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Abstract 

Flameless combustion in a 48 kW pilot scale furnace fired with natural gas is studied 

experimentally and computationally. The burner geometry involved a tunnel furnace with two 

separate feed streams --- one for a high momentum air jet and the other for a low momentum fuel 

jet. This burner configuration, called a Strong-Jet/Weak-Jet (SJWJ) burner, together with the jet-

to-jet interactions generate the flameless combustion mode with relatively uniform furnace gas 

temperature distributions and low NOX emissions. Experiments were carried out under laboratory 

conditions for turbulent reactive mixing in order to obtain local temperature and gas 

concentrations. The experimental findings were used to test the performance of CFD numerical 

models for turbulence, mixing and chemical reactions. 

 

For the SJWJ furnace operated in flameless combustion mode, 32 different flow cases were 

examined to assess the effects of the three main parameters (fuel/air momentum flux ratio, 

fuel/air nozzle separation distance and fuel injection angle) on the furnace wall temperature 

profile. Three specific flow configurations were selected for detailed near-field temperature 

measurements. The gas temperature distribution inside the combustion chamber was found to be 

relatively uniform, a characteristic of flameless combustion. Four flow configurations were 

studied to examine the effect of the fuel jet injection angle (0 degrees or 10 degrees) and fuel/air 

momentum flux ratio (0.0300 and 0.0426) on the mixing, combustion performance and NOX 

emissions. Gas compositions were measured in the flue gas and within the furnace at selected 

locations to estimate the concentrations of CO2 CO, CH4, O2, NO and NOX. The NOX 

concentrations in the flue gas were quite low, ranging from 7 - 13 ppm, another characteristic of 

flameless combustion. 



 

 

iii

The combusting flow CFD calculations were carried out using the k-ε turbulence model and the 

eddy-dissipation model for methane-air-2-step reactions to predict the temperature and 

concentration field. The numerical results for gas temperature and compositions of CH4, O2 and 

CO2 generally showed good agreement with the experimental data. The predicted CO 

concentration profiles followed expected trends but the experimental data were generally under-

predicted. The NOX concentrations were estimated through post-processing and these results were 

significantly underpredicted. 
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Chapter 1 

Introduction 

1.1 Motivation for the thesis 

Current research and development activity in the field of combustion technology is focused on 

improved energy efficiency and control/reduction of emissions from stationary industrial and 

transportation sources. Emission reductions are driven by environmental regulations to control 

greenhouse gases (GHG) and atmospheric smog. The Kyoto Treaty went into effect on Feb. 16, 

2007 with the aim of reducing GHG – Canada ratified the treaty in December 17, 2002 with a 

commitment to reduce GHG to 6% below 1990 levels during the 2008-2012 commitment period 

(Wang and Wiser [1]). The GHG inventory includes the following species: 

CO2 – Carbon dioxide 
CH4 – Methane 
N2O – Nitrous oxide 
PFCs – Perfluorocarbons 
HFCs – Hydrofluorocarbons 
SF6 – Sulphur hexafluoride 

Data for these emissions in Canada, reported for 2005 and shown in Table 1-1 indicate the 

magnitude of the problem faced by many sectors of society (Environment Canada [2]). These 

data are expressed in terms of the equivalent mass of CO2 for the various components (CO2 has a 

weighting of unity, CH4 a weight of 21 g/g CO2 and N2O a weight of 310 g/g CO2). 
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Table 1-1 Sectoral greenhouse gas emissions for Canada (Environment Canada [2]).  
1990 2003 2005 2003-2005 1990-Source Categories 

kt CO2 eq Change Change 
TOTAL 596,000 745,000 747,000 0.3% 25.3% 
ENERGY 473,000 613,000 609,000 -0.7% 28.6% 
a. Stationary Sources 282,000 360,000 346,000 -4.1% 22.6% 
  Electricity and Heat Generation 95,300 135,000 129,000 -4.7% 34.9% 
  Fossil Fuel Industries 52,000 74,000 73,000 -0.2% 42.5% 
  Mining 6,180 15,700 15,600 -0.8% 151.9% 
  Iron and Steel 6,490 6,370 6,520 2.4% 0.6% 
  Non Ferrous Metals 3,180 3,200 3,190 -0.3% 0.2% 
  Chemical 7,090 5,810 5,350 -7.8% -24.5% 
  Pulp and Paper 13,600 8,990 7,340 -18.4% -46.2% 
  Cement 3,690 4,080 4,580 12.4% 24.1% 
  Other Manufacturing 20,600 20,800 18,900 -9.2% -8.3% 
  Construction 1,880 1,300 1,310 0.4% -30.5% 
  Commercial & Institutional 25,800 37,900 36,800 -2.8% 42.5% 
  Residential 44,000 45,000 42,000 -7.4% -4.5% 
  Agriculture & Forestry 2,402 2,210 1,950 -11.9% -19.6% 
b. Transporatation 150,000 190,000 200,000 5.6% 32.8% 
  Domestic Aviation 6,400 7,300 8,700 19.1% 35.3% 
  Gasoline Automobile 47,200 42,600 41,200 -3.5% -12.8% 
  Light Duty Gasoline Trucks 21,300 41,700 44,500 6.8% 108.8% 
  Heavy Duty Gasoline Trucks 8,050 6,230 6,510 4.5% -19.1% 
  Motorcycles 151 233 260 11.4% 72.0% 
  Diesel Automobiles 363 408 443 8.5% 21.8% 
  Light Duty Diesel Vehicles 724 1,930 2,200 14.1% 203.8% 
  Heavy Duty Diesel Vehicles 21,200 35,000 39,000 11.6% 84.0% 
  Propane & Natural Gas Vehicles 2,200 820 720 -11.1% -67.3% 
  Railways 7,000 6,000 6,000 6.9% -11.0% 
  Domestic Marine 5,100 6,200 6,500 5.1% 27.5% 
  Off Road Gasoline 7,000 8,000 7,000 -7.8% 7.4% 
  Off Road Diesel 20,000 20,000 20,000 8.9% 56.0% 
  Pipelines 6,900 9,110 10,100 11.3% 46.9% 
c. Fugitives 42,700 65,900 65,700 -0.3% 54.0% 
  Coal Mining 2,000 700 700 0.0% -62.1% 
  Oil 4,180 5,780 5,660 -2.0% 35.4% 
  Natural Gas 12,900 20,100 20,800 3.8% 61.5% 
  Venting 19,300 33,700 33,000 -2.0% 71.3% 
  Flaring 4,400 5,600 5,500 -2.4% 24.4% 
INDUSTRIAL PROCESSES 53,500 50,600 53,300 5.4% -0.4% 
a. Mineral Production 8,300 9,100 9,500 4.7% 14.8% 
b. Chemical Industry 16,000 7,400 8,900 20.7% -43.1% 
c. Metal Production 19,500 17,200 16,200 -5.6% -16.7% 
d. Consumption of Halogens 1,800 6,000 6,100 0.8% 235.2% 
e. Other & Undifferentiated Production 8,300 11,000 13,000 15.7% 51.6% 
SOLVENT & OTHER PRODUCT USE 170 220 180 -19.6% 1.6% 
AGRICULTURE 46,000 54,000 57,000 5.2% 23.6% 
a. Enteric Fermentation 18,000 23,000 25,000 8.4% 33.4% 
b. Manure Management 6,700 8,100 8,600 5.6% 28.6% 
c. Agriculture Soils 21,000 23,000 23,000 1.8% 13.4% 
WASTE 23,000 27,000 28,000 3.2% 20.7% 
a. Solid Waste Disposal on Land 22,000 26,000 27,000 3.2% 21.9% 
b. Waste Water Handling 780 910 930 2.4% 20.1% 
c. Waste Incineration 400 230 240 4.3% -41.0% 
LAND USE, LAND-USE CHANGE & FORESTRY -120,000 22,000 -17,000 -176.6% -86.0% 
a. Forest Land -150,000 11,000 -27,000 -341.3% -82.0% 
b. Cropland 14,000 1,400 520 -62.1% -96.4% 
c. Grassland N/A N/A N/A N/A N/A 
d. Wetland 5,000 2,000 2,000 -4.4% -68.5% 
e Settlements 9,000 8,000 8,000 -1.3% -12.5% 
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The data in Table 1-1 show that the total GHG emissions for Canada have increased by 25.3% 

since 1990 with 28.6% attributable to the energy sector. This energy sector includes the electricity 

and power requirements for domestic utilities as well as the needs of industry. The emissions 

attributable to industrial processes noted in Table 1-1 only account for those arising directly from 

the processing operations (not including energy production) and these emissions have not 

changed significantly in the 1990-2005 time period. Hence a significant change in the GHG 

emissions for Canada lies with the energy needs of the country. 

 

GHG emissions are also expressed in terms of emission intensities and results reported by 

Environment Canada for the period 1990-2005 are shown in Table 1-2 (Environment Canada [2]). 

These results show that emissions intensities have decreased by 17.8% over this survey period, 

better reflecting changes in energy efficiency and appropriate adjustments for industrial 

productivity, e.g. closure of some industrial facilities and increased capacity in other sectors. 

Table 1-2 Trends in emissions and emission intensities (1990, 1995, 2000-2005) 
reported by Environment Canada (Environment Canada [2]). 

 1990 1995 2000 2001 2002 2003 2004 2005 
Total GHG (Mt) 596 646 721 714 720 745 747 747 
Change since 1990 (%) N/A 8.3 21.0 19.8 20.9 25.0 25.4 25.3 
Annual Change (%) N/A 2.8 3.7 -0.9 0.9 3.4 0.3 -0.1 
GDP (Billions 1997$) 708 773 946 961 989 1013 1046 1079 
Change since 1990 (%) N/A 9.2 33.7 35.7 39.8 43.1 47.8 52.5 
Annual Change (%) N/A 2.6 5.5 1.5 3.0 2.4 3.3 3.2 
GHG Intensity (Mt/$B GDP) 0.84 0.84 0.76 0.74 0.73 0.74 0.71 0.69 
Change since 1990 (%) N/A -0.8 -9.5 -11.7 -13.5 -12.7 -15.1 -17.8 
Annual Change (%) N/A 0.2 -1.7 -2.4 -2.1 1.0 -2.8 -3.1 
GDP: Industrial Sector Real Gross Domestic Product 

 
These results indicate that while progress has been made in terms of GHG emission intensity 

there will be a long term need for increased reductions to meet future regulations. This is 

particularly important for CO2 emissions and reductions of this species can be obtained by 
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various strategies including energy efficiency for combustion processes (Burggraaf et al. [3]) and 

carbon dioxide sequestration (bu-Khader [4]). Energy efficiency strategies are often based on 

using diluted combustion (Wuenning and Wuenning [5]), a subject of interest in the present work. 

This technology will be described in more detail later, but one of the essential features of diluted 

combustion systems is a very uniform gas temperature distribution in the furnace volume leading 

to a more uniform heat transfer for more effective and uniform heating in industrial processes. 

 

The nitrogen oxides, NO (nitrogen oxide) and NO2 (nitrogen dioxide), are collectively termed 

NOX, and also constitute an important emission that will receive increasing regulatory attention.  

These emissions combined with particulate matter and volatile organic compounds (VOC) are 

important contributors to photochemical smog (Badjagbo et al. [6] and Turns [7]). 

 

Figure 1-1 shows the long-term trend of man-made NOX emissions by continent in North 

America (United States and Canada), Europe and Asia. After 1990, there is an apparent 

decreasing trend in NOX emissions from Europe, which is thought to be due to more and more 

stringent emission control policies in Western European countries. In contrast, emissions of NOX 

in Asia, which were only a minor contributor to global emissions during the 1970s, have 

increased rapidly since 1980 and surpassed those from North America and Europe in the mid-

1990s. This situation is expected to continue for another decade or two (Akimoto [8]). 
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Figure 1-1 Trend of anthropogenic NOx emissions in North America, Europe, and Asia 
(Akimoto, 2003). 

NOX is widely regarded as a cause for severe health problems with strong environmental impact 

in the environment. The main effects of NOX emissions are: 

• ground-level ozone formation; 

• acid aerosol formation; 

• acid rain formation; 

• water quality deterioration; 

• toxic chemical formation; 

• global warming. 

 

Over the past 25 years the average air pollution levels in Canada have improved, but smog 

remains a serious health concern in a number of heavily populated parts of the country. 

(McKendry [9]). The emissions of nitrogen oxides by boilers, heaters and furnaces contribute 
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significantly to the formation of photochemical smog. The Canadian Council of Ministers of the 

Environment (CCME) issued the National Emission Guideline for Commercial/Industrial Boilers 

and Heaters in March 1998, as shown in Table 1-3. It applies to new boilers and heaters that use 

natural gas, distillate oil or residual oil as their primary fuel (Dockrill and Friedrich [10]). Hence 

reduction of NOX emissions has become a major issue for industrial plants on a worldwide basis. 

Table 1-3 CCME NOX Emission Guidelines for New Boilers and Heaters 

NOX EMISSION LIMIT, g/GJ* AND PPM (AT 3% O2)** 
INPUT CAPACITY 

10.5 TO 105 GJ/h (10 TO 100 
MILLION Btu/h) 

GREATER THAN 105 GJ/h 
(>100 MILLION Btu/h) 

Natural gas 26 (49.6) 40 (76.3) 
Distillate oil 40 (72.3) 50 (90.4) 

Residual oil with less than 
0.35% nitrogen 

90 (162.7) 90 (162.7) 

Residual oil with 0.35% or 
more nitrogen 

110 (198.9) 125 (226.0) 

 
* g/GJ = grams of NOX emitted per gigajoule of fuel input 

** ppm = parts per million by volume, corrected to 3% O2 in the flue gas (10,000 ppm = 

1%) 
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Table 1-4 shows typical NOX emissions for natural gas and oil fired boilers without NOX 

pollution control equipment in place. 

Table 1-4 Typical NOX Emissions without NOX Control Equipment in Place 

FUEL AND BOILER TYPE TYPICAL NOx EMISSIONS 
(PPM AT 3% O2) 

Firetube 75-115 
Package watertube 40-90 Natural gas 

Field-erected watertube 45-105 
Firetube 70-140 

Package watertube 90-150 No. 2 oil 

Field-erected watertube 40-115 
Package watertube 160-310 No. 4 oil 

Field-erected watertube 140-190 
Package watertube 200-360 No. 6 oil 

Field-erected watertube 190-330 
 

In general, there are two primary methods for NOX emission control in industry. 

• NOX Prevention - New Combustion Processes, Cleaner Fuels, etc.: Prevents NOX 

formation during the combustion process. 

• NOX Removal - Back End Controls: NOX is removed from the flue gas after it is 

formed. 

 

NOX prevention methods are significantly more cost-effective than NOX removal methods (Zaidi 

and Kumar [11]). 

 

Natural gas is considered a clean fuel and a good possibility as a transitional fuel between coal 

and oil and other renewable alternative resources such as solar, wind and hydropower. Hence the 

present study is focused on applications for natural gas fired boilers, furnaces and heaters and 
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how further reduction of NOX emissions can be achieved by applying new combustion 

technologies to natural gas furnaces, especially so-called low NOX combustion technologies. 

 

Low NOX combustion technologies in natural gas furnaces include the following (Ren et al. [12]): 

• Low NOX burners including aerodynamically mixing controlled and split flame types  

• Combustion modifications such as air staging and flue gas mixing 

• IFNR (In-Furnace NOX Reduction) combustion 

 

The Center for Advance Gas Combustion Technology (CAGCT) and the Canadian Gas Research 

Institute (CGRI) developed an ultra-low NOX burner for use with natural gas and air (Sobiesiak et 

al. [13]). This multi-jet burner design has been tested under a wide range of operating conditions 

in the CAGCT research furnace (Fleck et al. [14]). To obtain a better understanding of the mixing 

patterns and the mechanisms of flameless combustion of natural gas, a new laboratory furnace 

system, based on the Strong-Jet/Weak-Jet principle, with a simplified dual jet burner has been 

developed and commissioned at Queen’s University. 

 

The new laboratory furnace, termed “Strong-Jet/Weak-Jet Furnace”, is a tunnel furnace with 

square cross-section. Non-premixed fuel (natural gas) and air are fired into the combustion 

chamber through two separate nozzles. By positioning the fuel nozzle away from the combustion 

air stream, both the fuel jet stream and the air jet stream entrain large amounts of combustion 

products before final mixing and reaction. The combustion takes place with no visible flame 

when the furnace is operating in “flameless combustion” mode. In this mode, the in-furnace 

temperatures are relatively uniform between 850 °C and 1300 °C with only small gradients 

appearing in the burner vicinity, avoiding high temperature regions which contribute to thermal 

NOX production. By varying the separation distance and the angular separation of the fuel nozzle 
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and air nozzle and the fuel/air momentum flux ratio, the near-burner aerodynamics and the 

combustion process can be controlled inside the combustion chamber. 

1.2 Objectives of the Thesis 

The objective of this thesis is to study, experimentally and numerically, flameless combustion of 

natural gas in the Strong-Jet/Weak-Jet furnace (strictly speaking, an apparatus for testing 

flameless combustion mechanisms) by investigating the aerodynamics and the temperature and 

concentration fields in the near burner zone inside the combustor. In particular, the study will 

investigate the effects of the fuel/air momentum flux ratio, the fuel injection angle and the jet 

separation distance on the temperature and concentration fields in the furnace. The understanding 

of the role of these three parameters is important for the implementation of flameless combustion 

based-technologies since the mixing and dilution by the flue gas is controlled solely by the 

velocity and turbulence inside the combustion chamber. 

1.3 Outline of the Thesis  

First, a literature review of flameless combustion and the Strong-Jet/Weak-Jet problem is 

presented in Chapter 2. The rest of this thesis consists of two parts, an experimental part and a 

numerical part. The experimental part starts in Chapter 3 with full details of the experimental 

apparatus and procedures. In Chapter 4, the experimental findings in the Strong-Jet/Weak-Jet 

furnace with flameless combustion of natural gas obtained by detailed in-furnace measurements 

are presented. In Chapter 5, the numerical part starts with an introduction to the numerical models 

used in the simulations and then numerical predictions are evaluated against the experimental 

findings presented in Chapter 4. Finally, conclusions and recommendations for further work are 

presented in Chapter 6.  
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1.4 Outline of the Apparatus  

An experimental setup of a 48 kW square, aluminum, water-cooled, Fibrefrax Duraboard lined, 

laboratory sized, natural gas-fired furnace with a single pair of jets in the SJWJ configuration was 

designed, constructed and commissioned at Queen’s University and experiments with the Strong-

Jet/Weak-Jet furnace operating in flameless combustion mode were performed. Experimental 

data including pressure, gas temperature and concentrations of CH4, CO2, CO, O2, NO and NOX 

in the near-burner zone inside the furnace were obtained. The temperature profile of the inner 

wall of the furnace was monitored by four type-K thermocouples distributed along the axial 

direction with spacing of around 205 mm. A water-cooled sampling probe, traversable in the x 

and y-directions, consisted of a gas sampling tip and a thin-wire K-type thermocouple was used 

for combined measurements of pressure, temperature and gas concentration in the near burner 

zone inside the combustion chamber. The experimental results were used to validate the 

numerical models to see whether they could predict the flameless combustion process reasonably 

well. 
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Chapter 2 

Literature Review 

The review in this chapter presents previous studies regarding flameless combustion in natural 

gas-fired furnaces and the strong-jet/weak-jet mixing problem. It includes both experimental and 

numerical studies. 

2.1 Advanced Combustion Technologies 

2.1.1 Flameless Combustion 

A visible flame or fire usually develops if a combustible mixture of fuel and oxidizer is ignited. 

According to the way that fuel and oxidizer are injected into the burner, there are generally two 

types of flames in conventional combustion systems. 

• Premixed Flames 

• Diffusion Flames 

 

For premixed flames, the fuel and oxidizer are mixed well before they are ignited in the 

combustion chamber – this is similar to the classical Bunsen burner. The reaction is considered to 

occur within the luminous zone where the flame propagation speed matches the gas mixture 

velocity. For diffusion flames, fuel and oxidizer are introduced separately into the burner 

nearfield. It is also believed that most of the reaction occurs in a relatively narrow zone at the 

interface where fuel and oxidizer come into contact. Flames can be either laminar or turbulent, 

depending on Reynolds or Grashof numbers. For turbulent flames, the reaction zone is usually 
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quite thick compared to laminar flames. The turbulent flame speed is also much greater than that 

of a laminar flame, resulting in a shorter flame smaller than that of a laminar regime at the same 

flow rate, fuel-air ratio and burner size (Kuo K.K. [15]). 

 

Main features of flame combustion are: 

• Reaction of fuel and oxidizer at high temperatures 

• High temperatures at the stabilization point 

• Visible flame front (in most cases either yellow, if soot formation occurs, or blue, typical 

for natural gas flames) 

• Most of the fuel is burnt in the thin layer of the flame front. However, the complete 

combustion usually takes place downstream, in the invisible post-flame zone. 

 

In order to establish a flame, the fuel/oxidizer ratio should be within the flammability limits and 

an ignition source is required. Once a flame is established, the flame itself usually acts as the 

source of ignition for the inflowing fuel and oxidizer. High temperatures promote the stability of 

flames but result in high levels of thermal NOX formation (Wuenning J.G. [16]). 

 

In 1989, combustion without visible flames was observed during experiments with a self-

recuperative burner, shown in Figure 2-1 (Wuenning J.G. [17]). With the furnace temperature at 

1000 °C and the preheated combustion air at about 650 °C, the fuel was completely consumed 

without a visible flame. This led to the term flameless oxidation or FLOX®. The combustion 

process was stable and smooth with a low carbon monoxide content in the exhaust (< 1 ppm) and 

NOX emissions close to zero. 
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Figure 2-1 Flame and FLOX® (Wuenning J.G. [17]) 

Recycling cooled flue gas and increasing the turbulence near the combustion zone are good ways 

to prevent the formation of visible flames. Using fuels with long ignition-delay time (the time 

required to establish a flame), like methane, also helps establish flameless combustion (Wuenning 

J.G. [17]). 

 

For stable flames, recirculation of combustion products into the fuel/oxidizer mixture occurs 

mainly after reaction. In flameless combustion, strong recirculation of combustion products into 

the fuel/oxidizer mixture occurs before reaction, either in front of a burner face or in the mixing 

chamber within the burner, where it usually mixes with the oxidizer stream. The recirculated 

combustion products heat up the fuel/oxidizer mixture and dilute the reactants, reducing in-

furnace temperature and greatly extending the reaction zone. It was found (Wuenning and 

Wuenning [5]) that under special conditions, it is possible to achieve a stable form of combustion 

at high recirculation rates of exhaust gases. The recirculation rate is defined as: 
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where,  

EM  is the mass flowrate of recirculated exhaust gas 

FM  is the mass flowrate of fuel 

AM  is the mass flowrate of air 

 

Wuenning points that only exhaust gas recirculated into combustion air and fuel before the 

reaction (flame front) is considered to be recirculated exhaust gas. The recirculation of hot 

products into the flame to improve flame stability is not considered as recirculated exhaust gas. 

Figure 2-2 shows a schematic diagram of the stability limits for different combustion modes. 

Stable flames “A” are possible over the whole range of combustion chamber temperature but only 

for very low recirculation rates. For higher recirculation rates, the flame becomes unstable “B”, 

lifts off and finally blows out if temperature is below self-ignition. However, if the furnace 

temperature and the exhaust gas recirculation rate are sufficiently high, a very steady, stable form 

of combustion “C” is possible. Under ideal conditions, such combustion was reported to take 

place without any visible or audible flame, for that reason, it was named “Flameless Oxidation”. 

As can be seen from the schematic diagram, it is not possible to operate a burner with flameless 

oxidation in a cold combustion chamber. Therefore, the combustion chamber must be heated up 

with flames and then switched to flameless oxidation regime (Wuenning and Wuenning [5]). 
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Figure 2-2 Stability limits (schematic) (Wuenning and Wuenning [5]): A, stable flame 
zone; B. instability zone; C. flameless combustion zone. 

The temperature profiles of stable flames and flameless combustion (or flameless oxidation) for a 

single fuel jet burner are shown in Figure 2-3 (Wuenning J.G. [16]). 

 
Figure 2-3 Temperature Distributions of Stable Flames and Flameless 
Combustion (Wuenning J.G. [16]) 
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Figure 2-4 shows a comparison of temperature and OH concentration measurements in a flame 

and flameless combustion. The upper measurements were taken from a flame, the bottom ones in 

flameless combustion mode. The left side represents temperatures from cold (blue) to hot (red). 

OH radicals are shown on the right side (Wuenning J.G. [16]). It is obvious that there are no steep 

temperature gradients for flameless combustion. 

 

The high temperature areas in the flame front are usually the spots where large amounts of 

thermal NO are formed. For flameless combustion, besides the elimination of very high local 

temperatures, lower concentrations of OH radicals also help reduce formation of prompt NO. 

 
Figure 2-4 Laser-Optical Measurements (OH radicals and temperature) of Turbulent 
Flames and Flameless Combustion (Wuenning J.G. [16]) 
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A combination of essential conditions is required to achieve and maintain flameless combustion, 

including (Awosope and Lockwood [18]): 

• Separate injection of high momentum fuel and oxidant streams 

• The absence of conventional methods which ensure a stable attached flame such as strong 

swirl 

• The recirculation of sufficient amounts of hot combustion products, either internally or 

externally 

• Heat removal in order to ensure that the theoretical adiabatic flame temperature is not 

achieved at any location within the combustor 

Murer et al. [19] conducted a series of experiments on a 30 kW laboratory scale combustor, 

equipped with an electrical air preheater, testing the effects of excess air and air preheat 

temperature on the flameless combustion characteristics. The results suggested significant effects 

of excess air and air preheat temperature on the location and shape of the combustion reaction 

zone and emission level. A higher excess air led to a shorter distance between the maximum 

emission point and furnace bottom, and higher UV emission levels. A higher air preheat 

temperature had a similar effect. The author investigated the relationship between measured CO 

and NOX contents in the flue gases at the furnace outlet and the furnace temperature. It was found 

that for 20% excess air ratio the measured CO content was about 30 ppm (dry basis) and was 

almost independent of the furnace temperature while for 10% excess air ratio the CO content 

increased with the furnace temperature. Measured NOX content was very low and increased with 

the furnace temperature (Murer et al. [19]). 

2.1.2 CGRI Burner 

The Center for Advanced Gas Combustion Technology (CAGCT) at Queen's University has 

developed and optimized an ultra low-NOX burner (designed by the Canadian Gas Research 
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institute (CGRI)) for natural gas firing industrial furnaces (Sobiesiak et al. [13]). The burner is a 

non-premixed, multi-jet, gas-fired burner, in which seven fuel ports and seven air ports are 

alternated and arranged in a ring around a central premixed pilot flame as shown in Figure 2-5. 

The burner fuel ports are inclined at 15 degrees and air ports 10 degrees off the burner axis with 

diameters of 6.35 mm and 19.1 mm respectively. This provides a relative incident angle of 12θ = 5 

degrees between the fuel and air streams. The ports are designed such that the momentum flux of 

the air jet is much larger than that of the fuel jet. 

 

Figure 2-5 CGRI burner front view: alternate arrangement of fuel and air nozzles 
(Fleck et al. [14]) 

The fuel and air are directly injected into the furnace atmosphere. This FODI (Fuel/Oxidant 

Direct Injection) strategy postpones the mixing of fuel and air streams until both fuel and air 

streams have been significantly diluted by entraining cooled furnace gases. The measured 

concentration of NOX in the exhaust gas is 2 to 40 ppm @ 3% O2 and combustion took place 

without any visible or audible flames. Thus the CGRI burner operates in a flameless combustion 

mode (Fleck et al. [14]). The burner near-field consisting of 14 jets generates a unique flow field 

in which fuel jets quickly bend to the burner axis together with furnace gases. The aerodynamics 
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in the burner near-field region has the greatest effect on controlling NOX emissions since the 

mixing process is critical to achieving flameless combustion. 

 

Figure 2-6 Concentration iso-surfaces for Oxygen (Green) and Methane (Blue). Mole 
concentrations: 14% (Oxygen), 15% and 30% (Methane) on a dry basis (Fleck et al. [20]) 

Figure 2-6 shows CFD predictions of fuel and air jet trajectories. The strong air jets converge 

gradually, due to the overall entrainment effects towards the burner axis. However, the fuel jets 

are quickly entrained into a central core along the burner axis, passing between the strong air jets 

instead of merging with them. (Fleck et al. [20]).  
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Figure 2-7 Contours of Oxygen (above) and Methane (below) levels for traverses with 1 
2m of sink exposed. The contour interval is 1 mol% and 2 mol% (dry basis) for Oxygen and 

Methane. The x-axis is not to scale, compared to y and z. Distances in millimetres. (Fleck et 
al. [14]) 

Figure 2-7 shows downstream evolution of the measured fields of oxygen and methane, which 

agrees well with the CFD predictions of the fuel and air jets. This figure shows how both the air 

and fuel jets close to the burner (x = 125 mm) maintained their separate distinct structure while 

slightly further downstream (x = 350 mm), the fuel jets were entrained into the core of the ring of 

air jets. After this point, the peak methane content remained close to the burner axis (Fleck et al. 

[14]). 
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2.1.3 The Strong-Jet/Weak-Jet Mixing Problem 

In many non-premixed combustion systems, the fuel and oxidant are supplied through closely 

spaced jet ports. The jet port axes can be arranged parallel, convergent or divergent. A single pair 

of air and fuel jets, the strong-jet/weak-jet problem, can be considered as a basic building block of 

a multi-jet burner flow. In the study of Grandmaison et al. [21], the fuel and air jet port axes are 

divergent as shown in Figure 2-8. This strong-jet/weak-jet mixing problem was investigated as a 

cold model using jet theory to give basic insight into the flow and mixing pattern in a Strong-

Jet/Weak-Jet Burner. 
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Figure 2-8 Jet trajectory of fuel (1) and air (2) jets (Grandmaison et al. [21]) 

A Cartesian coordinate system was applied as shown in Figure 2-8. Although the jets are 

turbulent and dynamic, the study was focused on the mean flow trajectories, which are defined as 

the loci of the centers of the momentum flux of the time-averaged, statistically stationary flows. 

Since the axes of the jet ports are coplanar, this was treated as a 2D problem. 
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The momentum flux of the air jet is much larger than that of the fuel jet and is not strongly 

affected by the fuel jet. According to the analysis, the air jet could be regarded as a single, free 

turbulent jet and its trajectory could be described simply as 0)(2 =xy . The corresponding 

“weak” fuel jet is initially divergent from the strong jet but is eventually entrained by the air jet 

and merges with it at a certain point further downstream. The fuel jet trajectory, )(1 xy , bends 

towards the air jet and intercepts the mean boundary of the air jet. The mean boundary of the air 

jet could be described as xCB s= , where 194.0≈sC (Becker et al. [22]; Grandmaison and 

Becker [23]). Dimensionless coordinates )0,,( ηξ  of the fuel jet trajectory are introduced with 

12,1 // dxyx o ==ξ  and 121,11 // dyyy o ==η . The input parameters are the angular 

separation o,112 θθ =  of the fuel port and air port axes and the momentum flux ratio 

oo GG ,2,112 /=ψ  (Grandmaison et al. [21]). 

 

For the trajectory of the fuel jet, the study gives 

∫ −=
η

ηθξ
1 12

1 cos df  at mξξ <  and                             (2-2) 

∫∫ −− −=−=
ηη

η
ηθξηθξξ

1 12
1

12
1 cos2cos dfdf mm

m

 at mξξ > ,            (2-3) 

where     12
242/1

12
2 cos]16/)(ln1[ θψη −−= eCf             (2-4) 

and ),(),( mm ηξηξ =  at 0/ =ξη dd  at which point 01, =yG  and 0=f .   (2-5) 

mη  can be calculated by )]cos1)(/16exp[( 12
2/122/1

12 θψη −= em C .                          (2-6) 

Note that 01, >yG  and mηη <<1  at mξξ <  and 01, <yG  and 0>> ηηm  at mξξ > . 

The entrainment coefficient eC  is set to 0.32 (Ricou and Spalding [24]). 
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In order to reproduce numerical prediction of the jet trajectories in Grandmaison et al. [21], a 

program in Matlab was written to simulate the entrainment effects of a single Strong-Jet/Weak-

Jet pair. A second/third-order Runge-Kutta method was applied to calculate the integrals. Figure 

2-9 to Figure 2-11 illustrate simulated entrained fuel jet trajectories for a range of fuel/air 

momentum flux ratio, 08.0005.012 −=ψ , and series of divergence angles 12 0 30θ = −  degrees. 

It can be seen from the numerical results that the confluence point moves further downstream 

along the x-axis with increasing fuel/air momentum flux ratio and angular divergence between 

the jets. 
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Figure 2-9 Simulated entrainment effects at a fuel/air momentum flux ratio 

005.012 =ψ  and series of jet divergence angles 12θ  
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Figure 2-10 Simulated entrainment effects at a fuel/air momentum flux ratio 02.012 =ψ  
and series of jet divergence angles 12θ  
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Figure 2-11 Simulated entrainment effects at a fuel/air momentum flux ratio 08.012 =ψ  
and series of jet divergence angles 12θ  
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Advanced experimental optical (laser-sheet flow visualization and laser Doppler anemometry) 

techniques, as well as a commercial CFD codes, have also been used to study the flow fields of 

the air and simulated fuel jets (Yimer et al. [25]). Typical results for the CFD calculations, 

experimental measurements and integral-analysis are shown in Figure 2-12. 

 
Figure 2-12 Comparison of fuel jet trajectory predictions with experimental data for 
θ=20°. — theoretical prediction; - - - CFD prediction; ● LDV data; ʘ marker nephelometry 
data; - — - effective air jet radius. (Yimer et al. [25]) 

It can be seen from Figure 2-12 that there is a reasonably good agreement between the simple 

integral analysis prediction and the experimental data, considering the simplicity of the model. 

However, the CFD model under-predicts the curvature of the fuel jet trajectory. The standard k-ε 

model has limitations in dealing with strong streamline curvature (Pathak et al. [26]). Yimer 
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points out that where there is strong curvature in the mean flow streamlines, as in the curved fuel 

jet trajectory, the mean strain term /yU x∂ ∂  in the eddy viscosity hypothesis plays a more 

significant role in the production of the Reynolds stress. Besides, the sign of the curvature 

changes from negative to positive as the fuel jet arches towards the air jet. The standard k-ε 

model doesn’t capture these effects appropriately due to the anisotropic nature of turbulence 

(Yimer et al. [25]). 

 

For the Strong-Jet/Weak-Jet furnace operating in flameless combustion mode, combustion has to 

be taken into account since combustion releases heat and generates density variations, which 

promotes vorticity generation and enhances the turbulence through buoyancy effects. At the same 

time buoyancy-generated vorticity leads to more jet entrainment as well as a better mixing 

process and combustion. Thus the entrainment effects of the weak fuel jet bending towards the 

strong air jet could be enhanced with the introduction of combustion. 

2.2 Numerical Methods and CFD technology for Combustion 

Simulation 

Computational fluid dynamics (CFD) technology has been applied to predict the performance of 

combustion processes since 1960s. It combines engineering and physical models with numerical 

techniques (Khalil [27]). 

 

The modeling of the combustion process in a combustion chamber is based on the conservation 

equations for mass, momentum, energy and chemical species, coupled with turbulence models 

such as ε−k  (Launder and Sharma [28]). For gas-phase combustion modeling, quick solutions 

can be obtained using the fast-chemistry assumptions in the eddy-dissipation model of 
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Magnussen and Hjertager [29], the equilibrium mixture fraction model, or the premixed 

combustion model. These models are the main computational workhorses of the most current 

combustion simulations and are widely used to predict combustion performance. The eddy 

dissipation model assumes that reactions are infinitely fast chemically and the reaction rate is 

limited by the turbulent mixing process, which means combustion is carried out in a “mixed-is-

burnt” manner. The equilibrium mixture-fraction/PDF model is based on the solution of transport 

equations for one or two conserved scalars (the mixture fractions) instead of individual species 

transport equations and makes use of a probability density function (PDF) for the turbulence-

chemistry interaction (FLUENT Inc. [30]). It allows prediction of intermediate species and 

radicals. The turbulent premixed combustion model, based on work by Zimont et al. [31], solves 

a reaction progress variable equation to predict the turbulent flame speed and energy release rate 

on a spatially resolved basis. To use this model, the fuel and air are assumed to be perfectly 

premixed (Zimont et al. [31]). 

 

Awosope and Lockwood [18] questioned whether current known chemical reaction schemes of 

hydrocarbons were applicable to flameless combustion and employed two separate turbulent 

combustion modeling approaches in the simulation of flameless combustion. The first approach 

was the well-known simple global fast chemistry combustion with a presumed shape beta pdf to 

account for the effect of turbulent fluctuations. The second approach was the finite rate chemistry 

model with detailed chemistry based on the laminar flamelet concept. De Joannon et al. [32] 

suggested that flameless combustion could be considered as a type of staged combustion in order 

to apply the well stirred assumption (uniform temperature and concentration). Lupant et al. [33] 

assessed different combustion models to compare their ability to predict the heat transfer and the 

location of the reaction zone inside a pilot-scale furnace equipped with a 200kW natural gas 

FLOX REGEMAT® 350 burner. They used the “PDF-Equilibrium” model, the “Eddy-
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Dissipation/Finite Rate” and “Eddy-Dissipation” models and concluded that all combustion 

models gave good predictions outside the reaction zone, but there was an overestimation of 

temperature in the near burner zone, especially with standard “diffusion controlled” combustion 

models (PDF and Eddy-Dissipation). Most of the current research efforts have been directed 

towards the validation and modification of conventional combustion chemical reaction schemes 

for the special case of flameless combustion. In the present work the Eddy-Dissipation model was 

used. 
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Chapter 3 

Experimental Apparatus and Procedures 

3.1 Introduction 

The purpose of this chapter is to provide details about the various components of the 

experimental apparatus and the experimental methods. A new pilot scale research furnace has 

been commissioned at Queen’s University for experimental studies of flameless combustion of 

natural gas in a SJWJ configuration (Becker [34]). Some of the information related to this chapter 

will be presented in the appendices. A detailed description of the system is also given in He et al. 

[35]. 

3.2 Flameless Combustion Test Rig 

3.2.1 The SJWJ Furnace 

The SJWJ furnace is a 48 kW square, water-cooled, Fibrefrax Duraboard® lined, pilot-scale, non-

preheated combustion air, natural gas-fired furnace with a single pair of jets in the SJWJ 

configuration. The furnace, shown schematically in Figure 3-1, is composed of seven aluminum 

modular sections creating a combustion chamber approximately 1.6 m in length. 
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Figure 3-1 Isometric views of the assembled Strong-Jet/Weak-Jet combustor. 
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One of these sections is equipped with a fixed set of sampling ports. A second section in the 

lower part of the furnace accommodates an optical window (76 mm diameter) to provide visual 

access of the combustion chamber. The furnace roof is also equipped with a sight port (76 mm 

diameter) for visual observation through the center of the roof, looking down the longitudinal axis 

of the combustor at the burner and “flame”. A UV flame detector is also installed in a furnace 

roof port. This port is off-axis but angled so that the sensor is aimed at the combustor center at the 

burner end of the furnace (Becker [34]). The furnace is equipped with an explosion relief vent 

fitted with a rupture disk mounted at the end of the combustor chamber. A bellows-type pressure 

seal gives a flexible extension of the burner housing and facilitates up to 80 mm of longitudinal 

movement of the burner within the combustor. 

 

The SJWJ combustor, Figure 3-2, is a square cavity 400 x 400 mm in cross section, 1600 mm 

high. A burner mounting plate is located at the bottom of the furnace. Air can be supplied through 

nozzles of different sizes, mounted in the center of this plate. The fuel nozzle is threaded into an 

exchangeable sliding block to permit easy adjustment of the separation distance between the fuel 

and air nozzles (20 - 100 mm) and a simple way to change the fuel injection angle from 0 to 20 

degrees. The fuel nozzle can be unscrewed for easy exchange of fuel nozzles with different sized 

injection ports. There is also a 38 mm diameter hole in the burner plate, which facilitates 

installation of a pilot burner. The exhaust flue is located at the furnace sidewalls below the burner 

plate. The flue gases flow down along the furnace walls through a gap, 20 mm wide, between the 

burner plate and the furnace sidewalls. The flue gas leaving the furnace passes through a series of 

12 mm round holes around the perimeter of the sidewalls below the burner plate, and flows 

through three water-cooled panels which partially cool the flue gas. The internal pressure within 

the furnace is controlled by the air supply pressure at the air nozzle and by ejector action on the 

exhaust gases. 
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Figure 3-2 Schematic isometric section view of the SJWJ furnace. 
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The thickness of the refractory (Fibrefrax Duraboard) used on the interior walls of the furnace 

also played a very important role in the performance of flameless combustion in the SJWJ 

furnace. A thicker refractory insulation resulted in less total heat loss and higher interior surface 

temperatures, making it much easier for the combustion chamber to reach the threshold 

temperature for the switch to flameless combustion mode. The level of excess air is an important 

factor governing furnace efficiency, affecting both combustion and heat loss. Excess air increases 

the amount of oxygen entering the combustion zone leading to the probability of achieving 

complete combustion of the fuel (lower CO emissions). This improved efficiency must be 

balanced against the higher levels of NOx arising from the nitrogen associated with the excess air. 

3.2.2 The Pilot Burner System 

The pilot burner consisted of a premixed flame stabilized on the rim of a stainless steel flame 

holder. A flat circular disc could be adjusted up and down to change the blockage ratio. An 

ignition electrode was connected to an Allanson ignition transformer (rated at 10 kV with a 

center-tap to ground (the case)) from an oil furnace while the mixing tube was wired to ground. 

The electrode had to be placed within 5 mm, but not less than 3 mm from the rim of the flattened 

bowl to produce continuous sparks when the ignition button was depressed. The pilot flame was 

visually monitored through a 76 mm specular port in one of the lower sections of the furnace 

chamber. 
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Figure 3-3 Lateral cross-section view of the SJWJ furnace showing details of the 
burner 

 
Figure 3-4 Schematic diagram of the pilot burner used in the SJWJ furnace 



 

 

35

3.2.3 The Natural Gas Supply System 

The natural gas used in this work was the commercial supply from Utilities Kingston. The gas 

composition reported during these tests was typically: 95.1% CH4, 2.5% C2H6, 0.20% C3H8, 

0.042% C4H8, 0.010% C5H10, 0.004% C6H14, 0.57% CO2 and 1.61% N2. The primary gas pressure 

was reduced from approximately 345 kPa (50 psig) to 55 kPa (8 psig) by a regulator before the 

gas was fed to the furnace research laboratory. This pressure was further reduced from 55 kPa to 

less than 35 kPa for use within the laboratory. For the present work, this gas supply was split into 

two streams, one for the main fuel supply and the other for the pilot flame, as shown 

schematically in Figure 3-5. Three check valves shown in Figure 3-5 served to further reduce the 

gas pressures to 0.7 – 18.7 kPa. Two OMEGA FL4511 (max flow rate of 0.11 standard m3/min, ± 

3% full range accuracy) rotameters were used to monitor the gas flow rates. The natural gas flow 

rate required for the experiments was 0.5-1 g/s (0.050-0.084 m3/min @ 15 °C, or 1.8-3.0 CFM), 

corresponding to a heat of combustion release rate of 29-48 kW. Two delivery pressure gauges of 

low pressure range (~100 kPa) were installed after the rotameters. 

 
Figure 3-5 Schematic diagram of the natural gas supply system. 
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3.2.4 The Combustion Air Supply System 

The combustion air supply system consisted of a regenerative air blower (FUJI VFC600A-7W), 

air supply lines, a manual bypass valve and a venturi meter as shown schematically in Fig. 3.6. 

The blower was a single-stage ring compressor with a maximum pressure of 29.4 kPa (118″ H2O), 

a maximum vacuum of 24.4 kPa (98″ H2O), and a maximum capacity of 5.83 m3/min (206 

SCFM). The required combustion air mass flux was 9.7-21 g/s (0.48 – 1.05 m3/min @ 15°C, or 

17-37 CFM). As shown in Figure 3-6, a manual bypass valve was used to bring the flow rate 

within the required range for the present experiments. 

 
Figure 3-6 Schematic diagram of the combustion air supply system 

3.2.5 The Flue Gas Exhaust System 

The flue gas system was used to direct the furnace combustion product gases to the exhaust 

system from the furnace lab, as shown schematically in Figure 3-7. This system consisted of an 

air blower (R6335A-2 regenerative blower, manufactured by Gast Manufacturing Inc.), an air 

ejector and exhaust ducts. In the present work, the flue gas outlets were located around the inside 

perimeter of the bottom modular section of the furnace. This blower could provide a maximum 

(open flow) airflow rate of 6.09 m3/min (215 CFM) with a maximum pressure of 19.9 kPa (80″ 

H2O) and a maximum vacuum of 19.9 kPa (80″ H2O). An air ejector was installed to provide a 
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slightly negative pressure zone in the exhaust ducts and direct the flue gas out of the combustion 

chamber. A manual bypass valve was used to adjust the ejecting air flow rate. 

 
Figure 3-7 Schematic diagram of the flue gas exhaust system. 

3.2.6 The Cooling Water Supply System 

A water cooling system was used to protect the various furnace components and maintain safe 

operation of the furnace. This included the modules that made up the various sections of the 

furnace walls, traversing slides, burner housing, fuel and air supply systems, etc. The cooling 

water system was supplied in three subsections to divide up the tasks of cooling these 

components and maintaining adequate heat transfer control. With this strategy, separate water 

supplies were provided for the burner housing, the rear modules of the furnace and traversing 

slides and the front modules of the furnace. Water flow rates for each subsystem were monitored 

with standard rotameters while the inlet and outlet temperatures for the overall water supply 

system were monitored with chromel-alumel K-type thermocouples. 

 

The water supply for the burner housing subsystem was further split from a manifold into four 

branches to cool the burner housing, the burner plate, the air isolation line and the fuel port as 

shown schematically in Figure 3-8. 



 

 

38

 
Figure 3-8 Schematic sketch of the cooling water subsystem for the burner apparatus. 

The cooling water subsystem for the rear modules and traversing slides is shown schematically in 

the left diagram in Figure 3-9. The feed line to this subsystem was divided into two streams. One 

of these streams passed through the series of rear modules from top to bottom. The other stream 

was split with cooling duties assigned to the special modules fitted with traverse slides. 

 

The cooling subsystem for the front modules is shown schematically in the right diagram in 

Figure 3-9. This stream entered the furnace roof section and then proceeded through the various 

front modules in the furnace (except for those modules with traverse slides). 
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Figure 3-9 Schematic diagram of the cooling water subsystems for the rear (left 
diagram) and front (right diagram) furnace modules 

The cooling water fluxes required for the front and rear modules were in the range of 0.5 – 2.0 

kg/m⋅s (Becker [34]). Figure 3-10 shows a typical rear module section in the left diagram, with a 

cutout cross section shown in the right diagram of this figure displaying a cooling water channel 

for the module. These water channels had a breadth of 203 mm in a parallel plate arrangement 

with a plate separation distance of 3 mm. 
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Figure 3-10 A rear module furnace section (left diagram) and cross section view showing 
the cooling water channel geometry. 

3.2.7 Flow Measurement System 

Variable area rotameters and venturi meters were used in the flow measurement system. 

 

Three rotameters were used to measure the water flow for the three cooling water subsystems 

described above. The water flow rate through the cooling water subsystems for the rear modules 

and front modules was monitored by OMEGA FL7304 (0-5.0 GPM water, ± 6% full range 

accuracy) rotameters. An OMEGA FL7402 (0-15.0 GPM water, ± 4% full range accuracy) 

rotameter was used at the inlet of the feed line for the cooling water subsystem for the burner 

apparatus to provide a relatively large measuring range. 

 

For gas flow measurements, two OMEGA FL4511 rotameters (4 SCFM Max Flow of Air, ± 3% 

full range accuracy) were used to measure the volumetric flow rates of the main gas and pilot gas 

streams. One OMEGA FL4513 rotameter (8 SCFM Max Flow of Air, ± 3% full range accuracy) 

was used to monitor the flow rate of the pilot air supplied by an air compressor (Campbell-

Hausfeld Extreme Duty 5 HP with a 26 Gallon tank and a cast iron compressor (rated at 6.8 
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SCFM @ 90 psi)). It was necessary to keep the pilot air/methane volumetric flow rate ratio close 

to the stoichiometric ratio to maintain a stable premixed methane-air pilot flame. 

 

A horizontally mounted venturi meter was used to measure the combustion air flow rate supplied 

by the air blower described above. This meter, Figure 3-11, was one of a series of meters of 

standard design manufactured in-house by Ng [36] for previous work on a pilot plant, air-laid, 

papermaking facility. The meter used in the present work consisted of a primary venturi section 

bored and machined from a 254 mm length of 127 mm diameter aluminum round bar stock. The 

upstream and downstream sections of this bar were smoothly joined to thin wall aluminum tube 

with 76.2 mm O.D. and 71.4 mm I.D. (standard thin wall aluminum tube, 3″ O.D. and 2.81″ I.D.). 

The upstream section of the venturi was machined with a 12° angle converging to a 42.9 mm 

(1.69″) throat followed by a diverging section with a 7° angle. Calibration of this meter was 

performed by Ng (1990) according to the standard venturi relationship, 

( )
[ ]( )4

12

21
2 1

2
DD - ρ 

 - PP 
 A CQ d=                                               (3-1) 

where Q is the flow rate through the meter, A2 is the cross sectional area in the venturi throat (A2 

= πD2
2/4), D1 = 71.4 mm, D2 = 42.9 mm, ρ is the gas density (measured at the upstream gas 

temperature and pressure) and P1 and P2 are static pressures measured at the upstream and throat 

pressure taps shown in Figure 3-11. The venturi coefficient was in the range, Cd ≈ 0.96-0.99, for 

Reynolds numbers in the venturi throat ranging from 104 – 4 × 105. In the present work the 

required combustion air were 0.00802 – 0.0175 m3/s corresponding to Reynolds numbers of 1.45 

– 3.17 × 104 with Cd ≈ 0.96. Under these conditions, corrections for the gas compressibility were 

small and none were applied in the present work. 
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Figure 3-11 Schematic representation of the venturi flow meter used in this work (unit: 
mm). 

Combustion air flow rates of 0.00802-0.0175 m3/min @ 15°C were required in this work. This 

corresponds to a pressure differential across the venturi throat of 0.06″ - 0.28″ H2O. Details of 

these and other pressure measurements are described in the next section. 

3.2.8 Pressure Measurement System 

Pressure measurements were required as part of the normal furnace operation including 

monitoring flow rates with pressure transducers, pitot probe measurements and rotameter 

calibrations. Standard commercial pressure gauges with suitable ranges were used to measure the 

furnace gas pressure, pilot flame gas pressure, air ejector pressure and the cooling water supply 

pressure. 

 

As described above, the furnace was operated slightly below ambient pressure to ensure that the 

exhaust gases were properly vented from the laboratory environment. A ± 62 Pa (0.25″ H2O) 

differential pressure gauge (Magnehelic part number 2330-0, ± 2% full range accuracy) was used 

to monitor the furnace pressure. 
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A Datametrics Barocel pressure transducer (0-2490 Pa, 0-10″ H2O, ± 0.01% of reading accuracy, 

model 590D-10W-2P1-V1X-4D) was used to measure the differential pressures for the venturi 

meter in the air supply system and pitot-static probe measurements inside the combustion 

chamber. The transducer 0-10V output signal was manually recorded from a Hewlett-Packard 

100 MHz universal counter (model HP 5328A) which served as an integrating digital voltmeter 

with 10s and 100s time averages. The transducer output signal could also be recorded on a PC-

driven 12-bit data acquisition system to provide continuous data recording. A U-tube differential 

water manometer was used to measure pressure differentials above 2490 Pa. 

3.2.9 Temperature Measurement System 

Combustion air temperature measurements were obtained with a K-type thermocouple at the air 

nozzle inlet. Four type-K OMEGA KQSS-18G-12 quick disconnect thermocouples (maximum 

range from –100°C to 1370°C, accuracy: 2 °C or 0.75% of reading whichever is greater) were 

installed along the furnace wall in the longitudinal direction to give the furnace wall temperature 

profile. Two K-type thermocouples were immersed in the cooling water inlet and outlet lines to 

monitor water temperature at the inlet and outlet respectively. The exhaust gas temperature was 

measured at the centerline of the exhaust duct by a K-type thermocouple. For safety reasons a K-

type thermocouple was also placed under the burner plate to monitor air temperature within the 

enclosure. 

 

A thin-wire (wire diameter 0.254 mm) K-type thermocouple combined with the water-cooled 

pitot-type sampling probe (Figure 3-12) was used to map the gas temperature field inside the 

combustion chamber. The analog signal from this thermocouple was digitized using a National 

Instruments PCI-MIO-16E-1 data acquisition card. All other temperature data were acquired with 



 

 

44

the data acquisition board DAS 1601 (Keithley-Metrabyte, Cleveland, OH, USA; 12 bit 

resolution) at a 10 Hz sampling rate. 

 
Figure 3-12 A Schematic of the water-cooled gas sampling probe used in this work. 

3.2.10 Gas Sampling System 

Gas analysis was performed by sampling the furnace chamber gas with a water-cooled pitot-type 

probe with a 0.63 mm I.D. (1.27 mm O.D.). This probe was combined with a K-type 

thermocouple and this probe assembly could be traversed in the x and y-directions in the furnace. 

Sample gas, drawn through the probe tip by a double head mini pump (ADI Mini Dia-Vac 

19320T), was transported through a heated sample line to the sample conditioner at a constant 

flow rate of 1 litre/min. The time lag introduced by the sample transport line was approximately 2 

minutes. The sample transport line was heated to 80 °C to prevent condensation of water vapor in 

the sample stream. The gas sample conditioner (Small Process Packaging Ltd., Model 9213) 

shown in Figure 3-13 consisted of a single channel sample cooler (Universal Analyzers, Model 
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520) for cooling hot gas samples, a silicon wetted peristaltic pump for removing condensed water 

and a gas selection switch to allow users to switch between sample, two span gases and a zero gas. 

 
Figure 3-13 A schematic of model 9213 gas sample conditioner. 

The gas analysis system for the SJWJ furnace, shown schematically in Figure 3-14, consisted of a 

chemiluminescence NOx analyzer for NO and NO2 (Rosemount, Model 951C), a flue gas 

analyzer for O2 (Nova Analytical Systems, model 7550P5B), three infrared analyzers for CO2/CO, 

CO and CH4 respectively (California Analytical, model ZRH). Industrial grade oxygen was 

supplied to the NO/NOx analyzer to generate ozone for the NO2 chemiluminescence method, 

which is based on the reaction of NO + O3 → NO2 + O2. 
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Figure 3-14 Schematic diagram of the gas analysis system. 

3.2.11 The 3D Probe Positioning System 

The sampling probe positioning system was adapted from the laser Doppler anemometer (LDA) 

offset positioning system for the SJWJ furnace developed by Feaver (2005). This system 

translated the combined gas sampling/thermocouple probe in the horizontal direction and allowed 

measurement of profiles for temperature, dynamic pressure and gas species concentrations at 

selected spatial locations in the combustion chamber. The probe could be moved over a distance 

of 200 mm in the X-direction at a resolution of 0.025 mm and a distance of 288.925 mm in the Y-

direction at a resolution of 0.000126 mm. This positioning system, shown schematically in Figure 

3-15, used two 4-phase unipolar stepper motors as the prime movers, an SSC3 interface PC board 

to run them simultaneously and independently and a software suite written in Labview (version 6i) 

to manage the logic and carry out the interface with the hardware. When necessary, the software 

operation of the traverse system could be overridden with more rapid manual operation in the Y-
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direction. Probe translation in the Z-direction (up to 80 mm travel with a resolution of 1 mm) was 

implemented by a jacking device, lifting and supporting the burner housing.  

 
Figure 3-15 Schematic diagram of the sampling probe positioning system (Eggert 
Electronics Engineering [37]) 

An example of the user interface with the Labview software is shown in Figure 3-16.  This visual 

interface accepted the original and target X, Y positions. Based on this input the software 

calculated the number of steps and the direction of the motors respectively. These commands 

were then sent to the stepper motor through the serial link from the computer. 
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Figure 3-16 A computer screen display showing the Labview software interface for the 
probe positioning system. 

3.2.12 Data Acquisition System 

The data acquisition system for the SJWJ furnace consisted of two microcomputer systems 

equipped with data acquisition boards. A 333 MHz PC (Celeron processor) equipped with a 

Keithley DAS 1601 data acquisition board was used to monitor the furnace performance and 

control the positioning of the sampling probe. A 500 MHz PC (AMD K6-2 processor) equipped 

with a National Instruments PCI-MIO-16E1 data acquisition board was used for detailed in-

furnace measurements. 

 

The Keithley DAS 1601 board had 8 differential or 16 single analogue input channels capable of 

sampling at rates up to 100k Samples/s with 12 bit resolution (Keithley Instruments [38]). These 

input channels were used to measure the fixed thermocouples in the cooling water inlet/outlet, at 

the air nozzle inlet, under the burner plate and in the exhaust. In-house software was written in 

Visual Basic 6.0 to perform continuous temperature sampling and recording of the sampled data 

to a text file for later retrieval. A screen display of the thermocouple measurement software 

interface is shown in Figure 3-17. 
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Figure 3-17 Screen display showing fixed thermocouple measurements obtained by the 
Keithley DAS 1601 data acquisition board. 

The National Instruments PCI-MIO-16E1 board had 8 differential or 16 single analogue input 

channels capable of sampling at rates up to 1.25 MHz (12 bit), 2 analogue output channels (12 

bit), 8 digital I/O lines, and two 24-bit counters with a maximum source clock rate of 20 MHz 

(National Instruments Corporation [39]). 

 

A LabView (version 6i) based application was developed to perform data acquisition of the 

furnace wall temperatures, in-furnace gas temperatures and dynamic pressure. As shown in 

Figure 3-18, seven differential analogue input channels were used to directly read thermocouple 

voltages and display the temperatures in °C. Channel 7 was designated for in-furnace dynamic 

pressure measurements using the pitot-static probe. 
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Figure 3-18 Screen display showing interface for the furnace temperatures obtained by 
the National Instruments PCI-MIO-16E1 data acquisition board. 

3.3 Experimental Methodology 

3.3.1 Definition of the Experimental Parameters 

The geometric parameters of the jet pair and the fuel/air momentum flux ratio have significant 

effects on the fuel/air mixing patterns and combustion dynamics inside the SJWJ combustor. For 

a fixed flow rate through the nozzle, the jet momentum can be changed by changing the nozzle 

diameter. A series of four nozzles for the fuel and air ports were prepared for this work: fuel 

nozzle port diameters were 2.49mm, 3.25mm, 4.22mm and 5.41mm; air nozzle port diameters 

were 9.13mm, 10.28mm, 12.70mm and 15.14mm. The fuel/air port separation distance (d12) 

could be varied from 20mm to 100mm, the fuel injection angle (θ) could be set at fixed angles of 

0, 5, 10, 15 and 20 degrees, and the fuel/air momentum flux ratio could be varied from 0.01 to 

0.04. A list of the configuration parameters for the Strong-Jet/Weak-Jet pair is shown in Table 

3-1. 
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Table 3-1 Configuration parameters for the Strong-Jet/Weak-Jet pair (parameters in 
the shaded areas were excluded from the study). 

Fuel Nozzle 

Diameter (D1 mm) 

Air Nozzle Diameter 

(D2 mm) 

Fuel/Air Nozzle 

Separation Distance (d12 

mm) 

Fuel Injection Angle 

(θ degree) 

2.49 9.13 0 

3.25 10.28 
50 

5 

4.22 12.70 10 

5.41 15.14 
100 

15 

   20 

 

3.3.2 Preliminary Experiments to Determine the Experimental 

Matrix 

Preliminary experiments were performed to refine the experimental matrix shown in Table 3-1 

and define feasible operating conditions for the present study. 

 

The fuel nozzle of 2.49 mm port diameter could only deliver approximately 2.1 CFM natural gas 

at 8.5 psig and 15°C with the check valve in the full-open position through the natural gas supply 

system. Under these firing conditions, combined with a 12.7 mm thick refractory on the furnace 

walls, insufficient energy was available to reach the threshold temperature for operation of the 

furnace. This fuel nozzle was removed from consideration in the final experimental design for the 

present work. 
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The air nozzle with the 10.28 mm port diameter could only deliver 26 CFM combustion air at 

~50°C with approximately 140 mmHg pressure measured upstream of an orifice plate meter 

through the combustion air supply system. These tests were conducted with the R6335A-2 

regenerative air blower which had a maximum rated pressure of 149 mmHg. Based on these 

measurements, the pressure provided by this blower was deemed to be too low and the air nozzles 

with diameters of 9.13 mm and 10.28 mm were removed from the final experimental matrix. The 

R6335A-2 regenerative air blower was also replaced by the more powerful FUJI VFC600A-7W 

regenerative air blower and the orifice meter was replaced with the venturi meter system 

described above. 

 

In normal SJWJ operation, the fuel jet is mounted at a specified distance and angle relative to the 

air jet. The fuel jet trajectory should follow a curved path meeting the air jet at a confluence point 

some distance downstream from the nozzle sources. For the SJWJ combustor geometry, the initial 

jet separation distance and angle should not be too large or else the fuel jet can impinge on the 

wall of the furnace, an undesirable operating condition. Preliminary tests indicated that at jet 

separation distances of 100 mm the jet angle could not exceed 5 degrees without having the fuel 

jet impinge on the wall of the combustion chamber. Similar tests with a 50 mm jet separation 

distance indicated that the fuel jet angle could not exceed 15 degrees. These tests also indicated 

that the jet separation distance had less impact on the flameless combustion operation than the jet 

momentum ratio and the fuel jet angle. Based on these results a final design matrix for the furnace 

operating conditions was devised for the present work – these operating conditions are shown in. 

Table 3-2. 
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Table 3-2 Reduced configuration parameters for Strong-Jet/Weak-Jet pair. 

Fuel Nozzle 

Diameter (D1 mm) 

Air Nozzle Diameter 

(D2 mm) 

Fuel/Air Nozzle 

Separation Distance 

(d12 mm) 

Fuel Injection Angle 

(θ degree) 

3.25 4.22 5.41 12.70 15.14 50 0 5 10 

3.3.3 In-Furnace Gas Temperature Measurements 

A 0.254 mm diameter K-type thermocouple (combined with the water-cooled pitot-type sampling 

probe) was used to measure the temperature field of hot gas inside the combustion chamber. The 

analogue signal from this thermocouple was digitized using a National Instruments PCI-MIO-

16E-1 data acquisition card and National Instrument LabView (version 6i) software in 

conjunction with a personal computer. 

 

As shown in Figure 3-19 and Figure 3-20, the measurement plane was parallel to the burner 

surface and symmetric with respect to both the x and y axes. The y-axis was aligned through the 

centre of the air and fuel nozzles. The x-axis intersected the y-axis at the axis of the air nozzle. 

While it was feasible to just measure the right half plane, it was considered prudent to perform 

measurements across the whole plane because the pilot burner might have some effect on the near 

burner aerodynamics. 

 

A relatively coarse grid, Figure 3-19, was first used to obtain a general picture of the temperature 

field. This measurement scheme had a uniform grid spacing of 20 mm along the x-axis and 25 

mm along the y-axis, providing a total of 121 grid points covering an area of 200 mm × 300 mm. 
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Figure 3-19 Schematic diagram of the coarse measurement grid on the planes in the 
vicinity of the burner near field (unit: mm). 

Following these initial measurements a relatively fine measurement grid, Figure 3-20, was then 

used to capture details of the temperature field near the core of both the fuel jet and air jet streams. 

These measurements involved a uniform grid spacing of 10 mm along the x-axis and 5 mm along 

the y-axis, providing a total of 735 grid points of temperature data, covering an area of 200 mm × 

170 mm. 

X

Y 
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Figure 3-20 Schematic diagram of the fine measurement grid on the planes in the 
vicinity of the burner near field (unit: mm). 

To provide a three dimensional (3D) temperature distribution for the furnace chamber, 

measurements were obtained at three different measurement planes, z = 60 mm, 108 mm and 182 

mm, as shown in Figure 3-21. Measurements at each z-elevation in the furnace were obtained in 

the x-y grid planes described above. 
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Figure 3-21 Scale drawing of the measuring planes used for gas temperature 
measurements. 

3.3.4 In-Furnace Species Concentration Measurements 

Gas concentration and temperature were simultaneously measured along three characteristic lines 

at two different planes in the near burner field. As shown in Figure 3-22-(c) (lines labelled 1, 2, 3), 

the projection of the first characteristic line on the xy-plane coincides with the y-axis running 

across the longitudinal axes of the air and fuel nozzles. The projection of the second characteristic 

line on the xy-plane coincides with the x-axis, which intersects the y-axis at the longitudinal axis 

of the air nozzle. The third characteristic line is perpendicular to the y-axis and runs through the 

central core of the fuel jet stream (note that the position of the central core of the fuel jet stream 

varies along the fuel jet trajectory, which can be determined by measurements of temperature and 

gas concentration along the y-axis). Figure 3-22-(a) shows the horizontal sample plane at a 

distance of 104 or 182 mm from the jet source plane. Figure 3-22-(b) shows a diagrammatic plan 

view of the horizontal sample plane and the SJWJ furnace. 
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(a) Front view      (b) Plan view 

 

 

(c) Sampling region 

Figure 3-22 Schematic diagram of the SJ/WJ furnace. 
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3.3.5 In-Furnace Pressure Measurements 

The water-cooled pitot-type sampling probe was also used to do in-furnace pressure 

measurements with the Datametrics Barocel pressure transducer (0-2490 Pa, 0-10″ H2O, model 

590D-10W-2P1-V1X-4D) or a U-tube differential water manometer for pressure differentials 

above 2490 Pa. The pressure signal received from the pressure port on the furnace wall was used 

as a reference pressure. Hence, the dynamic pressure inside the combustion chamber was 

measured along those characteristic lines at different elevations. 
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Chapter 4 

Experimental Results 

4.1 Introduction 

The experimental set up and procedures used were introduced in Chapter 3. In this chapter, the 

major results obtained by preliminary experiments and detailed in-furnace measurements will be 

presented. 

4.2 Determination of Threshold Temperature for Flameless 

Combustion of Natural Gas in the SJWJ Furnace 

The flameless combustion regime depends critically on ambient temperature, which needs to be 

high enough to sustain chemical reactions even in the absence of flame front. This furnace startup 

must be done in flame regime, until the threshold temperature is reached. In the SJWJ research 

furnace this task of furnace chamber heat-up was performed by the pilot flame. In our case the 

pilot burner could be shut off and stable flameless combustion of natural gas was achieved in the 

SJWJ furnace when the average furnace wall temperature reached above 740 °C (He et al. [40]). 

This corresponds with the regime B in a parametric map depicting various types of combustion as 

a function of the recirculation parameter, Kv, and the furnace temperature, as shown in Figure 4-1. 

According to A. Cavigiolo’s research of a laboratory-scale burner operated in the mild (flameless) 



 

 

60

combustion mode, with methane as a fuel flameless combustion has been found to be stable down 

to combustion chamber average temperatures of about 800-850 °C, while using ethane as a fuel 

this value strongly decreases down to 600-650 °C (Cavigiolo et al. [41]). This seems universal, 

independent of the scale of the combustion apparatus, since it matches the maps reported by other 

authors (Wuenning and Wuenning [5]). It is clear that in order to obtain stable flameless 

combustion of natural gas in the SJWJ furnace this threshold temperature needs to be reached or 

exceeded before the pilot burner could be shut off and switched to flameless combustion mode 

and sufficient dilution of fuel and oxidizer streams needs to happen before mixing and reaction 

begins. 

 
Figure 4-1 Combustion regimes map for methane (left) and ethane (right) in real-size 
burners: A, traditional combustion zone; B, flameless combustion zone; C, no combustion 
zone. (Cavigiolo et al. [41]) 

4.3 Furnace Wall Temperature Distribution 

As mentioned in Chapter 3, this study focuses on three main parameters that influence fuel/air 

mixing, combustion dynamics and emission characteristics in the SJWJ furnace: fuel/air 

momentum flux ratio, fuel/air nozzle separation distance and fuel injection angle. The fuel/air 

nozzle separation distance was first fixed at 40 mm. The fuel/air momentum flux ratio was varied 

by changing the fuel nozzle size while keeping the air nozzle size and the flow rate of the fuel and 
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air constant. Geometrical parameters of this SJWJ jet pair configuration for all cases sharing the 

15.14 mm and 12.70 mm air nozzles tested are given in Table 4-1. 

Table 4-1 Geometrical Parameters for the Strong-Jet/Weak-Jet Pair 

Air Nozzle 
Diameter (D1 mm) 

Fuel Nozzle 
Diameter (D2 mm) 

Fuel/Air 
Momentum Ratio 

Fuel Injection Angle 
(θ Degree) Case 

0 1 

5 2 

10 3 
3.25 0.2932 

15 4 

0 5 

5 6 

10 7 
4.22 0.1739 

15 8 

0 9 

5 10 

10 11 

15.14 

5.41 0.1058 

15 12 

0 13 

5 14 

10 15 
3.25 0.2063 

15 16 

0 17 

5 18 

10 19 
4.22 0.1224 

15 20 

0 21 

5 22 

10 23 

12.70 

5.41 0.0745 

15 24 
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With 12.7 mm (0.5") thick refractory lining (Fibrefrax Duraboard), the flameless combustion 

mode was easily achieved and maintained for main burner gas flow rate at 2.7 CFM (15 °C) and 

non-preheated combustion air flow rate at 27 CFM (51 °C). Keeping the flow rate of the fuel and 

air constant, the change in fuel nozzle size resulted in a change of the fuel/air momentum flux 

ratio from 0.1058 to 0.2932. The measured temperature profiles of the furnace rear wall for the 

15.14 mm air nozzle diameter are presented in Figure 4-2 (a), (b) and (c). Four type-K 

thermocouples were located along the furnace rear wall in the longitudinal direction with an 8″ 

(203.2 mm) spacing to give the furnace wall temperature profile. 
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(a) Fuel/Air Momentum Ratio ψ = 0.2932 (Case 1 to 4) 
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(b) Fuel/Air Momentum Ratio ψ = 0.1739 (Case 5 to 8) 
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(c) Fuel/Air Momentum Ratio ψ = 0.1058 (Case 9 to 12) 

Figure 4-2 Effects of Fuel Injection Angle on the Furnace Rear Wall Temperature 
Profile sharing a 15.14 mm diameter air nozzle. 
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For the cases with 5, 10 and 15 degrees fuel injection angle, the cold fuel jet could impinge on the 

furnace rear wall, which might partially contribute to the low temperature observed by the 

thermocouple placed 305 mm (12″) above the burner surface. The fuel jet impingement increased 

local turbulence and further enhanced mixing between fuel and air and hot combustion products 

near the exhaust outlet at the bottom of the combustor. As a consequence, combustion products 

near the exhaust outlet undergo additional re-burning process, which might cause the high 

temperature peak observed by the thermocouple placed 101 mm (4″) above the burner surface for 

the cases with 5, 10 and 15 degrees fuel injection angle. 

 

With the fuel/air momentum flux ratio of 0.1739 and 0.2932, the trend lines of the furnace rear 

wall temperature for 5, 10 and 15 degrees fuel injection angle cases exhibited quite different sine-

wave-like shape from those at the fuel/air momentum flux ratio of 0.1058. The fuel jet 

impingement increased local mixing and resulted in an enlarged chemical reaction zone, and a 

more efficient combustion. So the average surface temperature of the rear wall refractory for the 5, 

10 and 15 degrees fuel injection angle cases was higher than that for 0 degrees. The figures 

showed that the furnace rear wall temperatures with 15 degrees fuel injection angle were lower 

than those with 5 and 10 degrees fuel injection angle. In addition, the configuration with the 5 

degree fuel injection angle tended to produce a higher temperature profile when the fuel/air 

momentum flux ratio dropped to 0.1058. 

 

Figure 4-2 (c) illustrates the complexity of the interactions of the fuel/air momentum flux ratio 

and fuel injection angle and their effects on the furnace rear wall temperature. At this momentum 

flux ratio (ψ = 0.1058), it appears that for the fuel jet angles of 5, 10 and 15 degrees there is an 

increase in the rear wall temperature with decreasing jet angle. However this trend is not apparent 
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at a fuel jet angle of 0 degrees where there is a peak temperature at a downstream distance of 500 

mm from the burner plate. 

 

In order to gain a better understanding of the interactions of fuel/air momentum flux ratio and fuel 

injection angle and their effects on the furnace wall temperature, the measured furnace wall 

temperature profiles were plotted in Figure 4-3 with a fixed air nozzle diameter of 15.14 mm and 

Figure 4-4 with a fixed air nozzle diameter of 12.70 mm. 
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(a) 0 degree fuel injection angle (Case 1, 5 and 9) 
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(b) 5 degree fuel injection angle (Case 2, 6 and 10) 
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(c) 10 degree fuel injection angle (Case 3, 7 and 11) 
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(d) 15 degree fuel injection angle (Case 4, 8 and 12) 

Figure 4-3 Effects of Fuel/Air Momentum Flux Ratio on the Furnace Rear Wall 
Temperature Profile sharing a 15.14 mm diameter air nozzle (Momentum Flux Ratios ψ: 
0.2932 for 3.25 mm fuel nozzle, 0.1739 for 4.22 mm fuel nozzle and 0.1058 for 5.41 mm fuel 
nozzle). 

In Figure 4-3 (a), (b), (c) and (d), the fuel injection angle was fixed at 0, 5, 10 and 15 degrees 

respectively. The fuel/air momentum flux ratio was varied by changing the fuel nozzle size while 

maintaining the same fuel and air flow rates. It can be seen from Figure 4-3 that with a fixed air 

nozzle diameter of 15.14 mm, the lower fuel/air injection momentum flux ratio led to a lower 

furnace wall temperature, especially when the fuel injection angle was larger than 0 degree. This 

indicates that the higher the fuel/air injection momentum flux ratio, the better the mixing, which 

in turn leads to better fuel combustion. 
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(a) 0 degree fuel injection angle (Case 13, 17 and 21) 
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(b) 5 degree fuel injection angle (Case 14, 18 and 22) 
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(c) 15 degree fuel injection angle (Case 16, 20 and 24) 

Figure 4-4 Effects of Fuel/Air Momentum Flux Ratio on the Furnace Rear Wall 
Temperature Profile sharing a 12.70 mm diameter air nozzle (Momentum Flux Ratios ψ: 
0.2063 for 3.25 mm fuel nozzle, 0.1224 for 4.22 mm fuel nozzle and 0.0745 for 5.41 mm fuel 
nozzle). 

In Figure 4-4 (a), (b), and (c), the fuel injection angle was fixed at 0, 5 and 15 degrees 

respectively. The 15.14 mm diameter air nozzle was replaced with a smaller one (12.70 mm 

diameter), which increased the momentum flux of the air jet while maintaining the same air flow 

rate. Figure 4-4 showed quite a different behavior compared with the 15.14 mm diameter air 

nozzle: the lower fuel/air momentum flux ratio led to a higher furnace rear wall temperature, 

especially when the fuel injection angle was relatively small, either 0 or 5 degrees. This behavior 

suggested that the relatively strong air injection momentum flux might also have an effect on the 

furnace rear wall temperature and the minimum in the rear wall temperature could not be simply 

attributed to the fuel jet impinging upon the rear wall and cooling the wall since the 0 degree fuel 

injection angle case also shows the same patterns here. 
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A much higher momentum air jet leads to better mixing rates of air with the unburned fuel 

mixture due to enhanced internal recirculation in the combustion chamber. This explains why the 

average furnace temperatures were higher than those cases with the 15.14 mm diameter air nozzle. 

In addition, a higher momentum air jet can also affect the mixing characteristics of the dual-jet 

configuration. 

 

To find out the separate effect of the fuel/air momentum flux ratio and jet separation distance, as 

well as their effect on the furnace rear wall temperature, the fuel/air nozzle separation distance 

was increased from 40 mm to 70 mm and two cases were examined. For the first case (Figure 4-5 

(a)), the fuel injection angle was fixed at 10 degrees with the 12.70 mm diameter air nozzle and 

the fuel/air momentum flux ratio was varied by replacing the 3.25 mm fuel nozzle with the 4.22 

mm diameter nozzle. For the second case (Figure 4-5 (b)), the fuel injection angle was fixed at 0 

degrees and the 15.14 mm diameter air nozzle was used and the fuel/air momentum flux ratio was 

varied by alternating the 3.25 mm, 4.22 mm and 5.41 mm fuel nozzles. 

 

Figure 4-5 (a) shows that with the 12.70 mm diameter air nozzle, a 10 degree fuel injection angle 

and 70 mm jet separation distance, the furnace wall temperature increased with decreasing 

momentum ratio. This agrees with the conclusion reached for the dual-jet configuration with the 

12.70 mm diameter air nozzle and 40 mm jet separation distance. Figure 4-5 (b) indicates that a 

higher fuel injection velocity results in a lower furnace temperature, while cases with the two 

other nozzles (lower fuel momentum) give very similar wall temperatures. This indicates that 

below a certain level, the fuel momentum plays minor role in the mixing and combustion process. 
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(a) 10 degree fuel injection angle (Case 15 and 19, Momentum Flux Ratios ψ: 0.2063 for 

3.25 mm fuel nozzle and 0.1224 for 4.22 mm fuel nozzle). 
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(b) 0 degree fuel injection angle ( Case 1, 5 and 9, Momentum Flux Ratios ψ: 0.2932 for 

3.25 mm fuel nozzle, 0.1739 for 4.22 mm fuel nozzle and 0.1058 for 5.41 mm fuel nozzle). 

Figure 4-5 Effects of Fuel/Air Momentum Flux Ratio on the Furnace Rear Wall 
Temperature Profile sharing 70 mm separation distance 
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Figure 4-6 (a) – (f) shows the effect of jet separation distance on the furnace rear wall 

temperature for two different jet separation distances (40 mm and 70 mm), 0 degree fuel injection 

angle and several momentum flux ratios. 
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(a) Case 9 (Momentum Flux Ratio ψ: 0.1058 for 5.41 mm fuel nozzle). 
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(b) Case 21 (Momentum Flux Ratio ψ: 0.0745 for 5.41 mm fuel nozzle). 
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(c) Case 5 (Momentum Flux Ratio ψ: 0.1739 for 4.22 mm fuel nozzle). 
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(d) Case 17 (Momentum Flux Ratio ψ: 0.1224 for 4.22 mm fuel nozzle). 
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(e) Case 1 (Momentum Flux Ratio ψ: 0.2932 for 3.25 mm fuel nozzle). 
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(f) Case 13 (Momentum Flux Ratio ψ: 0.2063 for 3.25 mm fuel nozzle). 

Figure 4-6 Effects of jet separation distance on the Furnace Rear Wall Temperature 
Profile. 

 



 

 

75

It can be seen from Figure 4-6 (a), (c) and (e) that with the 0 degree fuel injection angle and 15.14 

mm diameter air nozzle, a larger jet separation distance resulted in higher furnace rear wall 

temperature profiles. This is an expected result since a larger jet separation distance delayed 

mixing and furnace gas entrainment and hence improved the performance of flameless 

combustion to some extent. However, with an increase in the fuel/air momentum flux ratio, the 

temperature difference became less obvious, which indirectly suggests that the effect of jet 

separation distance on the furnace rear wall temperature could be overwhelmed by the change of 

fuel/air momentum flux ratio. In contrast a smaller jet separation distance led to a higher rear wall 

furnace temperature as shown in Figure 4-6 (b), (d) and (f) for the case with 0 degree fuel 

injection angle and the 12.70 mm diameter air nozzle. In addition the larger jet separation 

distance gave saddle-shaped furnace rear wall temperature profiles. All of the above phenomena 

indicated that the relatively strong air injection momentum flux might also have a significant 

effect on the furnace rear wall temperature. But the overall conclusion is that the rear wall 

temperature profiles were affected by combination of fuel injection angle, jet separation distance, 

fuel/air momentum flux ratio and the relatively strong air injection momentum flux. 

 

To make sure that the fuel or air flow rate at constant momentum flux ratio didn’t significantly 

affect the furnace rear wall temperature profile, experiments were conducted using different size 

air nozzles at the same air flow rate and different fuel flow rates. With the main burner gas flow 

rate set to 2.5 CFM (15 °C) and non-preheated combustion air flow rate fixed at 27 CFM (51 °C), 

flameless conditions were easily maintained for different jet divergence angles. Geometrical 

parameters of this SJWJ jet configuration are given in Table 4-2. 
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Table 4-2 Geometrical Parameters for Strong-Jet/Weak-Jet Pair sharing a 12.70 mm 
diameter air nozzle 

Air Nozzle 
Diameter (D2 mm) 

Fuel/Air Nozzle 
Separation 

Distance (d12 mm) 

Fuel Nozzle 
Diameter (D1 mm) 

Fuel Injection 
Angle (θ Degree) Case 

0 25 

5 26 

10 27 
3.25 

15 28 

0 29 

5 30 

10 31 

12.70 40 

4.22 

15 32 
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(a) Case 29~32 (Fuel/Air Momentum Ratio ψ = 0.1049) 
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(b) Case 25~28 (Fuel/Air Momentum Ratio ψ = 0.1769) 

Figure 4-7 Furnace Rear Wall Temperature Profile of the Strong-Jet/Weak-Jet 
Furnace sharing a 12.70 mm diameter air nozzle. 

The results presented in Figure 4-2 (c) (Fuel/Air Momentum Flux Ratio = 0.1058) can be 

compared with those presented in Figure 4-7 (a) (Fuel/Air Momentum Flux Ratio = 0.1049); the 

results presented in Figure 4-2 (b) (Fuel/Air Momentum Flux Ratio = 0.1739) can be compared 

with those presented in Figure 4-7 (b) (Fuel/Air Momentum Flux Ratio = 0.1769). The 

experimental conditions for these comparative tests can be regarded as having nearly the same 

fuel/air momentum flux ratio. The experimental data showed that for a similar fuel/air momentum 

flux ratio, the furnace rear wall temperature profiles exhibited the same trends with only one 

exception. This was the case with the 15 degree fuel injection angle and these results didn’t 

follow this trend – this might be caused by the fuel jet impingement on the furnace rear wall.  
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With the furnace wall temperature distributions as background, investigations were then carried 

out to measure the gas temperature distribution inside the combustion chamber operating in the 

flameless combustion mode for specific Strong-Jet/Weak-Jet pair configurations. Preliminary 

experiments showed that the fuel/air nozzle separation distance had less impact on the 

performance of flameless combustion compared to the fuel/air momentum flux ratio and fuel 

injection angle. Hence only one fixed fuel/air nozzle separation distance was examined in the 

following experimental measurements taken inside the furnace. 

4.4 Near-Field Temperature Distribution 

Three specific flow configurations were selected for detailed near-field temperature 

measurements, as indicated in Table 4-3. 

Table 4-3 Primary operating parameters for detailed near-field temperature 
measurements of the Strong-Jet/Weak-Jet Pair (15.14 mm air nozzle, 5.41mm fuel nozzle)  

Fuel/Air Nozzle 
Separation 

Distance (d12 mm) 

Fuel Nozzle 
Diameter (D1 mm) 

Fuel Injection 
Angle (θ Degree) 

Excess Air 
Condition (%) Case 

40 ~0.03 33 

50 ~0.03 34 

50 

5.41 10 

~11 35 

 

In the first specific dual-jet configuration, the 5.41mm fuel nozzle was placed at a separation 

distance of 40 mm away from the 15.14 mm air nozzle with a 10 degree fuel injection angle. 

Under typical operating conditions, the main burner gas flow rate was set at 2.7 CFM (15 °C) at a 

fixed non-preheated combustion air flow rate of 27 CFM (51 °C), resulting in a momentum flux 

ratio of about 0.1058. Detailed in situ temperature measurements were obtained using a thin-wire 

K-type thermocouple (wire diameter = 0.254 mm) inside the furnace. A stepper motor driven 

thermocouple probe was used to map the temperature distribution covering an area of 200 mm × 
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300 mm around the central axis of the combustor. The location of measurement points on the x-y 

plane was defined in Chapter 3 (refer to Figure 3-19). The temperature contours for the cross 

section at Z = 165 mm are presented in Figure 4-8. 
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Figure 4-8 Measured Near-Burner Temperature Profile of the Cross Section (Case 33 
at Z =165 mm) 

The measured near-burner temperature profile of the cross section at Z = 165 mm indicated that 

with the SJWJ furnace operating in flameless combustion mode, the temperature distribution 

inside the combustion chamber was relatively flat with a uniform temperature of around 830 °C. 

No high temperature peaks were found. Two cold spots represented the central strong air jet 

stream and the weak fuel jet stream separately (He et al. [42]). In the first case, a relatively coarse 

measuring grid was used to provide information about the temperature distribution in the near-
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burner zone, which can give guidelines for the following detailed investigation into the 

temperature field inside the combustion chamber. It was found that a relatively fine grid was 

needed for accurately capturing the spatial variations of temperature. 

 

More detailed information was gathered by focusing on the temperature distribution inside the 

combustor at different elevations. Tests were conducted to measure the temperature distribution 

inside the combustion chamber at different elevations in the flameless combustion mode for a 

specific dual-jet configuration (refer to case 34, from Table 4-3). Gas temperature measurements 

at various downstream locations of Z = 60, 108 and 182 mm at a firing rate of 38 kW with low 

excess air conditions (~0.03% excess air) are shown in Figure 4-9-Figure 4-11. The positions of 

the air and fuel jets at each elevation are clearly evident, as can be seen from the colder 

temperature regions. An average and standard deviation of the furnace gas temperature for each 

downstream plane was estimated: at 60 mm, Tavg = 920 °C and Tstd = 18 °C; at 108 mm, Tavg = 

898 °C and Tstd = 28 °C; and at 182 mm, Tavg = 839 °C and Tstd = 28 °C. The two cold spots in 

these graphs represented the central strong air jet stream and the weak fuel jet stream respectively 

– these data points were excluded from the average and standard deviation estimates for the gas 

temperature. These standard deviation values are intended to provide a measure of the gas 

temperature variation in each plane. Bindar [43] reported results of an extensive study of the 

CAGCT multi-burner research furnace fired with conventional burners. Gas temperatures were 

measured in the furnace with results in the range of Tavg = 900-1450 K and corresponding values 

of Tstd = 65-105 K. Another comparison can be made with the results of Poirier et al. [44] based 

on a study in the CAGCT research furnace with a low NOx CGRI burner and oxygen enrichment. 

They did not obtain gas temperatures, but did report results for the refractory surface 

temperatures. Their data showed refractory surface temperatures in the range 1350-1400 K with a 
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standard deviation in the range of 19-34 K. These results and the present data confirm that the 

furnace gas temperature is relatively uniform in flameless combustion environments. 
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Figure 4-9 Gas temperature distribution in the X-Y plane at Z = 60 mm (38 kW firing 
rate and low excess air conditions); Tavg = 920 °C and Tstd = 18 °C. 
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Figure 4-10 Gas temperature distribution in the X-Y plane at Z = 108 mm (38 kW firing 
rate and low excess air conditions); Tavg = 898 °C and Tstd = 28 °C. 
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Figure 4-11 Gas temperature distribution in the X-Y plane at Z = 182 mm (38 kW firing 
rate and low excess air conditions); Tavg = 839 °C and Tstd = 28 °C. 

As can be seen in Figure 4-9, Figure 4-10 and Figure 4-11 there is good overall symmetry about 

the y-axis. The degree of overall symmetry increased with downstream position from the burner 

plate. A slight asymmetric behavior was observed due to the presence of the pilot burner. 

 

Temperature profiles measured along the symmetry line (X = 0) are shown in Figure 4-12. These 

results show that there was a relatively uniform gas temperature in the region Y < - 25 mm. In the 
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region Y > 0, as indicated by the shift in the position of secondary temperature minimum with the 

elevation above the nozzles, the trajectory of the fuel jet continued to move away from the air jet 

in the positive Y-direction. The rapid entrainment of the furnace gas into the fuel jet was also 

evident – the gas temperature in the interior region of the fuel jet increased from ~400 °C to ~700 

°C over the region 60 mm < Z < 182 mm. 
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Figure 4-12 Gas temperature distribution along the axis X = 0 at different elevations of Z 
= 60, 108 and 182 mm (38 kW firing rate and low excess air conditions). 

The location of the potential cores of the air jet stream and the fuel jet stream (determined by the 

position at temperature minima at different elevations of Z = 60, 108 and 182 mm) on the y-z 

plane are plotted in Figure 4-13. This provides an estimate of the fuel jet trajectory in the 

combustion chamber. These data are compared with calculations made with the integral model 

described in Chapter 2 (Grandmaison et al. [21]) with a momentum flux ratio of 0.1058, fuel jet 

angle of 10 degrees and entrainment constants of Ce = 0.23 and 0.32 (the latter represents a case 
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where the jet and surrounding gas have the same density, while the former represents a case 

where the jet temperature is about one-half that of the surrounding gas). 
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Figure 4-13 Location of the potential cores of the air jet stream and the fuel jet stream 
on the y-z plane (38 kW firing rate and low excess air conditions).  

In order to confirm the assumed symmetry about the x-axis, temperature profiles were measured 

at several lines along the x-axis. The temperature profiles at y = 0, 50, 125, -50 and -125 mm, at 

elevations of z = 60, 108 and 182 mm are shown in Figure 4-14. These results confirm good 

symmetry about the y-axis. It could be seen in Figure 4-14 (a) and (b) that the core of the air jet 

was assumed to be located at the center of the x-axis and the potential core of the fuel jet at the 

elevation of Z = 60 mm was found to be located approximately at the center of the line y = 50 

mm, where the local low-temperature peak existed. Other than that the gas temperature 

distributions were relatively flat and uniform. Usually, the highest average temperature was at the 

lowest Z-level, closest to the exhaust. 
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(a) Y = 0 mm 
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(c) Y = 125 mm 

X (mm)

-150 -100 -50 0 50 100 150

G
as

 T
em

pe
ra

tu
re

 (o C
)

820

840

860

880

900

920

940

960

Z = 60 mm
Z = 108 mm
Z = 182 mm

 
(d) Y = - 50 mm 



 

 

88

X (mm)

-150 -100 -50 0 50 100 150

G
as

 T
em

pe
ra

tu
re

 (o C
)

780

800

820

840

860

880

900

920

940

Z = 60 mm
Z = 108 mm
Z = 182 mm

 
(e) Y = -125 mm 

Figure 4-14 Gas temperature distribution along the x-axis, the line (x, 0), the line (x, 50), 
the line (x, 125), the line (x, -50) and the line (x, -125) at different elevations of Z = 60, 108 
and 182 mm (38 kW firing rate and low excess air conditions). 

A contour plot with a finer measurement grid for the higher excess air conditions (38 kW and 

~11% excess air, referring to case 35, from Table 4-3) is shown in Figure 4-15. Measurement 

point distribution on the x-y plane with finer resolution was also defined in Chapter 3 (refer to 

Figure 3-20). The average gas temperature (neglecting the cold spots attributable to the air and 

fuel jets) in the XY-plane at Z = 165 mm was Tavg = 861 °C and the standard deviation was Tstd = 

24 °C. Acquisition of additional data of the gas concentration inside the combustor will be 

required to draw further conclusions regarding how the SJWJ jet pair configuration affects the 

performance of flameless combustion in the SJ/WJ furnace. 
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Figure 4-15 Gas temperature distribution in the XY-plane at Z = 165 mm (38 kW firing 
rate and ~11% excess air conditions); Tavg = 861 °C and Tstd = 24 °C. 

4.5 Gas Concentration Distribution inside the Combustor 

and in the Flue Gas 

Gas concentration and temperature were measured simultaneously along three characteristic lines 

at two different planes in the near burner field.  As shown in Figure 4-16, line 1 passes over both 

jet nozzles along the y-axis while lines 2 and 3 pass over the potential cores of the air and fuel jet 

streams along the x-axis. Note that the fuel jet core position varies with z-elevation. It was 
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determined by temperature and gas concentration measurements along y-axis. Hence the Y 

coordinate of line 3 varies with the elevation of the measurement plane. 

 
Figure 4-16 Schematic of the three characteristic lines in the XY-plane 

A series of four experiments (Case 36 to 39) were carried out to study the effects of fuel jet 

injection angle (0 degrees or 10 degrees) and fuel/air momentum flux ratio (0.0300 and 0.0426) 

on the mixing, combustion performance and NOx emissions in the flameless combustion mode. 

Previous experiments had shown that the fuel injection angle of 15 degrees could cause flame 

impingement on the furnace rear wall. For this reason the 15 degree fuel injection angle was 

excluded from further investigation. Based on the results and the experience gained in previous 

experiments, the 12.7 mm thick refractory lining (Fibrefrax Duraboard) was replaced with the 

same type of refractory lining with a 25.4 mm thickness. This was expected to increase the 

furnace operating temperature by reducing heat conduction losses through the furnace walls. As a 

result flameless combustion was easily achieved and maintained with a lower fuel flow rate (2.0 
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CFM @ 15 °C). With an air flow rate of 31.6 CFM @ 51 °C, the change of air nozzle size from 

12.70 mm to 15.14 mm resulted in a change of the fuel/air momentum flux ratio from 0.030 to 

0.043. 

 

Flue gas concentrations of CO2, CO, CH4, O2, NO and NOX at the furnace exit were obtained 

simultaneously and shown in Table 4-4 for the four different operating conditions. Compared to 

conventional burners firing natural gas (typical NOX emissions: 50~200 ppm), the NOX 

concentrations tended to be quite low, ranging from 7 - 13 ppm, especially for the lower fuel 

injection angle (He et al. [45]). For given fuel injection angle and air momentum flux, a higher 

fuel/air momentum flux ratio gave a higher fuel jet velocity. A higher fuel jet velocity results in 

higher fuel jet dilution by the flue gas, and, subsequently lower NOX emissions, as seen from 

Case 38 and Case 39 in Table 4-4. However, since this was not observed at a 0 degree divergence 

angle, there might also be a more complex two factor interaction between the injection angle and 

momentum flux ratio. With regard to the CO emissions, either a higher fuel injection angle or 

higher fuel/air momentum flux ratio could increase the levels of the CO, and this can also be 

attributed to the mixing behavior of the fuel and air jet streams in the furnace similar to the NOX 

formation. Relatively high CO levels are attributed to the relatively small furnace size, especially 

given the fact that flameless combustion is a slower process (Cleaver-Brooks [46]). 
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Table 4-4 Flue gas composition (dry basis) 

 Case 36 Case 37 Case 38 Case 39 

Injection angle 0° 0° 10° 10° 

Momentum flux ratio 0.0300 0.0426 0.0300 0.0426 

CO2 (%) 10.4 10.4 9.8 10.4 

CO (ppm) 74.5 110 101 147 

CH4 (%) 0 0 0 0 

O2 (%) 2.3 2.4 3.3 2.6 

NO (ppm) 4.5 5.0 7.4 6.7 

NOX (ppm) 6.7 7.8 13.0 10.9 

 

Measurements along the three characteristic lines were done at two levels: z = 104 mm and z 

=182 mm for all four cases. 

 

Figure 4-17 to Figure 4-22 show that temperature and species concentration profiles along each 

sampling axis at both downstream planes are shown for Case 36 (fuel jet injection angle of 0 

degrees and fuel/air momentum flux ratio of 0.03). The temperature, O2, CH4 and CO2 

concentration profiles showed good symmetry about the y-axis. However, there was an apparent 

lack of symmetry for CO and NO concentration profiles far away from the burner axis. This may 

be caused by irregular insulation lining inside the combustion chamber and the pilot flame burner 

above the burner plate. It was also noted that the actual position of the midpoint of either the y-

axis or the x-axis varied slightly when the elevation of the measurement plane changed. This was 

caused by the mechanism used for moving the burner base - it was very difficult to make sure the 

burner base was properly levelled even though the base was checked with two bubble levels. 
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The CO2 concentration profiles in Figure 4-17 to Figure 4-22 showed the same trend as the gas 

temperature, which had two minima along line 1 and one minimum along line 2 and 3, 

corresponding to the potential cores of the air jet stream and the fuel jet stream respectively. The 

CH4 concentration profile is broken around the jet core where the CH4 concentration exceeds the 

instrument range (0 to 20%). The lowest concentration of CO occurred in the profile where the 

potential core of either the air jet stream or the fuel jet stream was supposed to be. The NO 

concentration remained in the single digit ppm range. 
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(a) CO2, CH4 and Temperature profiles along y-axis (mm) at x = 15 mm (line 1) 
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(b) CO, O2 and NO profiles along y-axis (mm) at x = 15 mm (line 1) 

Figure 4-17 Species concentration and temperature profiles along line 1 at the elevation 
of Z = 104 mm, case 36 (0° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = -6.35 mm (line 2) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = -6.35 mm (line 2) 

Figure 4-18 Species concentration and temperature profiles along line 2 at the elevation 
of Z = 104 mm, case 36 (0° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = 44.5 mm (line 3) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = 44.5 mm (line 3) 

Figure 4-19 Species concentration and temperature profiles along line 3 at the elevation 
of Z = 104 mm, case 36 (0° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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(a) CO2, CH4 and Temperature profiles along y-axis (mm) at x = 5 mm (line 1) 
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(b) CO, O2 and NO profiles along y-axis (mm) at x = 5 mm (line 1) 

Figure 4-20 Species concentration and temperature profiles along line 1 at the elevation 
of Z = 182 mm, case 36 (0° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = 9.53 mm (line 2) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = 9.53 mm (line 2) 

Figure 4-21 Species concentration and temperature profiles along line 2 at the elevation 
of Z = 182 mm, case 36 (0° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = 38.1 mm (line 3) 

-100 -50 0 50 100
0

2

4

6

8

10

12

14 COx100 (ppm)
O2 (%)
NO (ppm)

 
(b) CO, O2 and NO profiles along x-axis (mm) at y = 38.1 mm (line 3) 

Figure 4-22 Species concentration and temperature profiles along line 3 at the elevation 
of Z = 182 mm, case 36 (0° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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Figure 4-23 to Figure 4-28 show the temperature and species concentration profiles along three 

characteristic lines at both downstream planes for Case 37 (fuel jet injection angle of 0 degrees 

and a fuel/air momentum flux ratio of 0.0426). 

 

In Figure 4-24 (a) and Figure 4-27 (a) the methane (CH4) concentration profile was not 

symmetrical about the y-axis, showing higher values on the positive x-side. This is likely caused 

by the presence of the pilot burner acting as an obstacle that altered the local flow patterns. 

 

In Figure 4-23 (b) and Figure 4-26 (b), the highest CO concentration occurred in the fuel rich 

region around the potential core of the fuel jet. In Figure 4-24 (b), Figure 4-25 (b), Figure 4-27 (b) 

and Figure 4-28 (b), the highest CO concentration occurred in the positive x-direction where a 

fuel rich zone was created due to the relatively higher methane concentration possibly caused by 

the obstacle effect of the pilot burner. 
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(a) CO2, CH4 and Temperature profiles along y-axis (mm) at x = 12 mm (line 1) 

-200-150-100-50050100150

0

5

10

15

20

25

30
CO x 50 (ppm)
O2(%)
NO (ppm)

 
(b) CO, O2 and NO profiles along y-axis (mm) at x = 12 mm (line 1) 

Figure 4-23 Species concentration and temperature profiles along line 1 at the elevation 
of Z = 104 mm, case 37 (0° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = -6.35 mm (line 2) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = -6.35 mm (line 2) 

Figure 4-24 Species concentration and temperature profiles along line 2 at the elevation 
of Z = 104 mm, case 37 (0° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = 44.45 mm (line 3) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = 44.45 mm (line 3) 

Figure 4-25 Species concentration and temperature profiles along line 3 at the elevation 
of Z = 104 mm, case 37 (0° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 
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(a) CO2, CH4 and Temperature profiles along y-axis (mm) at x = 10 mm (line 1) 
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(b) CO, O2 and NO profiles along y-axis (mm) at x = 10 mm (line 1) 

Figure 4-26 Species concentration and temperature profiles along line 1 at the elevation 
of Z = 182 mm, case 37 (0° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = -9.525 mm (line 2) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = -9.525 mm (line 2) 

Figure 4-27 Species concentration and temperature profiles along line 2 at the elevation 
of Z = 182 mm, case 37 (0° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = 34.925 mm (line 3) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = 34.925 mm (line 3) 

Figure 4-28 Species concentration and temperature profiles along line 3 at the elevation 
of Z = 182 mm, case 37 (0° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 

Temperature and species concentration profiles for Case 38 (fuel jet injection angle of 10 degrees 

and fuel/air momentum flux ratio of 0.03) are shown in Figure 4-29 to Figure 4-34. 
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The approximate location of the potential core of the fuel jet moved farther away from the main 

burner axis as expected with the increase of the fuel injection angle from 0 degree to 10 degrees 

as shown by the results in Figure 4-29 (a) and Figure 4-32 (a). The concentration of methane 

(CH4) was also relatively higher in the positive x-direction, as shown by the results in Figure 4-30 

(a) and Figure 4-33 (a). 

 
In Figure 4-29 (b) and Figure 4-32 (b), the highest CO concentration occurred in the fuel rich 

region around the potential core of the fuel jet but showed quite a wavy profile, which revealed 

that different fuel injection angles generated different fuel distribution and in consequence led to 

different flow patterns. 
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(a) CO2, CH4 and Temperature profiles along y-axis (mm) at x = 0 mm (line 1) 
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(b) CO, O2 and NO profiles along y-axis (mm) at x = 0 mm (line 1) 

Figure 4-29 Species concentration and temperature profiles along line 1 at the elevation 
of Z = 104 mm, case 38 (10° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = 0 mm (line 2) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = 0 mm (line 2) 

Figure 4-30 Species concentration and temperature profiles along line 2 at the elevation 
of Z = 104 mm, case 38 (10° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = 76.2 mm (line 3) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = 76.2 mm (line 3) 

Figure 4-31 Species concentration and temperature profiles along line 3 at the elevation 
of Z = 104 mm, case 38 (10° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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(a) CO2, CH4 and Temperature profiles along y-axis (mm) at x = 5 mm (line 1) 
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(b) CO, O2 and NO profiles along y-axis (mm) at x = 5 mm (line 1) 

Figure 4-32 Species concentration and temperature profiles along line 1 at the elevation 
of Z = 182 mm, case 38 (10° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = 0 mm (line 2) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = 0 mm (line 2) 

Figure 4-33 Species concentration and temperature profiles along line 2 at the elevation 
of Z = 182 mm, case 38 (10° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = 88.9 mm (line 3) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = 88.9 mm (line 3) 

Figure 4-34 Species concentration and temperature profiles along line 3 at the elevation 
of Z = 182 mm, case 38 (10° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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Temperature and concentration profiles along each sampling axis at both downstream planes for 

Case 39 are shown in Figure 4-40 to Figure 4-40 (fuel jet injection angle of 10 degrees and a 

fuel/air momentum flux ratio of 0.0426). 

 

As can be seen in Figure 4-35 (a) and Figure 4-38 (a), the approximate location of the potential 

core of the fuel jet moved farther away from the main burner axis with the increase of fuel/air 

momentum flux ratio from 0.03 to 0.0426 while keeping the same 10-degree fuel injection angle. 

It was also noted that with the increase of fuel/air momentum flux ratio, the dispersion of the fuel 

(CH4) was not substantially affected by the presence of the obstacle created by the pilot burner. 

 

In Figure 4-35 (b), the highest CO concentration was observed near the potential core of the air 

jet with the second highest CO concentration occurring near the potential core of the fuel jet. In 

Figure 4-38 (b), the highest CO concentration occurred in the fuel rich region around the potential 

core of the fuel jet. In Figure 4-36 (b), Figure 4-37 (b), Figure 4-39 (b) and Figure 4-40 (b), the 

peak CO concentration occurred in the positive x-direction due to the presence of the obstacle 

created by the pilot burner and NO concentration profile showed sort of symmetry about the y-

axis. 
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(a) CO2, CH4 and Temperature profiles along y-axis (mm) at x = 13 mm (line 1) 
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(b) CO, O2 and NO profiles along y-axis (mm) at x = 13 mm (line 1) 

Figure 4-35 Species concentration and temperature profiles along line 1 at the elevation 
of Z = 104 mm, case 39 (10° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = 12.7 mm (line 2) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = 12.7 mm (line 2) 

Figure 4-36 Species concentration and temperature profiles along line 2 at the elevation 
of Z = 104 mm, case 39 (10° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = 82.55 mm (line 3) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = 82.55 mm (line 3) 

Figure 4-37 Species concentration and temperature profiles along line 3 at the elevation 
of Z = 104 mm, case 39 (10° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 
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(a) CO2, CH4 and Temperature profiles along y-axis (mm) at x = 0 mm (line 1) 
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(b) CO, O2 and NO profiles along y-axis (mm) at x = 0 mm (line 1) 

Figure 4-38 Species concentration and temperature profiles along line 1 at the elevation 
of Z = 182 mm, case 39 (10° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = 0 mm (line 2) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = 0 mm (line 2) 

Figure 4-39 Species concentration and temperature profiles along line 2 at the elevation 
of Z = 182 mm, case 39 (10° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 
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(a) CO2, CH4 and Temperature profiles along x-axis (mm) at y = 88.9 mm (line 3) 
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(b) CO, O2 and NO profiles along x-axis (mm) at y = 88.9 mm (line 3) 

Figure 4-40 Species concentration and temperature profiles along line 3 at the elevation 
of Z = 182 mm, case 39 (10° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 

In Figure 4-41, CO2 and CH4 concentration profiles are shown along the y-axis for these four 

cases at z = 104 and 182 mm respectively. The CH4 and CO2 concentration profiles were used to 
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determine the location of the core of the fuel jet stream, which also revealed the relationship 

between the confluence point of the fuel and air jet streams, the fuel injection angle and the 

fuel/air momentum flux ratio.  At higher fuel/air momentum flux ratios, the trajectory of the fuel 

jet got longer, which led to the position of jet confluence of the strong air jet and weak fuel jet 

going further downstream. The point of confluence of the fuel and air jet also occurred further 

downstream with larger fuel injection angles. 
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(a) Case 36 (0° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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(b) Case 37 (0° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 
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(c) Case 38 (10° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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(d) Case 39 (10° fuel injection angle and fuel/air momentum flux ratio of 0.0426). 

Figure 4-41 CO2, CH4 concentration profiles along the y-axis and downstream planes z 
= 104 and 182 mm. 
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4.6 Near-Burner Pressure Distribution 

The dynamic pressure profiles along those three sampling lines at the elevation of z = 104 mm for 

case 36 (0 degrees fuel injection angle and fuel/air momentum flux ratio of 0.03) are shown in 

Figure 4-42. 

 

It was already noted that the actual position of the midpoint of either the y-axis or the x-axis 

might vary a little bit with the elevation change of the measurement plane. This was believed to 

be caused by the lifting up of the burner base. Although every time a bubble level was used to 

guarantee the proper levelling of the burner base while lifting up it, undesirable tilting was yet 

unavoidable. 

 

The measuring grids near the potential cores of the air jet stream and the fuel jet stream were very 

dense in order to give more detailed information in the high pressure gradient region. 

 

-150 -100 -50 0 50 100 150 200

D
yn

am
ic

 P
re

ss
ur

e 
("

H
2O

)

0

5

10

15

20

25

30

 
(a) y-axis (mm) at x = 8 mm (line 1) 
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(b) x-axis (mm) at y = 9.525 mm (line 2) 
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(c) x-axis (mm) at y = -41.275 mm (line 3) 

 

Figure 4-42 Dynamic pressure profiles along each sampling line at z = 104 mm, case 36 
(0° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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The dynamic pressure profiles along those three sampling lines at the elevation of z = 182 mm for 

case 36 (0 degrees fuel injection angle and fuel/air momentum flux ratio of 0.03) are shown in 

Figure 4-43. 

 

With a 78 mm rise in elevation, the peak dynamic pressure along line 1 and line 2 (near the 

potential core of the air jet stream) dropped from around 30″ H2O to below 18″ H2O while the 

peak dynamic pressure along line 3 (near the potential core of the fuel jet stream) dropped from 

around 0.27″ H2O to below 0.07″ H2O. 
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(a) y-axis (mm) at x = 10 mm (line 1) 
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(b) x-axis (mm) at y = 11.113 mm (line 2) 
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(c) x-axis (mm) at y = -36.513 mm (line 3) 

 

Figure 4-43 Dynamic pressure profiles along each sampling line at z = 182 mm, case 36 
(0° fuel injection angle and fuel/air momentum flux ratio of 0.03). 
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Chapter 5 

Numerical Simulations and Results 

5.1 Introduction 

Computational fluid dynamics (CFD) has been widely used to study the effects of new furnace 

configurations with different operating conditions on the flow pattern, mixing and combustion 

process in the combustor (Mehrotra et al. [47]). However, its potential needs to be validated using 

experimental data, especially when new combustion regimes are investigated, as in the case of 

flameless combustion. In the present work, numerical simulations of mixing and combustion 

processes in a 48 kW furnace operating in flameless combustion mode with a single pair of jets in 

the SJWJ configuration have been performed in order to validate several numerical models in the 

commercial CFD code FLUENT. 

 

All the simulations were performed using FLUENT version 6.0 on an Xplio 1100DE Desktop PC 

with Intel Pentium D Processor 820(2.80 GHz, 2 MB L2 Cache) and 1024 MB memory running 

under Windows XP Home Edition. 

5.2 Computational Methodology 

5.2.1 Model Simplification of the SJWJ Furnace 

The combustion chamber of the SJWJ furnace is simplified as a rectangular box of 0.4 m x 0.4 m 

cross section and 1.6 m height. The burner face is located at the bottom of the combustion 

chamber and modeled as a square base (width = 0.3566 m) with two round holes in the middle. 
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The centered hole of a radius 7.57 mm represents the air-jet nozzle opening. The hole of a radius 

2.705 mm represents the fuel-jet nozzle opening. It is offset from the center of the air-jet nozzle 

by 50 mm along the center line of the square. The gap between the burner face and the 

combustion chamber serves as a passageway to exhaust the flue gases. This configuration 

matches experimental cases 9-12 (fuel/air momentum flux ratio = 0.1058). The furnace base 

geometry is shown in Figure 5-1. 

 
Figure 5-1 SJWJ Furnace base, as set up in numerical model. 

5.2.2 Meshing and Grid Generation 

Since the geometry of the SJWJ furnace was assumed to be symmetrical about its longitudinal 

axis, only half the furnace was modeled and a symmetry boundary condition was imposed on the 

central plane of the furnace (the x = 0 plane). 
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Figure 5-2 to Figure 5-5 show the meshing of the air/fuel ports, the flue gas passage and the whole 

SJ/WJ furnace for both asymmetric and symmetric meshing schemes. The reason why two 

different meshes were used to compute the same problem will be explained in detail in Section 

5.3.2. The air port was divided into 26 triangular cells. The fuel port consisted of 12 triangular 

cells while the flue gas passage was composed of 164 triangular cells. A Cooper Volume Meshing 

Scheme was employed to mesh the whole SJWJ combustor with a finer resolution in adjacent 

areas of the air and fuel ports. GAMBIT swept the burner face meshes through the box volume 

along its axis, which generated a grid of approximately 171,300 cells for symmetric meshing or 

74,307 cells for asymmetric meshing.  

 
Figure 5-2 Asymmetric Meshing of the SJWJ Furnace base. 
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Figure 5-3 Symmetric Meshing of the SJWJ Furnace base. 

 
Figure 5-4 Full SJWJ Furnace Mesh (Asymmetric Meshing). 
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Figure 5-5 Full SJWJ Furnace Mesh (Symmetric Meshing). 

5.2.3 Setting Boundary Types in GAMBIT 

The boundary conditions were specified in GAMBIT in the following manner: 

• the Air Port: MASS_FLOW_INLET 

• the Fuel Port1: MASS_FLOW_INLET 

• the Fuel Port2 (only for Symmetric Meshing): MASS_FLOW_INLET 

• the Flue Gas Passage: PRESSURE_OUTLET 

• the Central Plane of the SJWJ furnace: SYMMETRY  
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5.3 Computational Matrix 

5.3.1 Set Up Problem in FLUENT 

Both single-precision and double-precision versions of FLUENT are available for all major 

computer platforms (Macintosh, Windows, OS/2, Unix). For most cases, the single-precision 

solver will produce sufficiently accurate results, but certain types of problems may benefit from 

the use of a double-precision version. 3ddp (3D, double-precision version) solver was chosen for 

this study. Accurate predictions of the flow field depend strongly on the flow case and the 

turbulence model employed. The standard (STD) k-ε two-equation turbulence model is widely 

used in industrial applications even though its limits and disadvantages are well known. It was 

also used in this study. The energy equation was first turned off since by not solving the energy 

equation temperature effects and chemical reactions were ignored for a pilot cold flow study of 

flow and mixing patterns in the SJWJ Furnace. Cold flow calculations have been carried out first 

in order to make rough estimates of the mesh quality. Furthermore, the final cold flow 

calculations also provided an initial guess for the subsequent combusting flow calculations and 

served as an important step to obtain a converged solution when including combustion (Jia and 

Huang [48]). 

 

In cold simulation, the mass flow rate at the air port was set at 0.0105 kg/s, the mass flow rate at 

the fuel port1 was set at 0.00025 kg/s and an ambient pressure outlet boundary condition was 

applied to the flue gas passage. 

 

There is no standard universal metric for judging convergence. Residual definitions that are very 

useful for one class of problems are sometimes misleading or erroneous for other classes of 

problems. Therefore it is a good idea to judge convergence not only by examining residual levels, 



 

 

134

but also by monitoring relevant integrated quantities that are of pertinent interest such as drag or 

overall heat transfer coefficient. In addition to monitoring residual and variable histories, two 

surface planes were created to monitor convergence by examining the integrated mass flow rate 

through them. Both surface planes were parallel to the burner face and positioned 0.1 and 1.5 

meter above the burner face. 

5.3.2 The issue of Asymmetric Meshing 

Two different meshes were used to compute this problem. The asymmetric mesh system was due 

to the physical requirement, while the symmetric mesh system was due to the numerical demand. 

As shown in Figure 5-6, with the z/x axis ratio shifting from 4:1 to 1:1, an asymmetric 

phenomenon was clearly observed by conducting preliminary CFD study of Z-Velocity Contour 

on the Central Plane for asymmetric SJWJ meshing. The strong jet bent a little bit towards the 

weak jet, which disagreed with the free turbulent jet theory. Compared with the CFD results for 

the symmetric SJWJ meshing as shown in Figure 5-7, such asymmetric behavior was thought to 

be caused by the asymmetric meshing. Hence asymmetric meshing of the SJWJ Furnace was 

excluded from further investigation. 
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Figure 5-6 Predictions of Z-Velocity Profile on the Central Plane (x=-0.2~0.2 m z= 
0~1.6 m and y=0 m) for Asymmetric SJWJ Meshing: z/x axis ratio of 4:1(left), 1:1(right). 

 
Figure 5-7 Predictions of Z-Velocity Profile on the Central Plane (x=-0.2~0.2 m z= 
0~1.6 m and y=0 m) for Symmetric SJWJ Meshing: z/x axis ratio of 4:1(left), 1:1(right). 
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5.3.3 Grid Independence Investigation 

The grid independence of the numerical results was examined before the main calculations were 

carried out. The grid independence test has been done by comparing the cold flow results of the 

asymmetric meshing using two different grid sizes. Figure 5-8 shows the predicted z-velocity 

profiles along the axis of the SJWJ Furnace. Figure 5-9 shows the predicted z-velocity profiles 

taken from the YZ plane slicing through the SJWJ Furnace at the downstream position of Z = 

0.144m. This position was chosen because it was expected to represent data near the confluence 

of the Strong Jet and the Weak Jet. The variation between the computed velocity profiles on the 

coarse and fine grids was not that significant considering that the grid size has doubled. Hence the 

solution can be assumed to be very nearly grid-independent. 

 

 
Figure 5-8 Predictions of Z-Velocity Profile along the Axis of the SJWJ Furnace for 
Two Different Grid Sizes. 
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Figure 5-9 Predictions of Z-Velocity Profile along the Line (x=-0.2~0.2 m z= 0.144 m 
and y=-0.001 m) for Two Different Grid Sizes. 

To optimize computation costs, the grid with 74,307 cells was used in the study of the 

asymmetric meshing while the grid with 171,300 cells was applied to the study of the symmetric 

meshing. 

5.3.4 Cold Flow Calculations 

After checking the grid independence, numerical simulation of the cold flow in the SJWJ furnace 

was performed. Cold flow calculations for the configuration shown in Table 5-1 were performed 

for the symmetric SJWJ meshing to provide insight into the mixing pattern between the fuel jet 

and the main air stream inside the combustion chamber of the SJWJ furnace.  
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Table 5-1 Details of the Specific Configuration for Preliminary Cold Flow Calculations. 

 

The point of confluence, where the weak fuel jet meets the strong air jet, moved downstream with 

an increase in the injection angle as shown from Figure 5-10 to Figure 5-12. 

 

 
Figure 5-10 Predicted Z-Velocity Profile on the Central Plane (0° Injection Angle) 
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Figure 5-11 Predicted Z-Velocity Profile on the Central Plane (10° Injection Angle) 

 
Figure 5-12 Predicted Z-Velocity Profile on the Central Plane (15° Injection Angle) 
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Table 5-2 provides details of the confluence point results obtained for these cold flow calculations. 

Table 5-2 Predicted Confluence Points of the Specific Configuration. 

 

The predicted results agree qualitatively with a physical model for the SJWJ system 

(Grandmaison and Becker [23]) as shown in Figure 5-13. However, the present results show 

confluence points that are not as far downstream as those reported in Grandmaison et al. [21]. 

This agrees with the conclusion of Fleck [49] that the SJWJ theory overpredicts the downstream 

distance of the confluence point of the fuel and air streams in the CAGCT furnace. The previous 

results were for a free jet pair while the present model is for a confined jet system and the 

enclosing walls might cause a greater entraining force to move the confluence points upstream. 

Fuel Injection Angle 
(degrees) 

X-Coordinate of the Confluence 
Point (m) 

Z-Coordinate of the Confluence 
Point (m) 

0 ≈0.0524 ≈0.161 
10 ≈0.0748 ≈0.249 
15 ≈0.0911 ≈0.280 
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Figure 5-13 Fuel jet trajectories at a jet separation distance d12 = 0.1 m, momentum flux 
ratio ψ12 = 0.004 and jet injection angles θ12 = 0°, 10°, 15°, showing the predicted results 
according to the SJWJ physical model. Comparison with Fluent calculated confluence 
points. 

5.3.5 Combusting Flow Calculations 

The combusting flow calculations were carried out using the standard k-ε model for turbulence 

and the eddy-dissipation model for the turbulence-chemical kinetic interaction. The k-ε 

turbulence model is still regarded as “state of the art” in many applications, although this model 

has several known disadvantages, such as its considerable inaccuracy when applied to 
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recirculation zones, flow detachments, swirling flows, etc. Radiation was handled by using the P1 

radiation model with cell based WSGGM model (weighted-sum-of-gray-gases model) which is 

considered a good compromise between accuracy and computation cost for this problem (Perkins 

and Sahajwalla [50]). Thermal insulation boundary conditions were applied to the furnace 

refractory walls. 

 

Simplified two-step reduced chemical reaction mechanism was used to model the chemical 

kinetics of methane-air combustion inside the combustion chamber. In the two-step scheme, 

methane oxidation is represented as follows: 

4 22 3 2 2 4CH O CO H O+ +                                               (5-1) 

2 22 2CO O CO+                                              (5-2) 

 

Detailed comparisons of numerical and experimental results are first presented for one specific 

case, summarized in Table 5-3. 

Table 5-3 Case 4: Fuel Injection Angle = 10 degrees and Fuel/Air Momentum Flux 
Ratio = 0.0426  

Air Nozzle Diameter (mm) 15.14 

Fuel Nozzle Diameter (mm) 5.41 

Fuel/Air Jet Separation Distance (mm)  50 

Fuel Injection Angle (degrees) 10 

Combustion Air Flowrate (kg/s) 0.016214 

Combustion Air Temperature (°C) 51 

Natural Gas Flowrate (kg/s) 0.00089 

Natural Gas Temperature (°C) 20 

Natural Gas Delivery Pressure (Gauge: psi) 0.3 

Fuel/Air Momentum Flux Ratio 0.0426 
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Numerical results for the furnace wall temperature agreed well with the experimental data for 

Case 4 at four measurement locations in the furnace as shown in Figure 5-14. Case 4 belongs to 

an early series of experiments where only wall temperatures were collected and are not presented 

in in Chapter 4.  

Furnace Wall Temperature Profile
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Figure 5-14 Predicted (diamonds) and measured (triangles) furnace wall temperature 
results for the combustion tests. 

The lowest predicted furnace wall temperature occurred at z ≈ 0.15 m where the cold unreacted 

methane stream impinged on the rear furnace wall (between z = 0.1 and 0.2 m). Although the 

location of this minimum furnace wall temperature could not be conveniently accessed by either 

fixed thermocouples or the thin-tip thermocouple probe due to the SJWJ furnace configuration, 

the impingement of the fuel jet with the furnace wall could be clearly seen from the predicted 

temperature and z-velocity contours on the central plane in Figure 5-15-Figure 5-17. 
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Figure 5-15 Predicted temperature profiles (K) on the centre plane of the combustion 
chamber. 

 

Figure 5-16 Profiles for the z-direction velocity (m/s) on the centre plane of the 
combustion chamber. 
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Figure 5-17 Predicted CO concentration profiles (mol %) on the centre plane of the 
combustion chamber. 

Figure 5-15 indicates that the predicted gas temperature was relatively uniform inside the 

combustion chamber with a maximum value of 1545K. The predicted z-direction velocity 

distribution, Figure 5-16 shows that the mixing behavior of the SJWJ burner provided an intense 

internal recirculation zone with recycled hot flue gas into the fresh combustion air and the fuel. 

This was revealed by the negative velocity zone between the furnace rear wall and the 

combustion air stream. The predicted CO mole fraction distribution, Figure 5-17, shows that the 

chemical reactions took place where the fuel mixed with the combustion air in the near-burner 

zone as well as the far end of the combustion chamber and the lower part of the combustor, where 

the fuel jet entrained more recirculated hot flue gas (He et al. [51]). 

 

For further validation of the CFD model for the SJWJ furnace operating in flameless combustion 

mode, the experimental and numerical results were compared with respect to temperature and gas 
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concentration profiles along those three characteristic lines (mentioned in chapter 3) at 104 and 

182 mm down stream from the air and fuel nozzles. The results of the calculations were found to 

be very sensitive to the variation of the mass flowrate of methane, especially the concentration 

profiles of O2 and CO. Two computational cases with different mass flowrates of methane were 

selected to illustrate the sensitivity of this variable in the model. 

 

The fuel/oxidant ratio is one of the most important combustion parameters and is normally 

reported in terms of a non-dimensional variable called equivalence ratio Φ, which is the actual 

fuel/oxidant ratio divided by the stoichiometric fuel/oxidant ratio: 

( / )
( / )

actual

stoichiometric

Fuel Oxidant
Fuel Oxidant

Φ =  (5-3) 

Φ = 1.0 is defined as stoichiometric condition. Conditions where there is an excess of oxidant 

present in the mixture are "lean", Φ < 1.0. Similarly, mixtures with an excess of fuel are "rich", Φ 

> 1.0. 

 

In the FLUENT calculations, the fuel was modeled as pure methane instead of natural gas for 

simplification. However, for the natural gas used, the stoichiometric mixture fraction is 0.06072 

(Appendix A), for pure methane, it is 0.055. Hence keeping the fuel flow rate the same as in the 

experiments does not provide true similarity, particularly in a chemical sense. Otherwise, it will 

cause an unnecessary reduction in the excess air, which will lead to a faulty concentration of O2 

and CO2 in the exhaust gas. In the first case, mass flowrate of methane was set to 0.000444 kg/s 

(about one-half of the true gas mass flowrate, since only one-half of the physical model was 

included in the computational domain). In the second case, mass flowrate of methane was set to 

0.000433 kg/s (about one-half of the methane mass flowrate when preserving equivalence ratio). 
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The experimental and numerical data for the first characteristic line, namely the y-axis (running 

across the axes of the air and fuel nozzles) at 104 mm downstream from the air and fuel nozzles, 

were plotted together with the corresponding predicted data from the CFD model in Figure 5-18-

Figure 5-22 respectively. 

 
Figure 5-18 Predicted and measured values of temperature (K) along the y-axis (line 1) 
at 104 mm downstream in the near burner field. 
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Figure 5-19 Predicted and measured values of CO2 mole concentration (%) along the y-
axis (line 1) at 104 mm downstream in the near burner field. 

 
Figure 5-20 Predicted and measured values of O2 mole concentration (%) along the y-
axis (line 1) at 104 mm downstream in the near burner field. 
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Figure 5-21 Predicted and measured values of CH4 mole concentration (%) along the y-
axis (line 1) at 104 mm downstream in the near burner field. 

 
Figure 5-22 Predicted and measured values of CO mole concnetration (%) along the y-
axis (line 1) at 104 mm downstream in the near burner field. 
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It can be seen from Figure 5-18-Figure 5-22 that in both cases the CFD predictions appear to be 

in reasonable agreement with the experimental data. With higher mass flowrates of methane, the 

temperature and CO2 concentration profiles were generally higher due to more heat and 

hydrocarbon fuel input except in the near fuel jet region. Temperature was slightly overestimated 

except in the fuel jet core and the air jet core. The CO2 mole concentration was under-predicted 

near the fuel jet stream probably because the CFD model was incapable of adequately capturing 

the strong interaction between the dual jets and the entrainment of the hot combustion products 

into the jets, or because the impingement of the fuel jet on the rear furnace wall caused extra 

turbulence which in turn further intensified the entrainment. It was difficult to get accurate 

readings of O2 mole concentration below 1% due to the relatively coarse resolution of the oxygen 

analyzer (He et al. [35]). Other than that, the O2 mole concentration predictions agreed well with 

measured data. The spreading of the air jet was predicted fairly well. With higher mass flowrates 

of methane, the O2 concentration profile was generally lower as expected. However, the O2 mole 

concentration on the positive y-axis was significantly underpredicted relative to the 

experimentally determined values, especially in the fuel-rich region (Figure 5-20), where it was 

assumed that the oxygen was almost completely consumed. The spreading of the fuel jet was 

overpredicted due to the standard k-ε turbulence model. The CH4 mole concentration was 

overpredicted between the fuel jet stream and the rear furnace wall partly because the fuel stream 

was diluted by entrainment of surrounding combustion products. The sampling technique for the 

CO concentration was problematic since the CO analyzer readings fluctuated a lot during the 

experiments – a longer time-averaging should be used for this chemical species within the jet 

mixing region. In addition, CO is regarded as an intermediate species as well as a major 

combustion product in the global two-step reaction mechanism of methane-air. It is also possible 

that the CO analyzer read intermediate CO species concentrations during measurements which 

were apparently higher than CFD predicted steady state values. The calculated CO concentration 
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profile with a fuel mass flowrate of 0.000433 kg/s shows only two main peaks in the fuel-rich 

region, roughly coinciding with the major peaks of the measured CO concentration profile in the 

positive y-axis. However the numerical simulations did not predict the peaks in the negative y-

axis (the fuel-lean region). 

 

The experimental data for the second characteristic line, namely, x-axis (perpendicular to the y-

axis and intersecting it at the axis of the air nozzle), at 104 mm down stream from the air and fuel 

nozzles, are shown together with the corresponding predicted data from the CFD model in Figure 

5-23-Figure 5-27.  

 
Figure 5-23 Predicted and measured values of temperature (K) along the x-axis (line 2) 
at 104 mm downstream in the near burner field. 
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Figure 5-24 Predicted and measured values of CO2 mole concnetration (%) along the x-
axis (line 2) at 104 mm downstream in the near burner field. 

 
Figure 5-25 Predicted and measured values of O2 mole concnetration (%) along the x-
axis (line 2) at 104 mm downstream in the near burner field. 
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Figure 5-26 Predicted and measured values of CH4 mole concnetration (%) along the x-
axis (line 2) at 104 mm downstream in the near burner field. 

 
Figure 5-27 Predicted and measured values of CO mole concnetration (%) along the x-
axis (line 2) at 104 mm downstream in the near burner field. 
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It could be seen from Figure 5-23-Figure 5-27, that in both cases there was good qualitative 

agreement between the CFD predictions and the experimental data. The experimental data 

indicated that temperature, molar concentrations of CO2 and O2 were symmetrical about the 

central plane. However, temperatures were under-predicted near the axis of the air jet stream 

probably because the CFD model failed to adequately capture the entrainment of hot combustion 

products into the air jet stream. The calculated O2 molar concentration and the measured data 

were found to agree well in the case with the fuel mass flowrate of 0.000433 kg/s. The CH4 mole 

concentration was underpredicted, especially outside the core of the air jet stream, which can be 

attributed to the fact that the CFD model was incapable of capturing the strong flow interaction 

between the dual jets and the entrainment of cold reactants and hot products into the central air jet. 

The CO mole concentration was again greatly underpredicted. The reason for the CO 

underprediction was likely due, in part, to the sampling problem described above. The CO was 

also regarded as an intermediate species generated in the methane-air two-step reaction as well as 

one of the major combustion products. 

 

The experimental data for the third characteristic line, coinciding with the horizontal line y = 

82.55 mm (3.25"), at 104 mm downstream from the air and fuel nozzles, are shown together with 

the corresponding predicted data from the CFD model in Figure 5-28-Figure 5-32. 
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Figure 5-28 Predicted and measured values of temperature (K) along the horizontal line 
y = 82.55 mm (line 3) at 104 mm downstream in the near burner field. 

 
Figure 5-29 Predicted and measured values of CO2 mole concnetration (%) along the 
horizontal line y = 82.55 mm (line 3) at 104 mm downstream in the near burner field. 
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Figure 5-30 Predicted and measured values of O2 mole concnetration (%) along the 
horizontal line y = 82.55 mm (line 3) at 104 mm downstream in the near burner field. 

 
Figure 5-31 Predicted and measured values of CH4 mole concentration (%) along the 
horizontal line y = 82.55 mm (line 3) at 104 mm downstream in the near burner field. 
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Figure 5-32 Predicted and measured values of CO mole concentration (%) along the 
horizontal line y = 82.55 mm (line 3) at 104 mm downstream in the near burner field. 

It can be seen from Figure 5-28-Figure 5-32, that good qualitative agreement was obtained 

between the CFD predictions and experimental measurements. All available experimental data 

showed symmetry with respect to the central plane more or less as expected. Temperatures were 

under-predicted in the fuel jet core but over-predicted outside the jet core. As noted above the 

coarse resolution of the oxygen analyzer made it difficult to get accurate readings of O2 mole 

concentration below 1%. It is believed false O2 molar concentration readings were obtained near 

the potential core of the fuel jet stream since there should be little O2 present at the center of the 

fuel jet. The CO concentration was generally underpredicted but the trends in the experimental 

and numerical results are quite similar. 
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The experimental and numerical results for the first characteristic line, namely, the y-axis 

(running across the axes of the air and fuel nozzles) at 182 mm downstream from the air and fuel 

nozzles, are shown in Figure 5-33-Figure 5-37. 

 
Figure 5-33 Predicted and measured values of temperature (K) along the y-axis (line 1) 
at 182 mm downstream in the near burner field. 
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Figure 5-34 Predicted and measured values of CO2 mole concentration (%) along the y-
axis (line 1) at 182 mm downstream in the near burner field. 

 
Figure 5-35 Predicted and measured values of O2 mole concentration (%) along the y-
axis (line 1) at 182 mm downstream in the near burner field. 
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Figure 5-36 Predicted and measured values of CH4 mole concentration (%) along the y-
axis (line 1) at 182 mm downstream in the near burner field. 

 
Figure 5-37 Predicted and measured values of CO mole concentration (%) along the y-
axis (line 1) at 182 mm downstream in the near burner field. 



 

 

161

The CFD predictions were found to be in reasonable agreement with the experimental data 

(Figure 5-33-Figure 5-37). The local temperature and CO2 concentrations near the fuel jet stream 

and between the fuel jet stream and the rear furnace wall were underpredicted. As discussed 

above the reasons for this include the inability of the current CFD model to adequately capture 

the strong interaction between the dual jets, and the entrainment of hot combustion products into 

the fuel jet, or the fact that the fuel jet impinged on the rear furnace wall and caused extra 

turbulence which in sequence further intensified the entrainment. Concentrations of O2 below 1% 

were hard to detect due to the relatively coarse resolution of the oxygen analyzer, which explains 

why false O2 molar concentration readings were given in the positive y-axis, especially in the fuel 

rich zone. The local concentration of CH4 between the fuel jet stream and the rear furnace wall 

was overpredicted because the CFD model neglects the details of the complex flows with dilution 

through furnace gas entrainment. The CFD model did not reflect the true shape of the CO 

concentration profile although it could predict the peak near the confluence of the two jet streams. 

The under-prediction of the CO concentration in the fuel-lean region was partly attributed to the 

entrainment of large amounts of combustion products into the strong air jet stream and the 

internal flue gas recirculation inside the combustor. 

 

The experimental and numerical data for the second characteristic line, namely, x-axis 

(perpendicular to the y-axis and intersecting it at the axis of the air nozzle), at 182 mm 

downstream from the air and fuel nozzles, are shown in Figure 5-38-Figure 5-42 respectively. 
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Figure 5-38 Predicted and measured values of temperature (K) along the x-axis (line 2) 
at 182 mm downstream in the near burner field. 

 
Figure 5-39 Predicted and measured values of CO2 mole concentration (%) along the x-
axis (line 2) at 182 mm downstream in the near burner field. 
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Figure 5-40 Predicted and measured values of O2 mole concentration (%) along the x-
axis (line 2) at 182 mm downstream in the near burner field. 

 
Figure 5-41 Predicted and measured values of CH4 mole concentration (%) along the x-
axis (line 2) at 182 mm downstream in the near burner field. 
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Figure 5-42 Predicted and measured values of CO mole concentration (%) along the x-
axis (line 2) at 182 mm downstream in the near burner field. 

As shown from Figure 5-38-Figure 5-42, the experimental data indicated that the temperature and 

molar concentrations of CO2 and O2 were symmetrical about the central plane, which confirmed 

the assumption of symmetry. Temperature profiles were generally in good agreement with 

measured data. However the model still noticeably over-predicted the peak temperature near the 

outer edge of the air jet stream. Any over-prediction in temperature led to an over-prediction in 

the CO2 profiles. The over-prediction of O2 was consistent with the under-prediction of 

temperature near the outer edge of the air jet stream. O2 was under-predicted at all values of y > 

0.05 m or y < -0.05 m. The concentrations of CO and CH4 were found to be severely under-

predicted. However the measured molar concentration of CO followed the same trend as observed 

for the CH4 molar concentration. Both reached low-peak levels in the potential core of the air jet 

and increased dramatically outside the core region. Both had much higher levels in the positive x-

axis, which can be attributed to the physical presence of the pilot burner. Although the pilot flame 
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was shut off after the threshold temperature was reached and the furnace switched to flameless 

combustion mode, the presence of the pilot burner itself interfered with the entrainment process 

resulting in less entrainment of furnace gases. 

 

The experimental and numerical data for the third characteristic line, coinciding with the 

horizontal line y = 88.9 mm (3.5") at 182 mm downstream from the air and fuel nozzles are 

shown in Figure 5-43-Figure 5-47. 

 
Figure 5-43 Predicted and measured values of temperature (K) along the horizontal line 
y = 88.9 mm (line 3) at 182 mm downstream in the near burner field. 
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Figure 5-44 Predicted and measured values of CO2 mole concentration (%) along the 
horizontal line y = 88.9 mm (line 3) at 182 mm downstream in the near burner field. 

 
Figure 5-45 Predicted and measured values of O2 mole concentration (%) along the 
horizontal line y = 88.9 mm (line 3) at 182 mm downstream in the near burner field. 
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Figure 5-46 Predicted and measured values of CH4 mole concentration (%) along the 
horizontal line y = 88.9 mm (line 3) at 182 mm downstream in the near burner field. 

 
Figure 5-47 Predicted and measured values of CO mole concentration (%) along the 
horizontal line y = 88.9 mm (line 3) at 182 mm downstream in the near burner field. 
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As shown in Figure 5-43-Figure 5-47, the CFD simulations showed good qualitative agreement 

with the experimental data. The temperature profiles were over-predicted by the model due to its 

poor prediction of turbulent mixing. Any over-prediction in temperature led to an over-prediction 

in the CO2 profiles except for the potential core of the fuel jet stream. The O2 concentration was 

under-predicted. However due to the relatively low resolution and accuracy of the oxygen 

analyzer it is not surprising that, at very low concentrations below 1%, the oxygen analyzer might 

not give an accurate reading. The CH4 concentration was under-predicted near the outer edge of 

the potential core of the fuel jet stream, which indicates a wider and flatter spread of the fuel jet 

stream due to the fuel/air mixing process. The concentration of CO was again under-predicted by 

the model. 

 

There are three mechanisms for the formation of NOX in combustion process: thermal NOX 

(mainly NO), prompt NOX and fuel NOX (Appendix F). NOX concentration’s influence on the 

predicted flow field, temperature, and major combustion product concentrations is negligible 

since the NOX formation processes are much slower compared to the combustion process and 

fluid flow aerodynamics and its concentration is too low to influence the overall combustion and 

heat release. 

 

The most efficient way to estimate NOX emissions is to predict NOX formation in a post-

processing mode, with the flow field, temperature, and hydrocarbon combustion species 

concentrations fixed. The fluid flow, heat transfer, and combustion calculations were first solved 

completely in the above calculations and then turned off prior to applying the desired NOX model 

(thermal and prompt NO without reburn). In order to include the influence of turbulent 

fluctuations on the time-averaged reaction rates, the turbulence interaction was enabled by 

selecting "Temperature" in the "PDF Mode" method in FLUENT. The thermal NOX prediction 
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used the Partial-equilibrium assumption. The prompt NOX prediction used an Equivalence Ratio 

of 0.76 with the default Fuel Species and Fuel Carbon Number. 

 

The measured and predicted NO concentrations along the three characteristic lines at 104 mm 

downstream of the exit plane of the air and fuel nozzles are shown Figure 5-48 (a), (b) and (c). 
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(a) NO concentration profiles along y-axis (line 1) 
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(b) NO concentration profiles along x-axis (line 2) 
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(c) NO concentration profiles along x-direction at y = 82.55 mm (line 3) 

Figure 5-48 Predicted (the solid line: Fuel Mass Flowrate = 0.000433 kg/s; the long 
dashed line: Fuel Mass Flowrate = 0.000444 kg/s) and measured values (the up triangle) of 
NO concentration (ppm) along the characteristic lines at 104 mm downstream in the near 
burner field. 
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As can be seen from Figure 5-48 (a), (b) and (c), the model significantly under-predicted NO 

concentrations. However both measured and predicted NO concentrations showed the same 

trends for changes across these characteristic lines. In the areas adjacent to the two potential cores 

of the cold fuel and air jets, low-concentration peaks were observed, which suggested NO 

concentration level was strongly affected by local temperature. 

 

The measured NO concentrations along the three characteristic lines at 182 mm downstream of 

the exit plane of the air and fuel nozzles are shown in Figure 5-49 (a), (b) and (c). 
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(a) NO concentration profiles along y-axis (line 1) 
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(b) NO concentration profiles along x-axis (line 2) 
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(c) NO concentration profiles along x-direction at y = 88.9 mm (line 3) 

Figure 5-49 Predicted (the solid line: Fuel Mass Flowrate = 0.000433 kg/s; the long 
dashed line: Fuel Mass Flowrate = 0.000444 kg/s) and measured values (the up triangle) of 
NO concentration (ppm) along the characteristic lines at 182 mm downstream in the near 
burner field. 
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As can be seen from Figure 5-49 (a), (b) and (c), NO concentrations were also significantly 

underpredicted. In addition, the measured NO concentration profiles didn’t show good symmetry 

about the central plane. 
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Chapter 6 

 

Conclusions and Recommendations 

The objective of this thesis was to provide experimental data as well as to validate CFD models 

for flameless combustion of natural gas in the Strong-Jet/Weak-Jet furnace for different flow 

cases. 

6.1 Conclusions 

6.1.1 Experimental Contributions 

The construction of an experimental furnace capable of simulating flameless combustion formed 

an integral part of this project. This is a relatively new combustion technology and it was 

demonstrated in the operation of this furnace at a nominal firing rate of 48 kW using commercial 

natural gas and air as the oxidant. Experimental studies were conducted to measure furnace wall 

temperatures, gas temperatures and gas species concentrations. 

 

The rear wall temperatures along the furnace follow complex patterns that depend on the fuel/air 

momentum flux ratio, fuel jet injection angle and jet separation distance. These profiles 

specifically revealed conditions when the fuel jet impinges on the furnace rear wall causing low 

temperature spots at the impingement regions. These tests also showed that the jet separation 
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distance has less impact on the performance of flameless combustion compared to the fuel/air 

momentum flux ratio and fuel injection angle. 

 

Gas temperatures were measured in several planes downstream from the burner plate and showed 

a very uniform profile, characteristic of flameless combustion. These temperature profiles showed 

good symmetry about the y-axis and the degree of overall symmetry increased with downstream 

position along the furnace axis. For the case with a fuel/air momentum flux ratio of 0.03, the 

temperature, O2, CH4 and CO2 concentration profiles showed good symmetry about the y-axis. An 

apparent lack of symmetry for CO and NO concentration profiles was observed far away from the 

burner axis. The NOX concentration was in the single digit ppm range, a characteristic of 

flameless combustion. When the fuel/air momentum flux ratio was increased to 0.0426, the 

potential core of the fuel jet moved farther away from the main burner axis but the dispersion of 

the fuel jet, as evidenced by the CH4 concentration, was less affected by the presence of the 

obstacle created by the pilot burner. The CH4 and CO2 concentration profiles along the y-axis 

(line 1) were considered together in determining the location of the fuel jet stream core. It also 

reveals the relationship between the confluence point of the fuel and air jet streams, the fuel 

injection angle and the fuel/air momentum flux ratio. At higher fuel/air momentum flux ratios, the 

trajectory of the fuel jet is longer, moving the confluence point further downstream. The 

confluence of the fuel and air jets is also moved further downstream for larger fuel injection 

angles. 

6.1.2 Numerical Contributions 

In Chapter 5, numerical predictions of the SJ/WJ furnace operating in flameless combustion mode 

are evaluated against the experimental results. 
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Numerical predictions of the SJ/WJ furnace were made with the commercial CFD code FLUENT 

(version 6.0). The furnace and burner geometry allowed for a symmetry condition through the air 

and fuel ports – this is a normal practice in setting up this type of problem whereby only one-half 

of the furnace needs to be incorporated in the model. A new finding in this work was the need to 

create a “ghost” fuel jet mesh refinement, on the opposite side of the air jet. Without this 

refinement, the air jet flow was significantly deflected, even when the fuel flow was set to zero. 

  

The predicted positions of the jet confluence points were compared with the integral model 

predictions of Grandmaison et al. [21]. The numerical cold model predictions gave a confluence 

point closer to the burner source and this is in agreement with the numerical results reported by 

Fleck [49]. The combusting flow calculations are carried out using the standard k-ε model for 

turbulence and eddy-dissipation model for chemical reactions. Thermal radiation was included in 

the simulation using the P1 radiation model. The predicted furnace wall temperature profiles 

agreed well with the experimental data obtained at four measurement locations in the furnace. 

The experimental and numerical results were also compared with respect to temperature and gas 

concentration profiles along three characteristic lines in two planes downstream from the air and 

fuel nozzles. The calculated profiles were found to be very sensitive to variations in the methane 

mass flow rate – particularly the concentration profiles of O2 and CO. Calculations based on 

matching the equivalence ratio of the fuel gave better agreement with the observed gas 

concentrations.  

 

The numerical predictions along three axes in two downstream planes were compared with 

experimental results. The numerical results for gas temperature and compositions of CH4, O2 and 

CO2 generally showed good agreement with the experimental data. The predicted CO 

concentration profiles followed expected trends but the experimental data were generally under-
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predicted. The NOX concentrations were estimated through post-processing and these results were 

significantly underpredicted. This demonstrates the capability of mainstream CFD software to 

predict the main product species with shortcomings still present in our ability to estimate some of 

the pollutant emissions. 

6.2 Recommendations for future work 

In order to evaluate the performance of the mixing and reaction models, more experimental data 

are needed for different flow configurations and geometries. More precise non-intrusive 

measurement methods are needed, for example, including LDA (Laser Doppler Anemometry) 

measurements for instantaneous flow velocity field and LRS (Laser Rayleigh Scattering) 

measurements for instantaneous gas temperature field measurements. 

 

In order to resolve the energetic large scale fluctuating motion caused by the jet entrainment and 

flue gas recirculation, a Large Eddy Simulation (LES) would probably be a better choice for a 

turbulence model than the k-ε turbulence model used in this work. Further testing of the eddy 

dissipation concept (EDC) model and the PDF transport model for comparison with the eddy-

dissipation model and experimental data would also be of interest. 
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Appendix A 

Composition and properties of the 

natural gas fuel 

Fuel Composition (Composition reported monthly by Kingston PUC, but variation is very slight):  

i N2 CO2 CH4 C2H6 C3H8 C4H8 C5H10 C6H14 

100 xi 1.61 0.57 95.1 2.5 0.20 0.042 0.010 0.004 

 

Average Fuel Molecule:  

 C1.015H3.976N0.032O0.011 

Fuel Molar Mass:  

 Mf =16.83 kg/mol 

Fuel Density:  

 ρf = 0.002024 P/T, kg/m3, P in pascals and T in Kelvins 

Viscosity:  

 μf = 7.84 x 10-8T0.87, kg/m s, estimated as that of methane, T in Kelvins 

Specific Heat Ratio:  

 κ = cp/cv = 1.290, estimated as that of methane 

Standard Enthalpy of Combustion:  
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 -∆hc = 47.781 MJ/kg, at 25 °C and low pressure, H2O in vapour form 

Stoichiometric mixture, proportions of gas and dry air:  

 Xf = nf/na = 0.10453, fuel/air mole ratio, kmol/kmol 

 Xa = na/nf = 9.567, air/fuel mole ratio, kmol/kmol 

 Wf = mf/ma = 0.06072, fuel/air mass ratio, kg/kg 

 Wa = ma/mf = 16.468, air/fuel mass ratio, kg/kg 
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Appendix B 

Correction of the Rotameter Readings 

Omega has provided the following equations for the correction of rotameter readings for liquids 

and gases. 

For liquids: 

GPM water equivalent = GPM metered liquid flow ×
)(

)1(
SGLSGF

SGLSGF
−

×−
  

Where: 

SGL = specific gravity of metered liquid at operating conditions and SGF = specific gravity of 

rotameter float (SGF = 8.04 for 316 SS). 

For gases: 

SCFM air flow from rotameter reading  

= SCFM true gas flow rate ×
))(530)(0.1(
)7.14)()((

0

0

P
TSG

      

Where: 

SG = specific gravity of metered gas (air = 1.0) at STP 

T0 = temperature at operating conditions, Rankine (F + 460) 

P0 = pressure at operating conditions in psia (psig + 14.7). 
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For water flow measurements, SGL = 1, there is no need to perform a correction for the rotameter 

readings. However, for gas flow measurements, SG = 0.555 (specific gravity of methane at STP), 

the experiment temperature and pressure and pressure are different from the rotameter’s 

calibrated temperature pressure. A correction has to be applied to the readings recorded from the 

rotameters using the above equation. 
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Appendix C 

Operating Manual of the SJWJ Gas 

Analysis System 

 

Start Up (with Calibration) 

This procedure assumes all valves/cocks are SHUT and power is OFF. 
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1. OPEN up oxygen (ADJUST the oxygen cylinder pressure regulator to set supply pressure 

at 35 to 40 psig) to the NOx analyzer. ADJUST the Ozone pressure regulator so that the 

Ozone pressure gauge indicates either 20 psig (1,000 ppm NOx level) or 30 psig (2,500 

ppm NOx level). 

2. Switch ON power to instruments and pumps (including the small exhaust pump used to 

ventilate the Nova 7550P5B). Note that instruments require approximately 30 minutes to 

get warmed up (15 to 20 minutes for the Nova 7550P5B). 

3. CHECK the gas selector valve at SAMPLE. 

4. Note reading on the upstream pressure gauge of the sample pump and ADJUST BYPASS 

Valve for the sample pump to around 10 psig (the upstream pressure gauge). 

5. ADJUST BYPASS Needle Valve for reading of around one liter per minute (10 × 100 

cc/min) on BYPASS flow meter. Note reading on SAMPLE Pressure Gauge and 

ADJUST the output pressure regulator to around 4 psig (the NOx Analyzer). 

6. With air flowing through the gas analysis system, set the oxygen to read 20.8% (the Nova 

7550P5B) and all other gases to read zero. 

7. SWITCH the gas selector valve at ZERO and OPEN up nitrogen. 

8. REPEAT STEP 5 and do ZERO CALIBRATION. 

9. CONNECT the selected gas cylinder to the SPAN1 tubing and OPEN up the selected gas. 

SWITCH gas selector valve at SPAN1. 

10. REPEAT STEP 5 and do SPAN CALIBRATION. 

11. SWITCH the gas selector valve at SAMPLE. 

12. REPEAT STEP 5 and start sampling. 

 

Shut Down 
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1. TURN OFF “OZONE OFF” push-button switch (Power is off when switch 

indicator is red). 

2. SHUT DOWN the oxygen cylinder. 

3. Switch OFF power to instruments and pumps. 
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Appendix D 

Operation Manual of the SJWJ Furnace 

Startup Procedure 

This procedure assumes all valves/cocks are SHUT and power is OFF. 

 

 
1. Turn ON the DAS system. 

2. Turn ON cooling water and check for: Air lock and Water leakage. Bleed the air out of 

the cooling water system. 

3. Make sure both taps are fully open and RECORD the cooling water flowrate (Volume) 

given by the readings of the three rotameters. 

4. Turn ON the air compressor (supplying the mixing air) and the air blowers (supplying 

main combustion air and ejecting air) and PURGE the system for 5 minutes. 

5. Turn ON the main gas service shutoff valve (outside).  

#1 

#2 

#3 

#4 

Rotameter 

Rotameter Manometer 

Pilot Gas 

Fuel Gas 
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6. Turn ON gas valves #1 & #2.  

7. SET main combustion air flowrate at 27 CFM (supplied to the air nozzle) and mixing air 

flowrate at 4 CFM (supplied to the pilot burner). RECORD cooling water temperature 

and pressure at the inlet.  

8. Turn ON gas valves #2 & #3 (pilot gas supply). SET flowrate at around 0.5 CFM. 

9. IGNITE the pilot flame and visually CONFIRM that a stable pilot flame is established. 

10. Turn ON gas valve #4 (fuel gas supply). INCREASE the fuel gas flowrate from 0.5 CFM 

to 2.0 CFM gradually. At the same time, INCREASE and MAINTAIN the mixing air 

flowrate at 5 CFM. 

11. Once the readings of the four thermocouples are above 840 Celsius Degrees, INCREASE 

and MAINTAIN the fuel gas flowrate at 2.5 CFM and turn OFF gas valve #3 and the air 

compressor. 

12. WAIT for at least 30 minutes to achieve a stable flameless combustion. 

13. START measuring and recording experimental data. 

 

Shutdown Procedure 

1. Turn OFF gas valve #4 (turn off the fuel gas supply). 

2. Turn OFF gas valves #2 & #1. 

3. Turn OFF the main gas service shutoff valve (outside). 

4. Turn OFF the combustion air blower but KEEP the air ejector running. 

5. MONITOR the furnace wall temperature, and shut OFF cooling water supply when the 

furnace wall temperature < 180 Celsius Degrees. Continue monitoring the furnace 

temperature and WATCH for latent heat buildup. 

6. Turn OFF  the DAS system. 
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Appendix E 

Microsoft Visual Basic 6.0 program for 

data acquisition using a Keithley DAS 

1601 board 

The Keithley DAS-1600 series board is an older architecture. It was first introduced in 1991 as an 

upgrade option to the DAS-16 series. Keithley has not developed a Windows NT driver for the 

DAS-1600 series. Besides the Keithley DAS 1601 Data Acquisition Board itself only comes with 

an ancient Keithley Metrabyte ViewDAC software based on Turbo C 2.0 to perform low-level 

communication with the I/O board. A Visual Basic 6.0 application based on DriverLINX has 

been programmed to perform continuous temperature sampling and write sampled temperature 

data to a text file. 

 

Figure E.1 to E.3 show the screen snapshots of Graphic User-friendly Interface developed using 

Visual Basic 6.0 to allow users to perform either single-channel sampling or multiple-channel 

measurements of thermocouples. 
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Figure E.1 A screen snapshot of the first form of the Visual Basic 6.0 application based on 
DriverLINX 
 

 

Figure E.2 A screen snapshot of loading the “Single Analog Input Sampling” form 
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Figure E.3 A screen snapshot of loading the “Measuring the fixed thermocouples” form 
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Appendix F 

Principles of NOX formation 

There are three mechanisms for the formation of NOX in combustion process: thermal NOX 

(mainly NO), prompt NOX and fuel NOX. 

 

Thermal (Zeldovich) Mechanism: 

For Zeldovic Mechanism, NOX (mainly NO) is formed by the following chemical reactions. 

1) NNONO +↔+ 2   molKJEA /315=  

2) ONOON +↔+ 2  molKJEA /26=  

3) HNOOHN +↔+  molKJEA /0=  

The formation of NO via Zeldovich mechanism is controlled by reaction 1 due to its very high 

activation energy ( molKJEA /315= ). For this reason thermal-NO shows a strong exponential 

dependence on temperature. The contribution of thermal- NO to the total NO formation is small 

below 1,370 °C, but becomes very important above 1,400 °C (Gupta and Lilley [52]). Other 

factors, which also affect NO formation, are fuel/air mixing processes (related to local levels of 

excess air), combustion intensity and pre-heating of the combustion air. Thermal-NO has also 

been shown to increase linearly with residence time. The following equation shows the 

dependence of NO formation on temperature and oxygen concentration (BOWMAN [53]): 
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Prompt (Fenimore) mechanism: 

Prompt NOX is important in hydrocarbon combustion where hydrocarbon radicals formed in the 

early stages of combustion react with molecular nitrogen, which form cyano compounds that 

ultimately lead to NO. For Fenimore mechanism, prompt NOX formation can be described as the 

following chemical reaction equations: 

4) NHCNNCH +↔+ 2  

5) HNCOOHCN +↔+  

6) CONHHNCO +↔+  

7) 2HNHNH +↔+  

8) HNOOHN +↔+  

Hence prompt NOX formation requires presence of plenty of CH and O, which plays an important 

role in NOX emissions for most hydrocarbon fuels at 4.11 << φ . 

 

Nitrous Oxide (N2O)-fuel mechanism  

For fuel mechanism, NOX formation can be characterized by the following chemical reaction 

equations: 

1) MONMNO +↔++ 22  

2) NHNOONH +↔+ 2  

3) NOONO 22 ↔+  

Nitrous oxide mechanism plays an important role in NOX emissions for lean fuels at 8.0<φ  and 

low temperatures. 


