transferred through the furnace wall in the experiment. This enhances 

the heat transfer than other transfers. Therefore, the turbulent Prandtl number should be less than 

unity. Consequently, the turbulent Prandtl number is tuned and set to 0.7, and thereby the 

temperature predictions match those of the experimental measurements. 

3.8.3 Species concentration characteristics 

The radial distributions of mean mole fraction of CO and O2 in terms of the global equivalence 

ratio, , are shown in Figs. 3.9 and 3.10. The CO mole fraction increases at z = 50 mm sharply 

around the reaction region and in the downstream rapidly diffuses to the center of the flame to 

change the distribution to top-hat shape. The exhaustion of CO shows the complete combustion. 

As expected, the maximum mole fractions at each axial distance increase with the increase in . 

Here, the experimental measurements at the central axis show CO of 1  10
4
 ppm. This is due to 

the upper measurement limit of the analyzer [23]. The distributions of O2 mole fraction at z = 50 

mm show a saddle shape distribution attributable to the air supply from the air nozzles and the 

dilution by the burnt gases in the surrounding. The increase in  delays the diffusion of O2 

towards the inside of flame because of the increase in the fuel velocity making the length of 

flames longer. Both the CO and O2 concentrations are in fair agreement with the experiments in 

terms of the order.  
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(a)  = 0.4    (b)  = 0.6      (c)  =0.8 

Fig. 3.9 Radial distributions of mean CO mole fractions in terms of  

3.8.4 Mean reaction and mean heat-release rates 

The radical distributions of the mean reaction rates of the species C3H8, O2, CO, CO2, H2O, and 

CH4, and the mean heat-release rates from z = 50 mm through 300 mm for  = 0.4 are illustrated 

in Fig. 3.11. The C3H8 concentration decreases with the progress of reaction. Thereby, the C3H8 

reaction rate gradually decreases with the axial distance, and disappears by z = 200 mm. The O2 

reaction rate also gradually decreases in the downstream region. CO is generated in the fuel-rich 

region on the center side and consumed in the fuel-lean region. The CO2 reaction rate increases 
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(a)  = 0.4    (b)  = 0.6      (c)  = 0.8 

Fig. 3.10 Radial distributions of mean O2 mole fractions in terms of  

in the lean region corresponding to the consumption of CO. Moreover, the intermediate species 

of CH4 is generated in the rich region and decomposed to final products in the lean region. 

The global reaction rate of propane-air oxidation quantitatively should correspond to the mean 

heat-release rate. For  = 0.4, the mean heat-release rate increases up to the axial distance of z =  
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(a) Mean reaction rate (MRR) (b) Mean heat-release rate (Q)  

Fig. 3.11 Radial distributions of mean reaction and mean heat-release rates for  = 0.4 
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100 mm, and then decreases in the downstream region. Every reaction is completed by 

approximately z = 300 mm for  = 0.4. These results verify the temperature features for  = 0.4 in 

Figs. 3.7 and 3.8. The heat release region expands gradually in the radial direction with the axial 

distance because of the turbulence. Turbulence enhances convection and diffusion of heat and 

mass in the flame. Therefore, turbulence expands the mean-reaction zone in the radial direction 

with the axial distance, and thereby mean heat-release region 

 

 

 

 

 

 

 

 

 

 

 

(a)  = 0.4    (b)  = 0.6   (c)  = 0.8 

Fig. 3.12 Radial distribution of NOx emission in terms of  
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3.8.5 NOx Emission 

Figures 3.12 (a), (b), and (c) show the NOx emission distributions from z = 50 mm through z = 

550 mm with the experimental measurements in terms of global equivalence ratio, . The NOx 

emission is the summation of NO, N2O, and NO2 emissions, as described in 3.6. The NOx 

emission was estimated at first with GRI 2.11 NOx mechanism [39]. The results show a good 

agreement with the measurements in terms of order, as shown in Fig. 3.12. However, the NOx 

concentrations are underestimated near the central axis of the upstream region (z = 50 mm of  = 

0.4 and 0.6, and z = 250 mm of  = 0.6) and overestimated in the downstream region. The same 

phenomenon resulted in the study of Frassoldati et al. [50]. This is attributable to the delay of the 

NOx reaction. Therefore, some modification is needed to overcome the delay of NOx reaction. 

The main routes of the prompt formation of NOx are HCN  HOCN  HNCO  NH2  NH 

 HNO  NO and HCN  NCO  NH  HNO  NO, respectively, as described in 3.6. A 

possible cause of the delay is related to reactions of NH3. The reactions consist of the following 

three steps: 

NH3 + H <=> NH2 +H2    (R 277) 

NH3 + OH <=> NH2 + H2O    (R 278) 

NH3 + O <=> NH2 + OH    (R 279) 

As shown in Fig. 3.13 (concentration of NH3 and NH2 for  = 0.6), NH3 was resulted 

significantly higher concentration near the central axis of the upstream region than NH2 with GRI 

2.11. Moreover, in the downstream region, NH3 and NH2 concentrations were disappeared with 

GRI 2.11, as shown in Fig. 3.13. This means that NH3 again forms NH2, and NH2 proceeds to 

NO in the downstream region. However, NH2 concentration was significantly increased near the 

central axis of the upstream region without R277-R279 in GRI 2.11, as shown in Fig. 3.13 (blue 

solid lines). This modification verifies clearly that the NH3 reactions depress the concentration of 

NH2, and thereby NO formation in the upstream region. Thus, NOx was re-evaluated under the 

modification. The results are shown by solid lines in Fig. 3.12. The modification improves 

slightly the NOx estimation, but completely evaluates the measurements in the downstream. We  
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Fig. 3.13 Radial distributions of mean NH3 and NH2 mole fractions for  = 0.6 

believe that the improvement leads the accurate estimation of the emission index of NOx, 

because the index is evaluated at the furnace exit.  

3.8.6 Emission index of NOx (EINOx) 

The evaluation of NOx emission is given in terms of the emission index of NOx, EINOx, which 

is defined as the total grams of NOx produced to fuel 1kg burnt. The value is obtained by 

dividing the net NOx mass flow rate at the furnace exit by net fuel feeding mass flow rate, Mf. 

             

          (3.44) 

where RExit is the radius of the furnace exit. 
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Fig. 3.14 EINOx in terms of  

Figure 3.14 shows EINOx predictions in terms of  with the experimental measurements, which 

the predictions are based on the above modification of NOx mechanism. The EINOx shows a 

good agreement with the measurements in terms of the order. The EINOx increases with . The 

increase in  increases the furnace temperature significantly in small cylindrical furnaces, thereby 

the EINOx is increased through the enhancement of the thermal NOx reaction. However, this 

tendency should be limited to the case of furnace inner diameter of 95mm. If we investigate cases 

of larger inner diameters conducted experimentally, as shown in Fig. 2.5 (b), the increase in  

must strengthen the recirculation vortices and the dilution, and finally decrease the NOx emission. 

3.9 Conclusions 

The PaSR combustion model has been incorporated into the OpenFOAM CFD tool to investigate 

turbulent flow fields, temperature, species concentration, and NOx emissions of confined 
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turbulent propane non-premixed jet flames, in terms of the global equivalence ratio, . The 

predicted mean axial velocities and mean temperature show an excellent agreement with the 

experimental measurements. The axial distributions of mean temperature excellently predict the 

flame length. The mean mole fraction predictions of CO and O2 show a reasonable agreement 

with the experimental measurements. The mean reaction and the mean heat-release rates verify 

the features of temperature and mole fractions of species. The NOx emission predictions with 

GRI 2.11 NOx mechanism show a reasonable agreement with experimental data in terms of the 

order, but higher NH3 formation in the upstream depresses the NOx formation reactions. Thus, 

reactions related to NH3 were removed from GRI 2.11. The modification has improved the 

EINOx predictions. The increase in  enhances the reaction for the case of an inner diameter of 

95 mm. Consequently, the EINOx increases with . Finally, this study has verified that the 

present numerical method with the PaSR model is very useful for the evaluation of confined 

turbulent non-premixed flames. 
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CHAPTER 4 

NUMERICAL INVESTIGATION OF THE EFFECT OF SELF-

DILUTION CHARACTERISTICS IN CONFINED FLAMES ON 

NOX ABATEMENT 

4.1 Introduction 

This chapter describes a numerical evaluation to characterize the effect of self-dilution in 

confined flames, in terms of the furnace geometry and the global equivalence ratio on NOx 

emission properties. In confined flames, the recirculation vortex, which is generated between the 

flame and the furnace wall, as shown in Fig.3.6, leads to self-dilution of the combustion mixture. 

Therefore, the enhancement in self-dilution should lead to the peak temperature reduction in the 

furnace, and thereby, considerable thermal NOx abatement. In this chapter, the recirculation 

boosting techniques have been numerically studied, and the flame dilution quantitatively 

evaluated.  Consequently, this study found that the increase of dilution factor as a dominant 

parameter, which controls the characteristics of confined flames, is very important for NOx 

abatement. 

4.2 Numerical models and conditions 

In this study also, the flow calculation software OpenFOAM [48] is employed as a finite-volume 

solver for Reynolds-Averaged Navier Stokes (RANS) equations, and the k SST model [51], as 

described in Section 4.2.1, is used to model the turbulent flux terms in RANS equations of 

continuity, momentum, species mass fraction, and sensible enthalpy. The turbulence-chemistry 

interaction is accounted for with the partially-stirred-reactor combustion model [31]. Djavdan et 

al. [34] proposed and validated an augmented reduced kinetic mechanism for the propane–air 

combustion, which includes 28-species and 69-elementary steps, was selected as the chemical 

kinetics of propane-air oxidation, and coupled with the NOx formation mechanism, which is 

extracted from GRI 2.11 [39]. An in-situ adaptive tabulation algorithm library [37] is used to 

calculate the composition changes through chemical reactions, and thereby to reduce the 

computational burden. Furnaces consist of cylindrical combustion chambers, which are installed 

vertically, and a burner is installed at the center of the bottom of the combustion chamber [20]. 
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The chambers have inner diameters of 95 mm and 182 mm and a height of 840 mm. More details 

of the geometries can be found in Section 2.2. In addition, the nozzle inlet is located 50 mm 

upstream from the nozzle exit in order to ensure a fully-developed turbulent flow profile at the 

nozzle exit. The origin of the coordinates was set at the center of the fuel nozzle exit, as usual, 

and the axial and radial coordinates are indicated by z and r, respectively. This numerical 

simulation was also performed in the three-dimensional grids using the periodic boundary 

condition. The geometry is specified as a wedge of small angle (<5
0
), and one cell thickness is 

running along the plane of symmetry, as shown in Fig. 3.4(c). The calculation grids were 

concentrated at the flame region, and the smallest grid size was 0.2 mm. Propane was used as the 

main-fuel, whereas hydrogen was used as the pilot-fuel. The global equivalence ratios were 0.4 

and 0.6, and the fuel inlet-velocities were shown in Table 1-1, in terms of the global equivalence 

ratio,. The total airflow rate was fixed at 0.002 m
3
/s. Thus,  was determined through the fuel 

flow rate. In this study also, the high and low air velocities of two air annular nozzles were 9.8 

m/s and 1.8 m/s, respectively. The turbulent Schmidt number was set as one, whereas turbulent 

Prandtl number was 0.7, as described in Section 3.8.2. The initial simulation conditions are 

almost similar to the study in Section 3.7. A turbulence intensity of 10 % was set for both fuel 

and air-inlet flows. The furnace walls were non-slip and adiabatic, and the outlet was specified 

by the continuity boundary condition. The initial CFD time-step was selected as 1 10
6

 s with a 

corresponding Courant number of approximately 0.4, whereas the initial chemical time-step was 

selected as 1 10
7

 s. Numerical results have been compared with experimental measurements. 

4.2.1 k- SST turbulence model 

The new two-equation eddy-viscosity turbulence model combines different elements of existing 

models that are considered superior to their alternatives. The model utilizes the original k- 

model of Wilcox [52] in the inner region of the boundary layer and switches to the standard k- 

model in the outer region and in free shear flows. It has a performance similar to the Wilcox 

model, but avoids that model’s strong free stream sensitivity. In addition, the model modifies the 

definition of the eddy-viscosity, and the modification leads to accounting the effect of the 

transport of the principal turbulent shear stress. 
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The constants   of the new model are calculated from the constants, from the 1 and 2, as 

follows:  

  2111 )1(  FF         (4.3) 

The constants of set 1 (1) are: 

k1 = 0.85, 1 = 0.5, 1 = 0.0750, * = 0.09, K = 0.41, 1 = 1/*- 1K
2
/ (*)

 1/2
 

 

The constants of set 1 (2) are: 

k2 = 1.00, 1 = 0.856, 2 = 0.0828, * = 0.09, K = 0.41, 2 = 2/*- 2K
2
/ (*)
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where y is the distance to the next surface and CDk is the positive portion of the cross-diffusion 

term of Eq. 4.2 









 20-

2 10 ; 2C 


 kDk

1
max       (4.6) 

The term arg1 obviously goes to the zero far enough away from solid surfaces because of the 1/y 

or 1/y
2
 dependency in all three terms in Eq. 4.5. Inside a boundary layer the three arguments in 

Eq. 4.5 have the following purpose; the first argument is the turbulent length scale divided by y. 
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It is equal to 2.5 in the log layer and goes to zero towards the boundary layer edge. The second 

argument ensures that F1 is equal to one in the sub-layer. (Note that  goes like 1/y
2
 in the near 

wall region and is proportional to 1/y in the log region, so that 1/(y
2
) is constant near the surface 

and goes to zero in the log region.) The third argument is an additional safeguard against the free-

stream dependent solution. It can be shown that the last argument ensures that arg1 goes to zero 

near the boundary layer edge. As arg1 goes to zero near the boundary layer edge, so does F1 so 

that the standard k- is used in that region. 

 

The eddy viscosity is defined as; 
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where  is the absolute value of the vorticity. F2 is given by; 
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However, this model also overpredicts the decay rate and the spreading rate of a round jet flow. 

As discussed in the chapter 3, Pope [49] has suggested that, in a round jet flow, the stretching of 

turbulent vortex tubes by the mean flow has a significant influence on the process of scale 

reduction. As the jet spreads, rings of vorticity are stretched. This leads to greater scale reduction, 

greater dissipation, less kinetic energy and hence to lower effective viscosity. According to this 

argument, the effective viscosity and the spreading rate are lower in a round jet than in a plane jet. 

Therefore, in this study also, we tuned the constant 
1

a from 0.31 to 0.12 to reduce eddy viscosity, 

and thereby lower the spreading rate. Thus, the spreading rate of the axisymmetric jet is 

significantly improved in a confined flow with good predictions of mean temperatures. 
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4.3 Results and discussion 

4.3.1 Temperature characteristics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1 Radial distributions of mean temperature in terms of D and , for Ua = 8 m/s 

 



64 

 

 

 

 

 

Fig. 4.2 Axial distributions of mean temperature in terms of D and , for Ua = 8 m/s  

Figures 4.1 and 4.2 show the radial and axial mean temperature distributions, respectively, in 

terms of the inner diameter, D, and the global equivalence ratio,, for the air velocity difference, 

Ua of 8 m/s, from z = 50 mm through 450 mm. The study reproduces the experimentally 

obtained temperature distributions to a considerable degree of accuracy. The increase in  is 

related to the increase in the fuel flow rate, and so the reaction rate should be enhanced. 

Consequently, the flame temperature increases at  = 0.6, as shown in Fig. 4.2. However, the 

increase in D decreases the maximum temperature in the flame region. This should be caused by 

the strong dilution through the strengthened burnt gases entrainment to the flame in the larger 

cylindrical furnace. The increase in dilution increases the heat capacity of the combustion 

mixture and leads to a decrease in the flame temperature. 

4.3.2 Flow field 

The flame characteristics of confined flames should be strongly affected by dilution process 

through the recirculation vortices. Therefore, a quantitative evaluation is essential to express the 

dilution level. The radial distributions of mean axial velocity (Uz) from z = 25 mm through 200 

mm in terms of D, for  = 0.4 and Ua = 8 m/s, are shown together with experimental 

measurements in Fig. 4.3. Negative velocities, near the furnace wall in Fig. 4.3, clearly indicate 

the existence of recirculation vortices. In flow regions, in which maximum velocity near the fuel 

nozzle (z = 25 mm, 50 mm), is approximately the same, irrespective of inner diameter. However, 
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Fig. 4.3 Radial distributions of mean axial velocity in terms of D for  = 0.4 and Ua = 8 m/s 
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Fig. 4.4 Vector maps of flow fields in combustion chambers in terms of D, for  = 0.4 and 

Ua = 8 m/s  

 

 (a) D = 95 mm (b) D = 182 mm 
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the increase in the inner diameter enhances the mixing, spreading the Uz distribution faster and 

decreasing the velocity in the center region, at around z = 100 mm in D = 182 mm. Nonetheless, 

in downstream of D = 182 mm (z = 200 mm), the maximum velocity again increases to a higher 

value corresponding to D = 95 mm because of the strong burnt gas entrainment. Figure 4.4 shows 

the vector maps of flow fields in the combustion chamber up to z = 300 mm in terms of D for  = 

0.4 and Ua = 8 m/s and reveals a vortex, which has been generated between the jet and the wall. 

The arrows indicating the vectors are not to scale, and the colored bar indicates the magnitude of 

the velocity vector. The vector maps illustrated that, in the case of D = 95 mm, the recirculation 

vortex is limited to z = 270 mm. On the other hand, in the case of D = 182 mm, the recirculation 

extends beyond z = 300 mm. The recirculation vortex cores for D = 95 and 182 mm are located 

at axial distances of z = 130 and 180 mm, respectively. This means that the recirculation vortex 

becomes larger with the increase in the inner diameter. Moreover, in the case of D = 182 mm, 

there are small recirculation vortices around the corners of the cylinder in addition to the main 

recirculation vortex. This phenomena is not shown in D = 95 mm. Thus, in the case D = 182 mm, 

flow patterns should be more complex than D = 95 mm, and it may lead to the strong burnt gas 

mixing with reactants.  

4.3.3 Entrainment characteristics  

Next, the recirculation flow characteristics are discussed by examining the jet zone. In order to 

facilitate the discussion, a parameter, Mz, which represents the mass flow rate of jet zone, is 

introduced: 

drUrM
z

R

z

~

0

2                                                                                                     (4.10) 

where R is the maximum radius of the jet zone at each cross section, and  is the density of the 

combustion mixture. Figure 4.5 shows the variation of Mz along the axial direction in terms of D 

and  ,for Ua = 8 m/s. The value of Mz increases in the upstream of the recirculation vortex 

because of the entrainment process, and decreases in the downstream of the vortex because of the 

discharge of gases from the jet zone to the recirculation zone. Therefore, the peak is located on 

the cross section of the core of the recirculation vortex. In addition, Fig. 4.5 shows that the 
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increase in D significantly enhances the entrainment process and increases the peak value of Mz 

because of large recirculation structure. However, the effect of fuel velocity, which is related to 

the global equivalence ratio, on the entrainment is minimal compared to the effect of the inner 

diameter. The entrainment factor defined in Eq. (4.11) characterizes the entrained mass quantity 

with respect to the jet zone mass flow rate, Mz. 

     (4.11) 

where Mo denotes the jet zone mass flow rate at z = 0 mm. The variation of entrainment 

characteristics are shown in Fig. 4.6 in terms of D and  for Ua = 8 m/s. In the case of D = 95 

mm, the maximum entrainment factor is 30%, whereas, in D = 182 mm, the maximum factor is 

about 45%, irrespective of the global equivalence ratio,. The enhancement of entrainment 

should lead to greater dilution of the flame. 

 

Fig. 4.5 Jet zone mass flow rate, Mz, in terms of D and  for Ua = 8 m/s  

100   zFactort Entrainmen 
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Fig. 4.6 Entrainment Factor in terms of D and  ,for Ua = 8 m/s  

4.3.4 Dilution characteristics 

The entrainment of burnt and inert gases, such as CO2, H2O, and N2, into the flame, because of 

recirculation, leads to self-dilution. The local dilution factor, as defined in Eq. (4.12), 

characterizes the entrained burnt and inert gases mass quantities into the flame at each cross 

section with the respect to the jet zone mass flow rate. 

                   (4.12) 

where Y is mass fraction of the species and z = 0.005 m. Figure 4.7 shows the local dilution 

factor variation, in terms of D, for  = 0.4 and Ua = 8 m/s. The increase in D increases the local 

dilution of the flame as shown in Fig. 4.7. The strong entrainment in large cylinder should lead to  
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Fig. 4.7 Local dilution factor variation in terms of D, for  = 0.4 and Ua = 8 m/s  

 higher local dilution in the flame region. The local dilution factors increase up to z = 60 mm 

along axial direction irrespective of the inner diameter, and then gradually decrease up to the 

location, in which the jet zone mass flow rate reaches its maximum value. Because, as shown in 

Fig. 4.5, the gradient of jet zone mass flow rate along the axial direction increases up to z = 60 

mm irrespective of the inner diameter, and then the gradient gradually decreases. This behavior 

should reflect in the local dilution factor variation. The integration of local dilution factors along 

the axial direction derived the total flame dilution as shown in Eq. (4.13).  
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where z1 locates the axial distance which has maximum jet zone mass flow rate, Mz,max. Thus, 

total flame dilution factors, in the case of  = 0.4, for D = 95 mm and 182 mm, are 23% and 34%, 

respectively, whereas, in the case of  = 0.6, the total dilutions are 21% and 34%, for D = 95 mm 

and 182 mm, respectively. Generally, the calculation verifies that confined flame self-dilution is 

enhanced by the increase in the inner diameter of the furnace. However, an increase in  in small 

cylindrical furnaces leads to a decrease in flame self-dilution because the small diameter of the 

furnace limits burnt gas recirculation, as discussed above. On the other hand, an increase in  in 

large cylindrical furnaces leads to either a constant in flame self-dilution or an increase in flame 

self-dilution. The large cylindrical furnace results in strong burnt gas recirculation, and an 

increase in  results in a lower residual O2 concentration in burnt gases. Both of these factors 

result in strong flame self-dilution in lager cylinders. 

4.3.5 NOx Emission characteristics  

Figure 4.8 shows radial distributions of NOx emission with respect to the D and  for Ua = 8 

m/s. The increase in D leads to a decrease in NOx at each axial position because of the strong 

flame dilution. The EINOx at the furnace exit was calculated by assuming continuity of the mass 

flow rate at the furnace exit, and the EINOx was then plotted with the total flame dilution, as 

shown in Fig. 4.9. The increase in flame dilution decreases the EINOx significantly. 

4.4 Conclusions 

In this study, a numerical evaluation was performed in order to characterize the effect of self-

dilution in confined flames, in terms of the furnace geometry and global equivalence ratio, on 

NOx emission properties. In confined flames, the recirculation vortex, which is generated 

between the flame and the furnace wall, leads to self-dilution of combustion mixture. Therefore, 

the enhancement of the self-dilution should lead to the peak temperature reduction in the furnace, 

and thereby, considerable thermal NOx abatement. In order to quantify the entrainment, and 

consequently, dilution, in confined flames, a parameter, Mz, which represents the jet zone mass 

flow rate, was introduced. The study found that the increase in inner diameter of cylindrical 

furnace leads to the significant development of Mz long the axial direction because of larger 

recirculation vortex in the larger cylinder. Then, higher entrainment leads to the grater flame 
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dilution in the large cylindrical furnaces. The EINOx characteristics of confined flames exhibit a 

liner reduction with increase in flame self-dilution. Thus, this study verified that that the EINOx  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8 Radial distributions of NOx emission in terms of D and  ,for Ua = 8 m/s 
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Fig. 4.9 EINOX with total flame dilution 

of confined non-premixed flames is primarily dominated from the flame self-dilution, through 

the entrainment of burnt gases, and the enhancement of self-dilution of confined flames can be 

achieved by the increase in the inner diameter of the cylindrical furnace. 
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CHAPTER 5 

DETERMINATION OF THE FLAME STRUCTURES OF 

CONFINED FLAMES IN THE MIXTURE FRACTION DOMAIN 

5.1 Introduction 

A confined combustion system with the self-recirculation can be referred as an unsteady 

combustion process. In a confined combustion system, two main exemplificative asymptotic 

conditions can be considered. In the first case, the air, which issued from the annular nozzles, 

starts to mix with high-temperature burnt gases, including residual oxygen, which are transported 

upstream in the furnace, and this yields hot diluted oxidant, which can mix and react with the 

fuel, issued from the central nozzle at room temperature. In the second case, both the fuel and the 

air, which issued from the central and annular nozzles, respectively, can mix with the high-

temperature burnt gases, including residual oxygen, because of strong turbulence, and this yields 

hot diluted fuel/oxidant stream, and then start to react. Consequently, in confined flames, internal 

recirculation should generate variable-composition fuel and air streams along the axial direction. 

Thus, in this study, the confined flame-structures along the axial direction, in the mixture fraction 

domain are examined using the counter-diffusion configuration. 

5.2 Problem formulation, numerical models and initial conditions 

An investigation of a steady, two-dimensional diffusive layer was performed by means of the 

counter jets configuration. Depending on the pre-heating and dilution level of fuel and oxidant 

jets, because of the entrainment in confined flames, four cases of dilution were hypothetically 

generated. In this study, attention was focused on the confined combustion system of the inner 

diameter, D = 182 mm, the global equivalence ratio,  = 0.6, and air velocity difference, Ua = 8 

m/s. The recirculated burnt gas mass quantity (Mb) along the axial direction (z) in the confined 

combustion system is computed by ( Mz - M0), where Mz and M0 are the jet zone mass flow rate at 

the location of z and the initial jet mass flow rate at z = 0, respectively, and the variation of Mb 

along the axial direction is shown in Fig. 5.1. The maximum amount of recirculated burnt gas is 

reported at an axial distance of z = 180 mm. According to the experimental measurements and 

numerical calculations, the complete combustion of propane-air was achieved in the furnace, and  
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Fig. 5.1 The recirculated burnt gas mass quantity (Mb) along the axial direction for D = 182 

mm,  = 0.6, and Ua = 8 m/s 

thus, the burnt gas composition is computed as a chemical equilibrium composition of the fuel 

and oxidizer mixture at the complete combustion. The presence of small amounts of radicals in 

the burnt gas is neglected in this study, and only major species are considered. Because of the 

heat loss in the furnace, as shown in the experimental measurements and numerical calculations, 

temperature of the burnt gas is assumed to be cooled to 800 K. The average specific heat 

capacities of air, fuel, and burnt gas are 1.0, 1.67, and 1.35 kJ/kg K, respectively. The mass 

fraction of species and temperature of the burnt gas, for the global equivalence ratio,  = 0.6, are 

summarized in Table 5.1  

Table 5.1 Temperature and mass fraction of species in the burnt gases for  = 0.6 
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Then, four types of preheating/dilution cases were established to calculate the inlet conditions of 

the fuel and the air streams in terms of the axial distance according to the ratio of Mb,O/Mb : 

Mb,F/Mb; where Mb,O and Mb,F are the hypothetical burnt gas mass quantity which mixes with the 

fresh air and the fuel streams, respectively. 

(a) Case 1: Mb,O/Mb : Mb,F/Mb = 1: 0 (only the air stream is fully preheated and diluted by the 

recirculated burnt gas mass quantity and the undiluted fuel stream is at room temperature) 

(b) Case 2: Mb,O/Mb : Mb,F/Mb = 0.91 : 0.09 (the air and the fuel streams are partially preheated 

and diluted by the recirculated burnt gas mass quantity) 

(c) Case 3: Mb,O/Mb : Mb,F/Mb = 0.67 : 0.33 (the air and the fuel streams are partially preheated 

and diluted by the recirculated burnt gas mass quantity)  

(d) Case 4: Mb,O/Mb : Mb,F/Mb = 0.5 : 0.5 (the air and the fuel streams are preheated and diluted 

by the recirculated burnt gas mass quantity) 

Accordingly, the inlet flow conditions of the fuel and the air streams (temperature and mass 

fraction of species) at axial distances of z = 50 mm, 100 mm, 150 mm, and 175 mm are 

computed for the four dilution cases, and values are summarized in the Table 5.2.  

Table 5.2 Inlet flow conditions (temperature and mass fraction of species) in diluted and 

pre-heated fuel and air streams in terms of axial distance (z) 

(a) Dilution case 1 Mb,O/Mb : Mb,F/Mb = 1 : 0 
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(b) Dilution case 2 Mb,O/Mb : Mb,F/Mb = 0.91 : 0.09 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(c) Dilution case 3 Mb,O/Mb : Mb,F/Mb = 0.67 : 0.33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(d) Dilution case 4 Mb,O/Mb : Mb,F/Mb = 0.5 : 0.5 
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Fig. 5.2 Schematization of the steady two-dimensional diffusive layer configuration  

The counter-diffusion configuration is schematized in Fig. 5.2. The flow rates (V) of the counter 

jets were set in such a way that, their kinetic energies are equal, meaning that the stagnation point 

in frozen conditions always occurs in the middle of the two inlet sections, and the average flame 

strain rate (K = V/L) was fixed at 50 s
-1

.  

A structured two-dimensional mesh, which was generated using OpenFOAM block-mesh [48], 

was used. The mesh consists of 4 ×10000 quadrilateral cells with a uniform spacing of 0.1 mm. 

Velocity inlet boundary conditions were used to define the flow velocity at the fuel and oxidant 

inlets, whereas outflow boundary conditions were used to model the flow outlets. Numerical 

analysis was performed using the OpenFOAM [48] finite-volume solver, by assuming a laminar 

two-dimensional flow structure. In addition, in the governing equations of species mass fraction 
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and sensible enthalpy, the unity Lewis number assumption was used. The propane-air detailed 

oxidation mechanism of Warnatz [34], which involves 32-species and 123-reaction steps, was 

implemented with the GRI 2.11 [39] NOx chemistry mechanism. In the previous studies of 

chapters 3 and 4, the 69-step/28-species reduced kinetics was employed because it had showed a 

good agreement with the Warnatz detailed mechanism with a fair degree of precision [34]. 

However, in the counter diffusion configuration, Warnatz mechanism was used to enhance the 

accuracy of the chemistry calculations.  

Simulations were performed at atmospheric pressure. The ideal gas law was used for density 

calculations, whereas viscosity calculation was performed by using the Sutherland’s law over a 

wide range of temperatures. The initial distribution of the species mass fractions, temperature and 

velocity was set equal to a step function from the inlet values. The space discretization was done 

using a second-order upwind scheme whereas an implicit integration method was used for time 

discretization as usual. The initial CFD time-step was selected as 1 10
6

 s with a corresponding 

Courant number of approximately 0.4, whereas the initial chemical time-step was selected as 1 

10
7

 s. 

All evaluations were made after the system was reached to the steady sate. The structure of the 

reactive zones, in terms of axial distance, for the four dilution cases were analyzed by an 

evaluation of the temperature and NO mass fraction distributions as a function of the mixture 

fraction (Z). The mixture fraction is used as a parameter to quantify mixing of the streams, and 

the mixture fraction of propane-air mixture was computed using the definition in Eq. (5.1), and 

the definition is corresponded to the Bilger’s mixture fraction definition for methane-air mixture 

[53]. 
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                            (5.1) 

where ZH, ZC, and ZO are the elemental mass fractions of the hydrogen, carbon and oxygen 

elements, respectively; MH, MC, and MO are the corresponding atomic masses; 1 and 2 digits 
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correspond to the fuel and oxidizer streams; and the mixture fraction, according to this definition, 

is a passive scalar normalized between Z = 0 and Z = 1 in the possibly diluted oxidizer and fuel, 

respectively.  

In addition to the preheated and diluted conditions, a study was also carried out for the undiluted 

streams at the room temperature as a reference for the discussion.   

5.3 Results and discussion 

 

 

 

 

 

Fig. 5.3 Distributions of temperature and NO mass fraction in the dilution case 1  

Table 5.2 (a) shows the temperature and mass fraction of species at the air and the fuel sides, in 

terms of axial distance, in the counter-flow flame after fully mixing of the hot burnt gas with the 

fresh air in the dilution case1. It can be seen that the burnt gas mixing has a considerable 

influence on the boundary conditions (initial temperature and species mass fraction) of the air, 

with respect to axial distance, of the counter-diffusion flow. This change in composition leads to 

various flame temperatures and NO formation, depending on the axial distance, as shown in Fig. 

5.3. In the mixture fraction domain (Z), the peak value of temperature decreases with the 

increasing axial distance because of higher flame dilution. Moreover, temperature distributions of 

z = 150 mm and 175 mm overlap each other because, in this region, flame achieves its maximum 

dilution. The maximum temperature reduction is approximately 200 K, corresponding to the 

without-dilution case at the axial distance of z = 150 mm and 175 mm. In addition, peak 

temperature profiles are located at different mixture fraction for the various axial distances. 
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Fig. 5.4 Distributions of temperature and NO mass fraction in the dilution cases 2 - 4 
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(c) Dilution case 4  Mb,O/Mb : Mb,F/Mb = 0.5 : 0.5 
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(b) Dilution case 3  Mb,O/Mb : Mb,F/Mb = 0.67 : 0.33 
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These mixture fractions are closer to the oxidizer side and their values are approximately equal to 

the stoichiometric values. NO formation follows the trend of the temperature. When considered 

the sufficiently low temperature levels (< 1,600 K), at the axial distance of z = 150 mm and 175 

mm, in Fig. 5.3, NO formation was significantly decreased.  This happens because of negligible 

formation of thermal NO at these temperature levels. Thus, Fig. 5.3 provides clear evidence that, 

in confined combustion system, even burnt gas mixing occurs with only the fresh air significant 

NO reduction can be achieved. 

Tables 5.2 (b), (c), and  (d) show the temperature and mass fraction of species at the air and fuel 

sides, in terms of axial distance, in the counter-flow flame after partially mixing of the hot burnt 

gas with the fresh air and the fuel streams in the dilution cases 2, 3 and 4. Table 5.2 (b) shows 

that very small amount of burnt gas mixing with the fuel stream has a significant effect on initial 

conditions of temperature and species mass fraction of fuel stream, and the effect is extensively 

increased with the increase of amount of burnt gas quantity, which is supposed to be mix with the 

fuel stream as shown in Tables 5.2 (c) and (d). The burnt gas mixing with the fuel and the air 

streams leads to more uniform temperature distributions, than dilution case 1, as shown in Fig. 

5.4. This is caused by elevated temperature of reactants on both sides as a result of pre-heating of 

both streams. Similar to the dilution case 1, there is a significant temperature reduction, and 

thereby NO reduction, at axial distances of z = 150 mm and 175 mm corresponding to the 

without-dilution because of higher flame dilution. However, in the dilution cases 2, 3, and 4, 

there is a slightly higher peak temperature and NO formation, when compared to the dilution case 

1. This happens as a result of the low conductive heat loss to the reactant streams as a result of 

the elevated temperature for both streams. Moreover, in the dilution cases 2, 3 and 4, the mixture 

fractions which are related to the maximum temperatures are closer to the fuel side, and however, 

their values are approximately equal to the stoichiometric values as similar to the dilution case 1.  

Thus, Figs. 5.3 and 5.4 provide a clear evidence that, in a confined combustion system, the effect 

of self-dilution has a significant influence on maximum flame temperature reduction, and thereby 

NO abatement. 

 



83 

 

 

 

 

 

 

 

 

 

Fig. 5.5 Distributions of temperature and NO mass fraction in the dilution case 1, in terms 

of strain rate (K) 

In addition, an investigation of the flame structures, along of axial direction in confined flames, 

was made in terms of strain rate, (K = V/L), as shown in Figs. 5.5 and 5.6. In this study, the 

calculation of flame-structures in the dilution cases 1 and 3 were repeated with the flame strain 

rate of 100s
-1

. The increase in strain rate is associated to the increase in air velocity difference 

(Ua) in the experimental studies. The increase in the strain rate (or air velocity difference) 

should lead to the flame stretch effect. The general behavior of the flame structures in the 

dilution cases 1 and 3 with the strain rate 100s
-1

 is almost same as to the case of strain rate of    

50 s
-1

. However, at the higher strain rate (K = 100s-
1
), irrespective of the dilution case, the 

maximum temperatures at each axial distance are lower than the case of 50 s
-1

 and thereby NO 

formation takes a significantly lower value. This is caused by an enhanced conduction of heat 

owing to larger gradients at the higher strain rates. The conductive heat loss is proportional to the 

scalar dissipation rate,, which is defined in Eq. 5.2, and  is a key quantity in the  

 

0 0.2 0.4 0.6 0.8 1
0

0.00005

0.00010

0.00015

0.00020

Z

Y
N

O

Mb,O/Mb : Mb,F/Mb = 1 : 0

0 0.2 0.4 0.6 0.8 1
0

500

1000

1500

2000

Z

T
 [

K
]

Mb,O/Mb : Mb,F/Mb = 1 : 0

0 0.2 0.4 0.6 0.8 1
0

500

1000

1500

2000

Z

T
 [

K
]

Mb,O/Mb : Mb,F/Mb = 1:0

 z = 50 mm

 z = 100 mm
 z = 150 mm
 z = 175 mm

 without dilution

0 0.2 0.4 0.6 0.8 1
0

0.0001

0.0002

0.0003

0.0004

Z

Y
N

O

Mb,O/Mb : Mb,F/Mb = 1:0

 without dilution

 z = 50 mm
 z = 100 mm
 z = 150 mm
 z = 175 mm



84 

 

 

 

 

 

 

 

 

 

Fig. 5.6 Distributions of temperature and NO mass fraction in the dilution case 3, in terms 

of strain rate (K) 

description of diffusion flames [24]. Thus, the increase in strain rate leads to the increase in 

scalar dissipation rate, and thereby, conductive heat losses.  

 22 Z
cp





                                                                   (5.2) 

where  is the coefficient of thermal conductivity.   

Finally, the effect of inner diameter of the cylindrical furnace on the NOx reduction was 

indirectly evaluated using the flame-structures along axial direction in confined flames. In this 

study, the flame-structures, in terms of axial distance, of confined flame of D = 95 mm,  = 0.6, 

and Ua = 8 m/s are generated as discussed in Section 5.2. However, in the case of D = 95 mm, 
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Fig. 5.7 Distributions of temperature and NO mass fraction in the dilution case 1, in terms 

of inner diameter of the furnace (D) 

the maximum recirculated burnt gas mass quantity was reported at the axial distance z = 130 mm. 

Thus, flame structures at axial distances of z = 50 mm, 100 mm, and 125 mm are generated in 

this study for the dilution cases 1 and 3. Figures 5.7 and 5.8 show the distributions of temperature 

and NO mass fraction in the dilution cases 1 and 3, respectively, in terms of the inner diameter, D. 

Because of the weaker burnt gas entrainment in the case of D = 95 mm, the maximum 

temperature at the each axial distance shows higher value corresponding to the D = 182 mm. 

Moreover, the maximum temperature reduction, at the axial distance of z = 125 mm, 

corresponding to the with-out dilution case, is not highly significant. Hence, NO formation, in 

terms of axial distance, in the case of D = 95 mm, shows significantly higher value than the 

corresponding NO formation in D = 182 mm. Therefore, this study provides the verification that 

the increase in the inner diameter of the furnace leads to a significant NOx reduction.  
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Fig. 5.8 Distributions of temperature and NO mass fraction in the dilution case 3, in terms 

of inner diameter of the furnace (D) 

 

5.4 Conclusions 

The study of confined flame structures, in terms of axial distance, in the mixture fraction domain 
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to the increase in the air velocity difference in the experimental study, leads to a significant 

temperature reduction, and thereby NOx abatement as a result of the conduction heat loss. The 
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furnace, plays an important role in the flame dilution, which leads to the decrease in maximum 

flame temperature and NOx emission. 
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CHAPTER 6 

CONCLUSIONS AND RECOMMENDATIONS 

6.1 Concluding remarks 

The main objective of this dissertation was to make a numerical evaluation to characterize the 

effect of self-dilution phenomena in confined flames, in terms of the furnace geometry, global 

equivalence ratio, and air velocity difference, on NOx emission properties, and consequently 

realize a low-NOx combustion system using a small cylindrical furnace. 

In confined flames, the recirculation vortex, which is generated between flame and the furnace 

wall, leads to self-dilution of the combustion mixture. Therefore, the enhancement of the self-

dilution should lead to the peak temperature reduction in the furnace, and thereby, considerable 

thermal NOx abatement. This study was based on the comprehensive experimental study, which 

is performed by Noda et al., on NOx emission characteristics in turbulent non-premixed flames 

in Pyrex glass cylindrical furnaces, and the study showed that the NOx emission in confined 

flames is significantly decreased with the increase in the inner diameter of the furnace, the global 

equivalence ratio, and the air velocity difference. This NOx reduction is possibly caused by flame 

dilution and flame stretch. 

Since Pyrex glass makes a penetration of thermal radiation of wave length between 0.3 µm and 

0.4 µm, well insulated stainless steel cylindrical furnaces are also used to evaluate the effect on 

radiation on the NOx emission properties in confined flames under the same experimental 

conditions of Noda et al. This study showed that the radiation effect on the NOx emission, under 

those conditions, is small, and EINOx difference is almost constant with respect to the parameter 

of DUFUa; where D, UF, and Ua, are the inner diameter of the furnace, fuel velocity, which 

relates the global equivalence ratio, and the air velocity difference, respectively. In addition, the 

study using the stainless steel cylinders showed the increase in global equivalence ratio in small 

cylindrical furnace increases the maximum flame temperature significantly and thereby the 

EINOx is also increased. This should be caused to the limitation of burnt gas recirculation in 

small cylindrical furnace. On the other hand, the study showed that, in the case of large 
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cylindrical furnace, the increase in global equivalence ratio leads to only the small increment in 

the maximum temperature and thereby the EINOx is decreased. In the large cylinders, the strong 

burnt gas entrainment and the decrease in residual oxygen concentration in the burnt gas with the 

increase in global equivalence ratio should cause to this EINOx reduction. 

The numerical calculation of the physical interactions in confined flames, based on the 

mathematical models, paves the way to design the optimum combustion operation and prediction 

the pollutant emissions. However, the complicated interaction between the turbulence and 

chemistry makes it as a difficult task. Thus, initially, in this study, the partially-stirred-reaction 

combustion model has been incorporated into OpenFOAM CFD tool to investigate the turbulent 

flow fields, temperature, species concentration, and NOx emission of confined jet flames in small 

cylindrical furnace. The predicted mean axial velocities and mean temperature show an excellent 

agreement with the experimental measurements. Moreover, the axial distributions of mean 

temperature excellently predict the flame length. The mean radial distributions of species of CO 

and O2 show a reasonable agreement with measurements, whereas the mean reaction and the 

mean heat-release rates verify the features of temperature and species concentration. In addition, 

the study numerically verified that the increase in global equivalence ratio in small cylinder 

furnaces lead to the increase in EINOx. 

Then, this study made a numerical evaluation to characterize the effect of self-dilution in 

confined flames in terms of the furnace geometry and global equivalence ratio on NOx emission. 

In order to quantify the burnt gas entrainment, and consequently, the flame self-dilution, in 

confined flames, a parameter which represents the jet zone mass flow rate were introduced. The 

study found that the increase in inner diameter of cylindrical furnace leads to the significant 

development of the jet zone mass flow rate long the axial direction because of larger recirculation 

vortex in the larger cylinder. Accordingly, higher entrainment leads to the grater flame self-

dilution in the large cylindrical furnaces. The EINOx characteristics of confined flames showed a 

liner reduction with increase in flame self-dilution. Thus, this study verified that EINOx of 

confined non-premixed flames is primarily dominated from the flame self-dilution, through the 

entrainment of burnt gases. 
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Finally, the confined flame structures, in terms of the axial distance, in the mixture fraction 

domain were examined using a counter diffusion configuration. In confined flames, the internal 

recirculation should generate the variable compositions of the fuel and the air streams along the 

axial direction, and consequently, a confined combustion system can be called as an unsteady 

combustion process. The study showed that the peak value of temperature decreases with 

increasing the axial distance because of higher flame dilution in the downstream of confined 

flames. Consequently, the NO formation was significantly decreased in the downstream. 

Moreover, the increase in flame strain rate, which corresponds to the increase in the air velocity 

difference in the experimental study, leads to significant temperature reduction, and thereby NOx 

abatement owing to the conduction heat loss. The increase in the scalar dissipation rate, as a 

result of the increase in flame strain rate, is caused to the higher conduction heat loss. The 

comparison of flame structures, in terms of inner diameter, showed that the entrained burnt gas 

mass quantity, which is a function of inner diameter of the furnace, plays the important role in 

the flame dilution, which leads to the decrease in maximum flame temperature and NOx 

emission. 

This study, eventually, realized that the increase in inner diameter of the furnace, the global 

equivalence ratio, and the air velocity difference in confined combustion system leads to the 

decrease in maximum flame temperature and thereby NOx emission because of the flame self-

dilution and the flame stretch effect. Therefore, the increase in the flame self-dilution ratio as a 

dominant parameter, which controls the characteristics of confined flames, is very important for 

NOx abatement. 

6.2 Recommendations for future works 

Even though our study could not achieve the ultra-low NOx emission, like in a sophisticated mild 

combustion furnace, the study shows that the confined flame combustion system can achieve the 

significant NOx abatement with the increase in the inner diameter, the global equivalence ratio, 

and the air velocity difference because of flame self-dilution. Because of the simplicity, in terms 

of the installation and the operation, this technique can be used in any narrow and limited spaces. 

The greater potential to increase the flame self-dilution, in this combustion system, by means of 

the simple combination of the burner and the combustion chamber, keeps this study at an 
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interesting space in the industrial utilization. However, in this study, the flame stability was 

maintained by using a pilot flame. Therefore, in future, it is suggested to identify more confined 

flame characteristics, which lead to the jet flame stabilizations by using an advanced CFD tools 

such as the large-eddy simulations (LES).  
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APPENDIX - A 

The augmented reduced chemical kinetics for the propane-air oxidation [34] in the form of  

)/exp( 0TREATkl   . Units are moles, cubic centimeters, seconds, Kelvins and calories/mole 

 

 

 

A  E 



97 

 

           

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A  E 



98 

APPENDIX - B 

The detailed chemical kinetics for the propane-air oxidation [34] in the form of  

)/exp( 0TREATkl   . Units are moles, cubic centimeters, seconds, Kelvins and calories/mole 
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APPENDIX - C 

The NOx chemistry of GRI -2.11 in the form of )/exp( 0TREATkl   Units are mole, cubic 

centimeters, seconds, Kelvins and calories/mole.       
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