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Abstract

The world’s energy demand by 2042 is estimated at about 18 billion tons of oil

equivalent with 80 % fulfilled by the combustion of fossil fuel. Combustion is pre-

dicted to be the most important way of generating energy to cater for these energy

needs. The need to address energy sustainability (fuel depletion) and environ-

mental pollution (emission) has led to an increased interest in energy efficiency

improvement. Combustion technologies with higher thermal efficiency and bio-

gas (renewable) fuels are possible long-term solutions. The Moderate or Intense

Low oxygen Dilution (MILD) combustion technology can play a significant role

to produce higher thermal efficiency and reduce emissions. MILD combustion

has achieved great success, however it needs further fundamental study due to

the current limited research on open-end furnaces.

In this study, an open-end furnace with an enclosure wall was used to capture

the exhaust gas and utilised it as Exhaust Gas Recirculation (EGR). The EGR

recirculates a portion of exhaust gas back to the combustion chamber to dilute

the oxygen before the oxidant is mixed with the fuel and increases the reactant

temperature. This setup is an open-end furnace because it allows a portion of

the exhaust gas to flow out and be utilised as external EGR. In the case of a

closed furnace, the exhaust gas is recirculated internally to dilute the reactants

and increase their temperature. The wall thickness for the open-end furnace is

very thin compared to the closed furnace which normally has a thick wall. The

development and operating cost for the open-end furnace is cheaper than the

closed furnace but the external EGR structure is an additional installation for

the open-end furnace. The main objectives of this thesis are to conduct numerical

modelling using Computational Fluid Dynamics (CFD) to design and develop the

furnace, to develop and fabricate the new open-end furnace combustion chamber

and to optimise the furnace performance to achieve MILD combustion.

The numerical modelling for the MILD combustion using CFD has been exten-

sively conducted on different burners and different scale furnaces. In this study,

the three-dimensional CFD model was utilised to develop and optimise the fur-

nace. The Reynolds–Averaged Navier–Stokes (RANS) equations were solved us-

ing realisable k–ε turbulent models which has been shown by others to be a

reasonably accurate model to predict the combustion temperatures and combus-

tion products. In this research, the results of the simulation slightly over-predict
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the flame temperatures by about 2 % compared to the experimental results. The

non-premixed, partially premixed and premixed combustion with chemical equi-

librium and non-adiabatic energy treatment for the thermo-chemical database

were used. The Discrete Ordinates (DO) model was used to solve the radiative

transfer equation for a finite number of discrete solid angles in the Cartesian co-

ordinate system. The Weighted Sum of Gray Gas Model (WSGGM) was used

for the absorption coefficient. The method of meshing was tetrahedrons patch

conforming with advanced sizing function of proximity and curvature. The active

assembly, fine span angle centre and fine relevance centre setting were used for all

grids. All the governing equations were solved using the second order upwind dis-

cretisation scheme for higher accuracy of the calculation. The pressure-velocity

coupling scheme with a least-squares cell-based gradient was used and presto was

used as the pressure discretisation scheme. The early stage of the combustion

chamber development started with a CFD simulation of a basic enclosed wall

and top open combustion chamber. After analysing the results, two external

EGR pipes were added. Then two more EGR pipes were added to make a to-

tal of four EGR pipes. The final model was improved with regard to the pipe

size and the top part of the chamber design to ensure it collected an appropriate

amount of the exhaust gas. This model was later used for the experimental and

numerical modelling.

The laboratory scale combustion chamber (total volume of 0.33 m3 and thermal

intensity of 18.8 kW/m3 atm) was developed and fabricated. In this study, the air

and fuel supply system was also developed especially for this furnace operation.

The parameters for the experimental study were the fuel compositions and the

equivalence ratio. The experimental data was collected with 42 thermocouples

(R-type and K-type), a gas analyser, an oxygen sensor and pressure transducers.

The EGR flow rates were determined based on the pressures and temperatures

in the EGR pipes. A National Instruments compact data acquisition system

was used with analogue to digital converter modules and controlled by Labview

software. Experimental tests were conducted where the secondary air supply was

heated and non-heated while the reactants were varied to produce non-premixed,

partially premixed and premixed flames. Methane fuel ignited more quickly than

biogas due to its higher calorific value and lower self-ignition temperatures. The

combination of heated secondary air with partially premixed fuel was the quickest

to ignite. The combustion chamber, EGR and exhaust temperatures and the

exhaust gas species were experimentally studied for the various equivalence ratios.

The flame temperature for the biogas is lower than methane due to the lower

calorific value of the fuel. Both methane and biogas flames produced very low

NOx (2 ppm) for all flow rates whereas for carbon monoxide, biogas produced

almost zero once the flame became steady.

The numerical modelling for the partially-premixed methane and biogas using

the same geometry and conditions as the experimental work is conducted and the
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flame temperatures are 1,499 K and 1,368 K respectively. These can be compared

to the experimental flame temperatures for methane and biogas which are 1,483 K

and 1,358 K respectively. The numerical modelling over-predicts by 1.13 % and

0.73 % respectively, which is good agreement. The exhaust gas species (CO2,

H2O, O2 and NOx) were analysed at the exhaust pipe and the downstream of

the EGR pipes. Both methane and biogas flames are lean. The combustion

is completed with zero unburned hydrocarbons detected and excess oxygen was

recorded for both the exhaust pipe and the downstream of the EGR pipes. At

the downstream end of the EGR pipes, the excess oxygen is much higher due to

the fresh supply of secondary air diluting the exhaust gas as expected. The NOx

emissions for methane and biogas are very low (< 3 ppm) for both locations. The

numerical sensitivity test was conducted to study the effect of the chamber wall

temperature boundary condition on the flame temperature. The results show that

the flame temperature is very sensitive to the combustion chamber wall boundary

conditions. It concluded that biogas has advantages over methane due to lower

peak temperature making the combustion chamber and burner last longer and

be more economical to operate. More numerical modelling was conducted for the

experimental furnace geometry; when appropriate oxygen dilution (3–13 %) and

the preheated oxidant were applied, the model could achieve the MILD regime.

The limitation of the developed experimental furnace was discussed where it

required a minimum of 0.1 MW/m3 atm thermal density to achieve and sustain

MILD combustion.

Further simulations were conducted using the same furnace geometry except a

bluff-body air-fuel nozzle to successfully achieve MILD combustion. The oxygen

mole fraction is diluted between 3 % and 13 % and the oxidant supply is preheated

to achieve the overall reactant temperature above the fuel self-ignition tempera-

ture. The average and maximum chamber temperatures were almost identical at

3 % inlet oxygen mole fraction. The chamber temperature uniformity ratio was

≤ 20 % when the oxygen mole fractions were ≤ 13 %. The conventional flame was

produced (the uniformity ratio of the chamber’s temperature was > 20 %) when

the oxygen mole fraction reached > 14%.

A new open-end furnace was designed, fabricated and tested experimentally as

well as numerically. The open-end furnace with the enclosed chamber numerically

operated in the MILD combustion regime for both the industrial burner and the

bluff-body burner. These results can be utilised by the heating industry and also

for further studies by combustion researchers. It is recommended that future

work to extend this study be carried out experimentally and numerically. The

further studies can be undertaken using different fuel compositions, a new gas

burner, higher secondary air preheating temperatures and a modified combustion

chamber.
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et al., 2009). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.16 High intensity CDC combustor (Arghode and Gupta, 2013). . . . 29

2.17 Schematic of two-flame and one-flame type regenerative burning

systems (Choi and Katsuki, 2001). . . . . . . . . . . . . . . . . . 30

2.18 Combustion air temperature of 1,100◦C (Gupta et al., 1999). . . . 30

2.19 Formation of NOx (Scheele et al., 2008). . . . . . . . . . . . . . . 33

2.20 Preheated air temperature on NOx emission (Tsuji et al., 2003). . 35

3.1 Modelling and simulation flow chart. . . . . . . . . . . . . . . . . 44

3.2 First model of combustion chamber geometry (a) no EGR pipe (b)

with 2 EGR pipes (c) with 2 EGR pipes and EGR curved inlet. . 47

3.3 Second model with 4 EGRs, (a) air supply internal diameter is

22 mm, (b) air supply internal diameter is 5 mm. . . . . . . . . . . 48

3.4 Combustion temperature in the chamber for Figure 3.3(b). . . . . 49

3.5 Velocity magnitude between −5.0 and 5.0 m/s for Figure 3.3(b)

with gas supply at 20 m/s and air supply at 80 m/s. . . . . . . . . 50

3.6 Velocity in Y direction between 0.1 and 5.0 m/s for Figure 3.3 (b)

with gas supply at 40 m/s and air supply at 120 m/s producing

reversed flow in EGR. . . . . . . . . . . . . . . . . . . . . . . . . 51



List of Figures xix

3.7 Velocity in Y direction between −0.1 and −5.0 m/s for Figure 3.3

(b) with gas supply at 20 m/s and air supply at 80 m/s producing

correct flow in EGR. . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.8 The geometry and boundary conditions. . . . . . . . . . . . . . . 52

3.9 Fuel and air nozzle geometry. . . . . . . . . . . . . . . . . . . . . 52

3.10 Design modeller for the MILD furnace (a) full model, (b) half

model axisymmetric at XY-plane model. . . . . . . . . . . . . . . 53

3.11 Three-dimensional meshing of geometry. . . . . . . . . . . . . . . 55

3.12 Meshing for air and fuel supply pipes. . . . . . . . . . . . . . . . . 55

3.13 Fine meshing for critical areas. . . . . . . . . . . . . . . . . . . . . 55

3.14 Body sizing meshing for body of influence (a) geometry (b) meshing. 56

3.15 Four grids for meshing independence study (cross section X–X is

355 mm above the fuel nozzle). . . . . . . . . . . . . . . . . . . . . 57

3.16 Temperature distribution for X–X axis for grids A, B, C and D. . 58

3.17 Contours of chamber temperature. . . . . . . . . . . . . . . . . . . 59

3.18 Contour of velocity magnitude (a) total velocity magnitude from

0 to 5.0 m/s (b) contour of Y velocity for 0 to 3.0 m/s, (c) contour

of Y velocity for -3.0 to 0 m/s. . . . . . . . . . . . . . . . . . . . . 59

3.19 Schematic diagrams for bluff-body burner, a) flame flow field with

central fuel jet and annulus air co-flow, b) flow re-circulation zones. 60

3.20 Temperature of normal combustion for 3 m/s of methane and 10 m/s

of atmospheric air. . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.21 The flow inside the combustion chamber for the condition of Fig-

ure 3.20. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.1 Combustion chamber with installed thermocouples, pressure trans-

ducers, oxidant and gas supply system, ignition system, and air

heating element. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.2 Secondary oxidant supply pipe. . . . . . . . . . . . . . . . . . . . 65

4.3 Exhaust and EGR vent damper to control exhaust gas flow rate. . 66



xx List of Figures

4.4 Burner observation windows with high temperature quartz glass. . 66

4.5 Gas control panel with flow meter. . . . . . . . . . . . . . . . . . 67

4.6 Industrial premixed burner includes flame retention with air-fuel

mixture provided upstream (NAMC, 1952; Turns, 2006). . . . . . 68

4.7 The fuel nozzle upstream of air fuel mixing. . . . . . . . . . . . . 69

4.8 Schematic diagram for an air and fuel nozzle for the experimental

work (all dimensions in mm). . . . . . . . . . . . . . . . . . . . . 69

4.9 Burner before and after installation in the system. . . . . . . . . . 70

4.10 Fuel nozzle and gas supply pressure regulator. . . . . . . . . . . . 71

4.11 Flame safety interlock and ignition system. . . . . . . . . . . . . . 74

4.12 Burner head ignition grounding wire. . . . . . . . . . . . . . . . . 75

4.13 The displacement method to measure the carbon dioxide flow rate. 76

4.14 Air heating element installation. . . . . . . . . . . . . . . . . . . . 77

4.15 The duration of heating element to reach steady maximum tem-

perature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.16 The location of measuring sensors: thermocouples, pressure trans-

ducers and gas analyser sampling probe. H are observation win-

dows, sensor 1 is R-type thermocouple, sensors 2 to 12,T,W,R,E,M

and K are K-type thermocouples, G are gas analysers, L is lambda

sensor and P are pressure transducers. . . . . . . . . . . . . . . . 80

4.17 Gas analyser used to measure exhaust gas compositions. (a) CODA

gas analyser. (b) sampling probe. . . . . . . . . . . . . . . . . . . 81

4.18 Gas analyser sampling location. (a) exhaust gas ducting with ther-

mocouple (left) and exhaust gas sampling (right). (b) EGR pipe

with exhaust gas sampling (left) and lambda sensor (right). . . . . 82

4.19 MoTec Profesional Lambda Meter (PLM) sensor and data display

(MoTeC, 2013). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.20 The location of two pressure transducers separated by 1.1 m. . . . 83

4.21 Pressure transducer calibration using Budenberg 380 dead weight

tester. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84



List of Figures xxi

4.22 The relation of current (ampere) and pressure (bar) for pressure

transducer. The pressure transducer range is from 0 to 1.0 bar . . 85

4.23 Thermocouples and pressure transducers connected to NI cDAQ

card. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.24 LabVIEW graphical user interface. . . . . . . . . . . . . . . . . . 86

4.25 Illustration of the camera position and flame image capturing. . . 87

4.26 Testo 417 used to measure the exhaust gas flow rate (Testo, 2012). 88

4.27 Abattoir pond for the biogas study (McCabe et al., 2014). . . . . 93

4.28 Sludge at abattoir wastewater pond (McCabe and Baillie, 2012). . 93

4.29 The location of K-type thermocouples for early stage experimental

work. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.30 R-type thermocouple installation for the flame temperature mea-

surement (image size is 270 mm × 315 mm). . . . . . . . . . . . . 100

4.31 Recorded chamber temperature for the combustion of 24.2 L/min

of methane supply for the duration of 30 seconds. . . . . . . . . . 101

4.32 Recorded chamber temperature for the combustion of 24.2 L/min

of methane supply at the duration of 420 seconds. . . . . . . . . . 101

5.1 Effect of heated secondary air temperature with exhaust extraction

fan and without combustion. . . . . . . . . . . . . . . . . . . . . . 105

5.2 Chamber axial location for temperature measurement. Down-

stream distance (in mm) from injection location, x/Di: station

A-A = 5.2, B-B = 16.9, C-C = 28.5, D-D = 33.8. . . . . . . . . . 106

5.3 Effect of heated secondary air temperature with exhaust extraction

fan and without combustion for the chamber. . . . . . . . . . . . 106

5.4 Effect of heated secondary air temperature without combustion

and exhaust extraction fan. . . . . . . . . . . . . . . . . . . . . . 107

5.5 Effect of heated secondary air temperature without combustion

and exhaust extraction fan for the chamber. . . . . . . . . . . . . 108

5.6 Biogas flame observed through high-temperature glass window. . . 109



xxii List of Figures

5.7 Flame primary and secondary combustion zone for methane at λ

= 2.0 (image size is 225 mm × 275 mm). . . . . . . . . . . . . . . 109

5.8 Flame temperature for the ignition of the non-premixed, partially-

premixed with heated and non-heated secondary air and premixed

flame without secondary air. . . . . . . . . . . . . . . . . . . . . . 110

5.9 Time (seconds) from beginning of the test for 10.82 L/min (10 kPa)

methane non-premixed flame with 23.6 L/min non-heated secondary

air with 30 fps recording rate (image size is 100 mm × 300 mm). . 111

5.10 As per Figure 5.9 with heated secondary air. . . . . . . . . . . . . 112

5.11 Time (seconds) from beginning of the test for 10.82 L/min (10 kPa)

methane partially-premixed flame with 23.6 L/min non-heated sec-

ondary air with 30 fps recording rate (image size is 100 mm ×
300 mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.12 As per Figure 5.11 with heated secondary air. . . . . . . . . . . . 114

5.13 Time (seconds) from beginning of the test for 10.82 L/min (10 kPa)

methane premixed flame without secondary air with 30 fps record-

ing rate (image size is 100 mm × 300 mm). . . . . . . . . . . . . . 115

5.14 Time (seconds) from beginning of the test for 15.30 L/min (20 kPa)

biogas non-premixed flame without secondary air with 30 fps record-

ing rate (image size is 100 mm × 300 mm). . . . . . . . . . . . . . 116

5.15 Time between 3.3 seconds and 3.67 seconds for Figure 5.14 (image

size is 100 mm × 300 mm). . . . . . . . . . . . . . . . . . . . . . . 117

5.16 Time (seconds) from the beginning of the test for partially-premixed

flame methane of 10.82 L/min (10 kPa) with 11.8 L/min of heated

secondary air with 30 fps recording rate where (a) to (f) is window

number 1 open and (g) to (l) is window number 1 closed (image

size is 100 mm × 300 mm). . . . . . . . . . . . . . . . . . . . . . . 119

5.17 Comparison of open and closed observation window number 1 for

exhaust gas λ measurement of exhaust pipe. . . . . . . . . . . . . 120

5.18 Comparison of open and closed observation window number 1 on

exhaust gas measurement at exhaust pipe and EGR pipe. . . . . . 120

5.19 Photograph of the flame for the same volume flow rate of com-

bustible fuel (image size is 245 mm × 310 mm). . . . . . . . . . . 121

5.20 Methane and biogas flame in-furnace temperature. . . . . . . . . . 123



List of Figures xxiii

5.21 Lambda value comparison for methane and biogas combustion. . . 124

5.22 Recorded chamber temperature profile. . . . . . . . . . . . . . . . 126

5.23 EGR temperature profile measured at all four EGR pipe. . . . . . 127

5.24 Downstream of EGR and secondary oxidant mixing temperature

measured at mixing cone. . . . . . . . . . . . . . . . . . . . . . . 128

5.25 Burner wall temperature profile. . . . . . . . . . . . . . . . . . . . 129

5.26 Temperature and pressure for P1 and P2. . . . . . . . . . . . . . . 129

5.27 EGR velocity for exhaust extraction (suction) ON and OFF. . . . 130

5.28 Comparison of exhaust gas compositions at exhaust pipe and down-

stream of the EGR pipe. . . . . . . . . . . . . . . . . . . . . . . . 131

5.29 Exhaust and EGR gas dilution on methane combustion for carbon

dioxide. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

5.30 Unburned hydrocarbon release with exhaust gas . . . . . . . . . . 132

5.31 Water vapour deposited at the glass window after a period of the

combustion. The water vapour later evaporated. . . . . . . . . . . 133

5.32 Water vapour in exhaust gas for methane combustion. . . . . . . . 133

5.33 Pressure and temperature for pressure transducers 1 and 2. . . . . 134

5.34 Exhaust gas and EGR gas dilution on methane combustion for

oxygen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5.35 Comparison of non-premixed flame temperature for methane and

biogas fuel at x/Di of 5.2 (A-A). . . . . . . . . . . . . . . . . . . 135

5.36 Heated secondary air flow rate in L/min for 10.82 L/min (10 kPa) of

non-premixed methane flame ((a) to (f)) and non-premixed biogas

flame ((g) to (l)) (image size is 100 mm × 300 mm). . . . . . . . . 136

5.37 Partially-premixed flame temperature for biogas fuel at x/Di of

5.2 (A-A). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

5.38 Comparison of partially-premixed methane and biogas flame on

combustion product. . . . . . . . . . . . . . . . . . . . . . . . . . 138



xxiv List of Figures

5.39 Comparison of secondary air supply on λ measurement for exhaust

gas in exhaust pipe and EGR pipe. . . . . . . . . . . . . . . . . . 138

5.40 Exhaust gas measurement of methane with secondary air supply

for exhaust pipe and EGR pipe. . . . . . . . . . . . . . . . . . . . 139

5.41 Effect of heated secondary air and EGR on chamber temperature

at different flow rates. . . . . . . . . . . . . . . . . . . . . . . . . 141

5.42 Effect of heated secondary air to chamber temperature (without

EGR) at different flow rates. . . . . . . . . . . . . . . . . . . . . . 142

5.43 Effect of secondary air (without preheating) and EGR to chamber

temperature at different flow rates. . . . . . . . . . . . . . . . . . 143

5.44 Effect of secondary air (without preheating) to chamber tempera-

ture (without EGR) at different flow rates. . . . . . . . . . . . . . 144

5.45 Effect of heated and non-heated secondary air with and without

EGR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

5.46 Effect of heated and non-heated secondary air with and without

EGR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

5.47 Effect of heated and non-heated secondary air with and without

EGR on exhaust gas compositions. . . . . . . . . . . . . . . . . . 145

5.48 Effect of heated and non-heated secondary air with and without

EGR on exhaust gas compositions. . . . . . . . . . . . . . . . . . 145

5.49 Comparison of experimental and numerical results for the partially-

premixed methane at 10.82 L/min (10 kPa) with the λ = 3.42. . . 146

5.50 Comparison of experimental and numerical results for Figure 5.49. 147

5.51 Comparison of experimental and numerical results for the partially-

premixed methane flame temperature at x/Di of 5.2 (A-A). . . . . 148

5.52 Various species at the exhaust and the EGR for the combustion of

methane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

5.53 Temperature contour for combustion of 10.82 L/min (10 kPa) methane

at λ = 3.42 with oxygen 21 % in oxidant supply. . . . . . . . . . . 150

5.54 Species mole fraction for combustion of 10.82 L/min (10 kPa) methane

at λ = 3.42 with oxygen 21 % in oxidant supply. . . . . . . . . . . 151



List of Figures xxv

5.55 CO profile along the centreline of the combustion chamber for

10.82 L/min (10 kPa) methane with λ = 3.42. The nozzle diameter,

Db=7.5 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

5.56 Chamber density, velocity magnitude and gauge pressure distri-

bution for combustion of biogas at λ = 3.42 with oxygen 21 % in

oxidant supply. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

5.57 Comparison of temperature and combustion products at exhaust

and downstream of EGR of 10.82 L/min (10 kPa) methane at λ =

3.42 with oxygen 21 % in oxidant supply. . . . . . . . . . . . . . . 153

5.58 Comparison of experimental and numerical results for biogas at

10.82 L/min (10 kPa) with the λ = 3.87. . . . . . . . . . . . . . . 155

5.59 Comparison of experimental and numerical results for Figure 5.58. 156

5.60 Comparison of the numerical and the experimental partially-premixed

biogas flame temperature at x/Di of 5.2 (A-A). . . . . . . . . . . 156

5.61 Various species at the exhaust and the EGR for the combustion of

biogas. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

5.62 Temperature contour for combustion of 10.82 L/min (10 kPa) bio-

gas at λ = 3.87 with oxygen 3 % in oxidant supply. . . . . . . . . 159

5.63 Combustion products for combustion of 10.82 L/min (10 kPa) bio-

gas at λ = 3.87 with oxygen 3 % in oxidant supply. . . . . . . . . 159

5.64 CO profile along the centreline of the combustion chamber for

10.82 L/min (10 kPa) biogas with λ = 3.87. The nozzle diameter,

Db=7.5 mm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

5.65 Chamber density, velocity magnitude and gauge pressure distribu-

tion for the combustion of biogas at λ = 3.87 with oxygen 21 % in

oxidant supply. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

5.66 Temperature contour for combustion of 10.82 L/min (10 kPa) methane

at λ = 1.0 with oxygen 3 % in oxidant supply. . . . . . . . . . . . 162

5.67 Combustion products for combustion of 10.82 L/min (10 kPa) methane

at λ = 1.0 with oxygen 3 % in oxidant supply. . . . . . . . . . . . 163

5.68 Temperature contour for combustion of 10.82 L/min (10 kPa) methane

at λ = 3.30 with oxygen 3 % in oxidant supply. . . . . . . . . . . 164



xxvi List of Figures

5.69 Combustion products for combustion of 10.82 L/min (10 kPa) methane

at λ = 3.30 with oxygen 3 % in oxidant supply. . . . . . . . . . . 165

5.70 Temperature contour for combustion of 10.82 L/min (10 kPa) bio-

gas at λ = 1.0 with oxygen 3 % in oxidant supply. . . . . . . . . . 166

5.71 Species mole fraction for combustion of 10.82 L/min (10 kPa) bio-

gas at λ = 1.0 with oxygen 3 % in oxidant supply. . . . . . . . . . 166

5.72 Temperature contour for combustion of 10.82 L/min (10 kPa) bio-

gas at λ = 3.30 with oxygen 3 % in oxidant supply. . . . . . . . . 167

5.73 Combustion products for combustion of 10.82 L/min (10 kPa) bio-

gas at λ = 3.30 with oxygen 3 % in oxidant supply. . . . . . . . . 168

6.1 Schematic diagram for air/fuel bluff-body burner (all dimensions

in mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

6.2 Combustion temperature (K) for the exhaust opening of 95 % for

(a) and (b) and 5 % for (c) and (d). . . . . . . . . . . . . . . . . . 176

6.3 As per Figure 6.2 showing limited temperature ranges. . . . . . . 177

6.4 Temperature profile axial location for bluff-body diameter, Db=40 mm.

Downstream distance from injection locations, x/Db: Station A-A

= 2.8, B-B = 8.9, C-C = 15.0, D-D = 17.8, E-E = 20.3, F-F = 22.8.178

6.5 Temperature profile of the axial location for 8 m/s air inlet veloc-

ity with different oxygen mole fractions (y-axis shows a change of

170 K from bottom to top). . . . . . . . . . . . . . . . . . . . . . 179

6.6 As per Figure 6.5 for air inlet velocity of 10 m/s. . . . . . . . . . . 180

6.7 As per Figure 6.5 for air inlet velocity of 15 m/s. . . . . . . . . . . 181

6.8 Maximum and average chamber and mixing temperatures for bio-

gas (λ = 1.0 and air inlet velocity of 10 m/s.) Exhaust opening

5 %, –; Exhaust opening 95 %, - -. . . . . . . . . . . . . . . . . . . 182

6.9 Effect of air inlet velocity on chamber and mixing temperatures

for biogas (with λ = 1.0 and 21 % oxygen mole fraction). . . . . . 182

6.10 Diluted oxygen mole fraction entering chamber compared to inlet

mole fraction for biogas combustion (λ = 1.0). . . . . . . . . . . . 183



List of Figures xxvii

6.11 The reduction of oxygen mole fraction due to dilution of the inlet

oxidant. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

6.12 The oxygen dilution for the air inlet of 3 % and 12 % oxygen mole

fraction (λ = 1.0.). . . . . . . . . . . . . . . . . . . . . . . . . . . 184

6.13 Chamber temperature for 7 % oxygen mole fraction and 8 m/s air

supply. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

6.14 As per Figure 6.13 showing limited temperature ranges. . . . . . . 186

6.15 Chamber temperature for the air inlet of 7 % and 21 % oxygen mole

fractions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186

6.16 Temperature contours for (a) unwanted burning at downstream of

EGR pipes for 21 % oxygen mole fraction with 10.0 m/s air inlet

and λ of 0.78. (b) proper burning for 7 % oxygen mole fraction

with 10.0 m/s air inlet and λ of 1.06. . . . . . . . . . . . . . . . . 187

6.17 Unburned hydrocarbon in exhaust for the air inlet of 7 % and 21 %

oxygen mole fractions. . . . . . . . . . . . . . . . . . . . . . . . . 187

6.18 Excess oxygen in exhaust for the air inlet of 7 % and 21 % oxygen

mole fractions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188

6.19 (a) to (c) for mole fraction of NOx with 8 m/s air supply with 7 %

oxygen mole fraction and (d) to (f) for the rate of NOx. . . . . . . 189

6.20 Pollutant NOx in exhaust for the air inlet of 7 % and 21 % oxygen

mole fractions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189

6.21 Rate of thermal nitrogen oxide production for 8 m/s air supply

with 7 % oxygen mole fraction. . . . . . . . . . . . . . . . . . . . . 190

6.22 Carbon dioxide mole fraction for 10 m/s air supply with 7 % ((a)

to (c)) and 21 % ((d) to (f)) oxygen mole fractions. . . . . . . . . 191

6.23 Carbon dioxide mole fraction in exhaust for the air inlet of 7 %

and 21 % oxygen mole fractions. . . . . . . . . . . . . . . . . . . . 191

6.24 Carbon dioxide mole fraction in the exhaust normalised by the

oxygen mole fraction in the secondary air stream. . . . . . . . . . 192

6.25 Carbon monoxide mole fraction for 10 m/s air supply with 7 % ((a)

to (c)) and 21 % ((d) to (f)) oxygen mole fractions. . . . . . . . . 192



xxviii List of Figures

6.26 Pollutant carbon monoxide in exhaust for the air inlet of 7 % and

21 % oxygen mole fractions. . . . . . . . . . . . . . . . . . . . . . 193

6.27 Carbon monoxide mole fraction in the exhaust normalised by the

oxygen mole fraction in the secondary air stream. . . . . . . . . . 193

6.28 Water vapour mole fraction for 10 m/s air supply with 7 % ((a) to

(c)) and 21 % ((d) to (f)) oxygen mole fractions. . . . . . . . . . . 194

6.29 Water vapour in exhaust for the air inlet of 7 % and 21 % oxygen

mole fractions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

B.1 LabVIEW data acquisition system diagram. . . . . . . . . . . . . 234

B.2 CODA gas analyser specification (CODA, 2012). . . . . . . . . . . 235

B.3 MoTec Profesional Lambda Meter (PLM) technical data and spec-

ification (MoTeC, 2013). . . . . . . . . . . . . . . . . . . . . . . . 235

B.4 Air heater specifications (Farnam, 2012). . . . . . . . . . . . . . . 238

B.5 Wiring diagram for air heating element and control cube (Farnam,

2012). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

B.6 Dwyer flow meter technical data (Dwyer, 2013). . . . . . . . . . . 239

B.7 Testo 417 technical data (Testo, 2012). . . . . . . . . . . . . . . . 240

B.8 Detail of ignition control system. . . . . . . . . . . . . . . . . . . 242

B.9 Techrite AGA6953 ignition system technical specifications (Techrite,

2014). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243

B.10 flame detection controller Siemens Landis Gyr model LGB21 350(A27)

technical specifications (Siemens, 2014). . . . . . . . . . . . . . . . 243

B.11 Sample USQ weather report (USQ, 2013). . . . . . . . . . . . . . 244

C.1 Overall experimental setup with gas control panel, combustion

chamber, data acquisition and measurement system. . . . . . . . . 246

C.2 Time (seconds) from the beginning of the test for 15.30 L/min

(20 kPa) methane non-premixed flame with 23.6 L/min non-heated

secondary air without primary air supply with 30 fps recording rate

(image size is 100 mm × 300 mm). . . . . . . . . . . . . . . . . . . 247



List of Figures xxix

C.3 Time (seconds) from the beginning of the test for 15.30 L/min

(20 kPa) methane non-premixed flame with 23.6 L/min heated sec-

ondary air without primary air supply with 30 fps recording rate

(image size is 100 mm × 300 mm). . . . . . . . . . . . . . . . . . . 248

C.4 Time (seconds) from the beginning of the test for 15.30 L/min

(20 kPa) methane partially premixed flame with 23.6 L/min heated

secondary air with 30 fps recording rate (image size is 100 mm ×
300 mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 249

C.5 Time (seconds) from beginning of the test for 15.30 L/min (20 kPa)

methane partially premixed flame with 23.6 L/min heated sec-

ondary air with 30 fps recording rate (image size is 100 mm ×
300 mm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250

C.6 Time (seconds) from beginning of the test for 15.30 L/min (20 kPa)

methane premixed flame without secondary air with 30 fps record-

ing rate (image size is 100 mm × 300 mm). . . . . . . . . . . . . . 251

C.7 Time (seconds) from beginning of the test for 15.30 L/min (20 kPa)

Biogas non-premixed flame with 23.6 L/min secondary air with

30 fps recording rate (image size is 100 mm × 300 mm). . . . . . . 252

C.8 Time (seconds) from beginning of the test for 10.82 L/min (10 kPa)

methane non-premixed flame with 11.8 L/min non-heated secondary

air without primary air supply and exhaust fan off with 30 fps

recording rate (image size is 100 mm × 300 mm). . . . . . . . . . . 253

C.9 Ignition testing for non-premixed flame for 24.2 L/min of methane

flow rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254

D.1 Temperature contour for combustion of 10.82 L/min (10 kPa) methane

at λ 3.81. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

D.2 Combustion products for combustion of 10.82 L/min (10 kPa) methane

at λ = 3.81. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 256

D.3 Chamber density, velocity magnitude and gauge pressure for com-

bustion of methane at λ = 3.81. . . . . . . . . . . . . . . . . . . . 257

D.4 Temperature contour for combustion of biogas at λ = 3.81. . . . . 258

D.5 Combustion products for combustion of 10.82 L/min (10 kPa) bio-

gas at λ = 3.81. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258



xxx List of Figures

D.6 Chamber density, velocity magnitude and gauge pressure for com-

bustion of biogas at λ = 3.81. . . . . . . . . . . . . . . . . . . . . 259

E.1 Gas detection system (a) wall gas detection sensor (b)water drain

gas detector (c) gas detection system control panel. . . . . . . . . 262

E.2 Compressed air supply valves and flow-meter. . . . . . . . . . . . 264

F.1 Detailed MILD burner schematic diagram. . . . . . . . . . . . . . 268

F.2 Dwyer flow meter gas correction factor. . . . . . . . . . . . . . . . 269



List of Tables

2.1 Summary of different combustion modes (Cavaliere and de Joan-

non, 2004). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.2 Combustion properties of natural gas and biogas (Gonzalez et al.,

2009). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.3 Biogas composition (Clementson, 2007; Seadi et al., 2008; Nielsen,

2009; Balat and Balat, 2009). . . . . . . . . . . . . . . . . . . . . 19

2.4 The difference in natural gas composition for Australia, Greece,

Sweden, United States and Malaysia (Kong and Reitz, 2002; Olsson

et al., 2002; Papagiannakis and Hountalas, 2004; Jonathan, 2006;

Ramli, 2009; GM, 2011; Hairuddin et al., 2014). . . . . . . . . . . 20

2.5 Biogas and natural gas energy balance (Colorado et al., 2010). . . 20

2.6 Comparison for air-fuel combustion with and without recuperator

(Joachim, 2012). . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.7 Exhaust pollutant from flameless combustion (Colorado et al., 2010). 32

2.8 Pollutant from fossil fuel combustion (kg of pollutant per 109 kJ of

energy input) (USEIA, 1999). . . . . . . . . . . . . . . . . . . . . 32

3.1 Typical data for furnace and burner in Figure 3.2(c). . . . . . . . 46

3.2 Typical data for furnace and burner in Figure 3.3(b). . . . . . . . 48

3.3 Typical data for furnace and burner in Figure 3.8. . . . . . . . . . 53

3.4 Details of mesh settings with elements and nodes count. . . . . . . 54

4.1 Summary of the changes for burner nozzle section. . . . . . . . . . 67

4.2 The purity of the supplied gas (Airliquide, 2012). . . . . . . . . . 74



xxxii List of Tables

4.3 Gas density, specific gravity and correction factor to determine the

gas flow rate (Dwyer, 2013). . . . . . . . . . . . . . . . . . . . . . 75

4.4 Time taken (second) to displace the volume of 1,400 mL of wa-

ter for 15.32 L/min (20 kPa) of methane and carbon dioxide and

23.6 L/min of air. . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

4.5 Exhaust extraction flow rate measurement using Testo 417 digital

anemometer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

4.6 Location of thermocouples installation. . . . . . . . . . . . . . . . 79

4.7 Mean, standard deviation and standard error for sample of K-type

thermocouple used. . . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.8 Mean, standard deviation and standard error for sample of R-type

thermocouple used. . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.9 CODA gas analyser measurement accuracy (CODA, 2012). . . . . 81

4.10 Pressure transducers calibration. . . . . . . . . . . . . . . . . . . . 84

4.11 Testo 417 large vane anemometer specifications (Testo, 2012). . . 88

4.12 Measured variables unit measurement. . . . . . . . . . . . . . . . 90

4.13 Sample of weather conditions recorded before experimental work

started. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

4.14 Average on-site biogas composition from covered pond (McCabe,

2012). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.15 Biogas composition (Biogas, 2012). . . . . . . . . . . . . . . . . . 94

4.16 Biogas resources (Biogas, 2012). . . . . . . . . . . . . . . . . . . . 95

4.17 Properties of biogas with 55 % to 70 % methane and 30 % to 45 %

carbon dioxide (Zicari, 2003; Seadi et al., 2008; Nathan et al., 2010). 95

4.18 Biogas physical characteristics compared to natural gas (Ramli,

2009; Biogas, 2012; Hairuddin et al., 2014). . . . . . . . . . . . . . 96

4.19 Fuel composition for the experiment. . . . . . . . . . . . . . . . . 96

4.20 The conversion table of fuel supply flow rate for the 12.7 mm fuel

supply inlet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96



List of Tables xxxiii

4.21 The conversion table of air supply flow rate for the 10.0 mm sec-

ondary oxidant supply inlet. . . . . . . . . . . . . . . . . . . . . . 97

4.22 Experimental parameters for pre-heating of the secondary air sup-

ply and EGR (secondary air flow rate in L/min). . . . . . . . . . 97

4.23 Experimental parameters for methane and biogas for premixed and

non-premixed combustion. . . . . . . . . . . . . . . . . . . . . . . 98

5.1 Heated secondary oxidant temperature recorded 20 minutes after

the heater started. . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.2 Summary of ignition started for 10.82 L/min (10 kPa) methane

with non-premixed (NPF), partially-premixed (PPF) and premixed

(PF) flame (HY is preheating, HN is without preheating and SAN

is without secondary air). . . . . . . . . . . . . . . . . . . . . . . 110

5.3 The ignition timing for the experiment of excess air flow through

(window number 1 open) and no excess air flow through (closed

window number 1). . . . . . . . . . . . . . . . . . . . . . . . . . . 117

5.4 Operating conditions for methane and biogas premixed flames. . . 122

5.5 Operating conditions for methane and biogas premixed flames. . . 124

5.6 Summary of NPF, PPF and PF combustion experimental setup

(HY is with preheating, HN is without preheating and SAN is

without secondary air). . . . . . . . . . . . . . . . . . . . . . . . . 125

5.7 NPF, PPF and PF combustion with and without secondary air

preheating (HY is with preheating, HN is without preheating and

SAN is without secondary air). . . . . . . . . . . . . . . . . . . . 126

5.8 Effect of wall temperature boundary conditions and oxygen mole

fractions on flame temperature. . . . . . . . . . . . . . . . . . . . 154

6.1 Typical data for bluff-body burner and reactant supply inlets in

Figure 6.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

6.2 The oxygen mole fraction in air supply and MILD condition for

Figure 6.7 at the λ of 0.35 to 2.47. The uniformity ratio is the

difference between the maximum and the minimum divided by the

maximum temperature. . . . . . . . . . . . . . . . . . . . . . . . . 178



xxxiv List of Tables

A.1 Properties of carbon dioxide, nitrogen, oxygen, water vapour and

methane at 273 K and 1 atm (Turns, 2006; NIST, 2009). . . . . . . 228

A.2 Heat values of various fuels (McAllister et al., 2011; Demirel, 2012).229

A.3 The conversion table of fuel supply flow rate for the 12.7 mm fuel

supply inlet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

A.4 The conversion table of air supply flow rate for the 10.0 mm oxidant

supply inlet. The compressed air pressure was set at 500 kPa and

the flow rate was controlled by the flow meter. . . . . . . . . . . . 230

B.1 The summary of 42 thermocouples installation with Standardised

Letter Designation (SLD). . . . . . . . . . . . . . . . . . . . . . . 236

B.2 Thermocouple types (Burley et al., 1978; ISA, 1982; Burn et al., 1993; Goldstein

et al., 1998; HMC, 2012; Noor et al., 2013) . . . . . . . . . . . . . . . . . . . 237

B.3 High temperature glass window made of fused silica (Edmund, 2012).238

C.1 Summary of ignition started for 15.30 L/min (20 kPa) methane

with non-premixed, partially premixed and premixed flames (HY

is pre-heating, HN is without preheating and SAN is without sec-

ondary air). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246



Acronyms & Abbreviations

AD : Anaerobic digestion

ADC : Analogue to digital conversion

ALS : Australian laboratory service

ANOVA : Analysis of variance

AVC : Atmospheric Vent Combustion

BOD : Biological oxygen demand

BR : Blockage ratio

CCS : Carbon capture and storage

CDC : Colourless distributed combustion

CFD : Computational fluid dynamics

CMC : Conditional moment closure

CO : Carbon monoxide

CO2 : Carbon dioxide

COD : Chemical oxygen demand

EC : Electrical conductivity

EGR : Exhaust gas recirculation

FIR : Fuel induced recirculation

FOG : Fat, oil and grease

GHG : Greenhouse gas

GUI : Graphic user interface

HC : Hydrocarbon

HCCI : Homogeneous charge compression ignition

HHV : Higher heating value

HiTAC : High temperature air combustion

HPC : High performance computing

HTOC : High temperature combustion

IEA : International Energy Agency

IRZ : Inner recirculation zone

ISA : Instrument Society of America

JHC : Jet in hot co-flow

LDA : Laser Doppler Anemometry

LRS : Laser Rayleigh Scattering

LCV : Low calorific value

LES : Large eddy simulation

LHV : Lower heating value



xxxvi Acronyms & Abbreviations

LSD : Least significant difference

MFB : Mass fraction burn

MILD : Moderate or intense low oxygen dilution

MMC : Multiple mapping conditioning

MWTPs : Municipal waste water treatment plants

NI : National Instrument

NH3-N : Ammonia as nitrogen

NO : Nitric oxide

NO2 : Nitrogen dioxide

NOx : Nitrogen oxides

N2O : Nitrous oxide

NPF : Non-premixed flame

OH : Hydroxyl

ORZ : Outer recirculation zone

ORP : Oxidation-reduction potential

PAH : Polycyclic aromatic hydrocarbons

PCA : Principal component analysis

PDE : Partial differential equation

PDF : Probability density function

PF : Premixed flame

PPF : Partially premixed flame

PM : Particulate matter

RH : Relative humidity

RME : Rapeseed ethyl ester

RoHR : Rate of heat release

RANS : Reynolds-averaged Navier-Stokes

SDE : Stochastic differential equation

SI : Spark ignition

SOx : Sulphur oxides

SOC : Start of combustion

SPDL : Stochastic particle diffusion length

TKN : Total Kjeldahl nitrogen

TSS : Total concentration of suspended (non-soluble) solids

Tc : Chamber temperature

Tin : Inlet temperature

Tsi : Self-ignition temperature

UCL : Upper calorific value

UHC : Unburned hydrocarbons

UV : Ultra violet

VFA : Volatile fatty acids

fps : frame per second



Nomenclature

R : gas constant

T : temperature

U : internal energy

V : volume

W : chemical source term

Y : mass fraction

Z : mixture fraction (a conserved scalar)

An : air nozzle outer diameter

Cp : specific heat at constant pressure

Da : air nozzle outer diameter

Db : bluff-body diameter

Di : air/fuel nozzle inner diameter

Fn : fuel nozzle outer diameter

Rd : internal dilution ratio

Rtu : Temperature uniformity ratio

Kv : dilution ratio

Tr : temperature of the reactants

Tc : chamber temperature

Tin : inlet temperature

Tsi : self-ignition temperature

d : fuel nozzle inner diameter

k : turbulent kinetic energy

q̇ : heat release rate
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Chapter 1

Introduction

This chapter consists of the background to the study, alternative fuel for furnace

combustion, rationale of the study, research objectives and scope of the disserta-

tion.

1.1 Background

Sustainability of energy supplies is becoming more important because of concern

over the depletion of fossil fuel reserves. With the current supply and demand,

the fossil fuel could be depleted by 2042 (Shafiee and Topal, 2009). The pro-

duction of energy through the combustion process represents the main source of

energy supply for the next 50 years (Yusaf et al., 2013). Figure 1.1 shows that

combustion of fossil fuels is projected to fulfil about 80 % of these energy needs.

The human race is facing a major problem due to depletion of energy supplies

and environmental pollution (Yusaf et al., 2013). The demand for energy is dra-

matically increasing due to the growth of the world’s population and substantial

economic development in some parts of the world such as South East Asia, China

and India. Combustion pollution is linked to the increase of the earth’s tempera-

ture (Figure 1.2), unstable weather, increase in ocean levels and ice melting in the

North and South Poles (NRC, 2010). Some of the major challenges are to provide

efficient energy and limit Greenhouse-Gas (GHG) emissions. Any improvement

in the combustion process will impact the community significantly by reducing

costs and pollution. The research and scientific communities are ready to accept

these challenges for the future of mankind. The more efficient use of fuel with low

GHG emissions and Carbon Capture and Storage (CCS) might be effective ways

to gradually reduce GHG emissions (Orr, 2005; IEA, 2006). In 2000, IEA (2002)

and Kevin et al. (2005) reported that CO2 contributed 77 % of greenhouse gas

emissions with combustion accounting for 27 %, making it a major contributor to

global climate change.

A major concern is whether the total pollution can be reduced from current

levels when the rate of energy consumption will increase. In order to counter
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Figure 1.1: The history and prediction of world energy consumption (USEIA,

2013).
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Figure 1.2: The history and prediction of unwanted increase of earth’s temperature

(Maczulak, 2010).

this issue, the improvement of combustion efficiency with lower emissions has

led researchers to have more interest in new combustion technology (Smith and

Fox, 2007; Merci et al., 2007). One of the methods of improving combustion

efficiency is to preheat the reactants using hot flue gases. However, preheating the

combustion air generally increases the flame temperature, which results in more

formation of thermal NOx. Note that if the temperature is below 1,450 K, the

amount of NOx is still very low because the formation of thermal NOx gradually

increases when the temperature of combustion reaches 1,500 K (Scheele et al.,

2008; AET, 2012).
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A new combustion technology has been invented that is able to contribute to the

increase of combustion efficiency and reduction of combustion emissions. In 1989,

during combustion experiments with a self-recuperative burner, Wünning (1991)

observed a surprising phenomenon. He found that at furnace temperatures of

1,000◦C and about 650◦C air preheat temperature, no flame could be seen and no

UV-signal could be detected. The fuel was completely burnt and the CO was be-

low 1 ppm in the exhaust. The NOx emissions were almost zero with smooth and

stable combustion. Wünning (1991) called that condition “Flameless Oxidation”

or FLOX (Wünning and Wünning, 1997; Milani and Wünning, 2007). This new

combustion technology was also named Moderate or Intense Low Oxygen Dilution

(MILD) combustion (Dally et al., 2002; Cavaliere and de Joannon, 2004). Re-

searchers from Japan (Katsuki and Hasegawa, 1998; Tsuji et al., 2003) found that

High-Temperature Air Combustion (HiTAC) is nearly the same as MILD combus-

tion, while operating at higher temperatures. Colourless Distributed Combustion

(CDC) (Arghode and Gupta, 2011a; Arghode and Gupta, 2013) is based on Hi-

TAC except that the combustion intensity is much higher and the residence times

are much shorter.

1.2 Alternative Fuels for Furnace Combustion

Biogas is a Lower Calorific Value (LCV) fuel that is produced from the biodegra-

dation (anaerobic digestion) of organic materials of biological origin (biomass) in

anoxic environments, such as swamps, wetlands, sediments, and in the rumen of

ruminant animals. Generally biogas consists of about 60 % methane, 35 % car-

bon dioxide and 4.5 % nitrogen (by volume) and small amounts of some other

gases. Biogas is an attractive alternative to replace the dependence on fossil

fuels due to its extensive potential applications (Ashrafi et al., 2008; Muradov

et al., 2008; Tsolakis et al., 2011; Rafiq and Hustad, 2011). In the last decade,

the significance of renewable fuels as an alternative has increased due to dwindling

supplies of conventional energy sources and rising oil prices (Ersahin et al., 2011).

The exhaust emissions from combustion of fossil fuel is also an issue with regard

to global warming. Moreover, the fossil fuel itself is toxic and may cause long-

term adverse effects to the aquatic environment when an oil-spill incident from

a fuel tanker occurs, or waste oil is deliberately dumped into oceans, rivers or

lakes. Experimental studies have found that the Polycyclic Aromatic Hydro-

carbons (PAH) contained in diesel may induce skin, lung and possibly urinary

bladder cancer (Mastrangelo et al., 1996; BP, 1998). Therefore, research on new

alternative fuels is very important in order to overcome these problems.

Biofuel is one of the most important renewable energy resources (Hussen, 2014),

being produced from locally-available feedstocks. In Australia, the major sources

are piggeries (Maraseni and Maroulis, 2008) and sugar cane (Simpson et al., 2012;

Salter et al., 2013). In America, soy beans are used while in Europe rapeseed is

used (Mamat, 2009; Santilena, 2012). Microalgae is one of the recently found good
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source of biofuel (Hussen, 2014). Najafi et al. (2011) and Allwayzy et al. (2014)

summarised that microalgae has great potential as a sustainable biofuel resource.

The main benefit of biofuel is that it is carbon neutral. Some researchers claim

that engines running on biofuel produce more CO2 compared to those running on

conventional fuels, but if the analysis includes the carbon cycle, the use of biogas

actually emits less CO2 to the atmosphere. The advantages of biofuel have been

reported by many researchers as renewable energy, non-toxic, biodegradable and

sulphur free (Labeckas and Slavinskas, 2006; Bozbas, 2008).

Biogas consists of about 60 % methane, 40 % carbon dioxide and other gases. To

utilise biogas in a laboratory combustion experiment, synthetic biogas was cre-

ated. This was due to the need for consistency of the biogas composition and

the ready availability of methane and carbon dioxide in the gas cylinders. In

order to create practical synthetic biogas, a mixture of 60 % methane and 40 %

carbon dioxide was used for the laboratory experiments in this thesis. This ratio

of biogas was also used by a number of other researchers (Pomeroy, 2008; Col-

orado et al., 2010; Salunkhe et al., 2012; Keramiotis and Founti, 2013). Using

energy balance to calculate the combustion efficiency, biogas provides 2 % lower

efficiencies compared to natural gas (Colorado et al., 2010). This condition is

compensated for by reducing greenhouse gases when using biogas as a fuel. Col-

orado et al. (2009) showed that the MILD combustion regime can be achieved

with different fuel compositions.

1.3 Rationale of the Study

Combustion is still a dominant process for world energy production. A cleaner

and more efficient combustion process is demanded by the combustion industries

due to fuel depletion and environmental quality issues. These two challenges

for the combustion community are to reduce the combustion pollution and the

dependency on fossil fuel. One of the significant factors for the cost of energy is

the efficiency of the combustion process. The aim of this study is to improve the

quality of combustion for future energy efficiency. MILD Combustion seems to

be one of the future techniques for lean and clean combustion technology (Yusaf

et al., 2013). The benefits of MILD combustion are already well known and

include reduced NOx and increased thermal efficiency (Tsuji et al., 2003; Dally

et al., 2004; Cavaliere and de Joannon, 2004; de Joannon et al., 2012). MILD

combustion has generated great interest for many applications such as furnace

ovens for final and raw material processing. The cost of final products to end

customers will include the cost of the products or raw materials heating processes.

This final product cost will increase if the furnace fabrication and operation cost

is increased.

In order to gain the benefits of MILD combustion, further research is required,

especially on open-end systems. The open-end furnace is believe to have cheaper
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development and operating costs compared to the closed-end furnace. As its

name suggests the open-end furnace is open at one end with enclosed walls to

capture and utilise the heat from the flame. Enclosure walls are also used to

capture the exhaust gas to be utilised as Exhaust Gas Recirculation (EGR). This

configuration is considered an open-end furnace due to the opening at the top of

the furnace. This opening will allow a proportion of exhaust gas to flow out.

This study utilises the MILD combustion technique in an open-end furnace us-

ing biogas and methane. This study differs from existing research by using an

open-end burner where the products mix with the reactants outside the furnace,

whereas previous work on closed furnaces has recirculated the products to mix

with the reactants inside the furnace. The experimental work is coupled with

Computational Fluid Dynamics (CFD) to design and develop the open-end fur-

nace. Through the combination of the study parameters (preheating the reactants

using EGR to dilute the oxygen in the fresh air supply, high reactant jet velocity

and preheating the air supply), turbulent mixing of the reactant and optimisation

of MILD combustion in an open-end furnace can be achieved. EGR reduces NOx

emissions through the reduction of the flame temperature (Turns, 2006), increases

ignition delay, increases heat capacity of the air and fuel mixing and dilutes the

oxygen with inert gas components (Pierpont et al., 1995). A more detailed ex-

planation on EGR can be found in many books and technical papers (Baltasar

et al., 1997; Heywood, 1988; Smith and Bartley, 2000; Minamoto et al., 2013)

The main purpose of EGR is to dilute fresh air with exhaust gas and therefore

reduce the peak combustion temperature to reduce the amount of NOx (Abd-

Alla et al., 2001; Hountalas et al., 2008). Nathan et al. (1992) and Parham et al.

(2000) reported that by controlling the mixing through their precessing gas jet, a

simultaneous reduction in NOx emissions between 30–50 % and an increase in heat

transfer rate from 2–10 % were achieved. Recently Colorado et al. (2009) studied

MILD combustion using biogas (methane diluted with inert gases) and reported

that NOx and soot emissions were reduced but CO emission was increased. This

was caused by using a high fuel dilution and low co-flow oxygen level. Besides

this, it was believed that the overall benefits and advantages of biogas are much

higher than the disadvantages (Rajendran et al., 2012).

1.4 Research Objectives

The overall aim of this research is to develop a numerical model and design a

reliable laboratory-scale experimental setup which can both be used to investigate

the possibility of open-furnace MILD combustion. This research project consists

of numerical simulations and experimental work. The main objectives are:

(i) Design and optimise the three-dimensional open-end furnace with a partially

premixed burner.
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(ii) Develop, construct and commission the open-end furnace, gas supply control

system and high accuracy in-furnace measurement system.

(iii) Perform experiments with a range of parameters for temperature profiles

and exhaust gas emissions using methane and biogas fuel.

(iv) Validate the numerical simulations using the experimental data.

(v) Optimise the parameters by using CFD to achieve MILD combustion.

1.5 Scope of the Study

This thesis studies the open-end furnace MILD combustion. The main purpose is

the experimental and numerical analysis of combustion performance and pollution

emission of a methane and biogas as an alternative fuel. Therefore, the thesis

topics are categorised as introduction to MILD combustion, CFD simulation to

design and develop an open-end furnace and the experimental work. Further

simulations were carried out to study other nozzle designs and parameters.

1.6 Organisation of the Thesis

This thesis consists of seven chapters including the introduction. The background

and rationale of the study, the alternative fuels considered and the scope of the

study are briefly introduced in this chapter. The rest of the chapters describe the

fundamentals of MILD combustion, the development of the furnace, the compu-

tational modelling and the experimental work as follows.

Chapter 2 reviews the fundamentals of MILD combustion and topics covered in

the study. The literature review includes computational, empirical and experi-

mental solutions to the study. Further reviews in this chapter are the overview

of exhaust gas recirculation, heat exchanger, bluff-body, biogas, methane and

exhaust gas emissions such as nitrogen oxide.

Chapter 3 presents the numerical modelling and three-dimensional CFD simu-

lations. This chapter also describes the setup of the model geometry, boundary

conditions and solver selection to predict the combustion behaviour of the MILD

combustion burner. The burner and combustion chamber design is discussed step

by step from the first draft to the final model, ready for fabrication.

Chapter 4 presents the furnace development and fabrication, ignition system and

experimental apparatus. The experimental data is used to validate the numerical

model. The experimental setup consists of combustion chamber, burner, reactant

supply and measurement instrumentation. The last part of this chapter describes

the experimental operating procedures, equipment calibration and experimental

parameters.
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Chapter 5 contains the results and discussion, including the performance and

emissions for the methane and biogas fuel. The experimental results are then

compared to and validated with the numerical models.

Chapter 6 is about results and discussion for further CFD modelling. A bluff-body

nozzle is numerically studied and the results include the temperature distributions

and the combustion product analysis.

Chapter 7 covers the conclusions and limitations of the presented work. This

chapter also includes the recommendations for future investigations into MILD

combustion and this experimental test rig.
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Chapter 2

Literature Review

This chapter presents an introduction to MILD combustion. The modelling of

MILD combustion is also described. In addition, the chapter discusses the studies

on MILD combustion design requirements such as oxygen dilution and reactant

preheating. The combustion quality and emissions produced from the experiment

of the MILD combustion is the third part discussed in this chapter. The chapter

also covers the properties of a methane and biogas mixture as an alternative fuel.

2.1 Introduction

The earliest concept of MILD combustion came from the excess enthalpy com-

bustion technique (Weinberg, 1971; Lloyd and Weinberg, 1974). The early re-

search and development of MILD combustion came from Germany (Wünning and

Wünning, 1997; Plessing et al., 1998), Japan (Katsuki and Hasegawa, 1998; Yuan

and Naruse, 1999; Tsuji et al., 2003) and Australia (Dally et al., 2002; Szegö

et al., 2003; Christo and Dally, 2005). When MILD combustion commences,

the furnace will be bright and transparent (Wünning and Wünning, 1997; Tsuji

et al., 2003). MILD combustion takes place at reduced temperature (1,100–

1,600 K) and is characterized by minor temperature fluctuations and a flat ther-

mal field (Dally et al., 2004). Figure 2.1 shows a comparison between MILD and

high-temperature combustion (Cavaliere and de Joannon, 2004). The heat from

the exhaust gas was utilised to preheat the reactant (Arrieta and Amell, 2014).

The oxidiser co-flow also can be used to preheat and dilute the fuel stream

(Sepman et al., 2013). The temperature of the reactant must be higher than

the mixture self-ignition temperature (Table 2.1).

The recirculation of hot flue gas to preheat the reactants and simultaneously

dilute the oxygen is a key concept of MILD combustion (Tsuji et al., 2003; Roiha

et al., 2014; Huang et al., 2014). The maximum temperature increase due to

the combustion is lower than the mixture self-ignition temperature (Cavaliere

and de Joannon, 2004). Recent applications of MILD combustion have been in
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undiluted conditions and the relatively slow kinetics linked

to low temperature self-ignition regimes.

Parameters relevant for the process are inlet flow

composition (i.e. percentage of fuel, oxidizer and diluent),

pressure and the minimum residence time of reactants.

These are the conditions which determine the self-ignition

temperature of the homogeneous fuel/air/diluent mixture.

DT varies according to system configuration. For

instance, if reactants are not premixed, the maximum

temperature corresponds to the adiabatic flame temperature

referred to the stoichiometric condition which may also

occur when feed ratio is different from the stoichiometric

one. On the other hand, the maximum temperature of a

premixed stream is fixed by the feed ratio between fuel,

oxidizer and diluent. It is noteworthy that the maximum

temperature is related to the maximum oxidation level,

which may be different from both the equilibrium and real

temperature reached in the reactor. For instance a

CH4/O2/N2 system evolving in rich, diluted conditions

may attain different temperatures according to different

kinetic routes followed in the chemical process that, in turn,

do not necessary lead to the maximum oxidation level. The

diagrams shown in Figs. 2 and 3 are examples for supporting

this statement. Fig. 2 pertains to a WSR temperature

increase DT plotted versus inlet temperature for XO2
¼ 0:05

and XCH4
¼ 0:1 (carbon/oxygen ratio ¼ 1) with a dilution

level corresponding to XN2
¼ 0:85; with a residence time of

1 s (solid line). Details related to this analysis are fully

described by de Joannon et al. [12]. The dotted and the

dashed lines are DT computed for the equilibrium ðDTeqÞ;

and theoretical adiabatic flame temperature ðDTafÞ of the

system respectively. In the case here considered DTaf is

always higher than DT because in rich diluted condition the

main oxidation product is CO.

The shape of solid line is due to different product

distributions obtained by changing inlet temperature. The

three arrows related to the curve refer to different outlet

compositions according to the different oxidation channels.

The usefulness of the Mild Combustion definition may

be appreciated by some considerations in relation to the map

shown in Fig. 3 obtained for the same chemical system

presented before, i.e. CH4/O2/N2 with 0.1/0.05/0.85 molar

fractions. It defines all possible inlet temperature (abscissa)

and temperature increase (ordinate) for a residence time of

1 s and atmospheric pressure. In this case the self-ignition

temperature of reactant mixture is 1000 K according to an

evaluation based on a numerical computation [13] and

shown in Fig. 2.

The map of Fig. 3 is divided in three regions by the

straight lines intercepting the self-ignition temperature on

both axes. These regions are named Feedback, High

Temperature and Mild Combustion respectively. Accord-

ing to the definition given previously (i.e.

DT , Tin , Tsi) Mild Combustion is placed in the

lower-right quadrant. The other two combustion modes

are placed in the upper part of the map where the

condition DT . Tsi is satisfied. Although it could be

appear pleonastic, the conditions corresponding to the

three combustion modes have been also schematically

reported in Table 1 in order to enhance the graphical

representation of Fig. 3.

The meaning of Mild Combustion in comparison to the

other two fields is quite straightforward. It differs from the

other two regimes because in Mild Combustion the process

cannot be sustained without preheating the reactants. In

contrast, Feedback and High Temperature Combustion

Fig. 3. Tin-DT locus of different combustion modes for a

methane/oxygen/nitrogen mixture.

Fig. 2. Temperature increment ðDTÞ computed in a well stirred

reactor versus inlet temperature for working, equilibrium and

adiabatic flame conditions for a methane/oxygen/nitrogen mixture.

Table 1

Summary of conditions identifying the different combustion modes

reported in Fig. 3

Combustion mode Inlet conditions Working conditions

Feedback combustion Tin , Tsi DT . Tsi

High temperature

air combustion

Tin . Tsi DT . Tsi

Mild combustion Tin . Tsi DT , Tsi

A. Cavaliere, M. de Joannon / Progress in Energy and Combustion Science 30 (2004) 329–366332

Figure 2.1: Combustion modes for a methane/oxygen/nitrogen mixture (Cavaliere

and de Joannon, 2004).

Table 2.1: Summary of different combustion modes (Cavaliere and de Joannon,

2004).

Combustion mode Inlet conditions Working conditions

MILD combustion Tin > Tsi ∆ T < Tsi

High Temperature Air

Combustion (HiTAC)

Tin > Tsi ∆ T > Tsi

Feedback combustion Tin < Tsi ∆ T > Tsi

the research and development of gas turbines (Duwig et al., 2008; Arghode and

Gupta, 2011a), micro gas turbines (Cameretti et al., 2013), gasification systems

(Tang et al., 2010), dried sludge combustion (Shim et al., 2014) and pressurised

combustion (Mingming et al., 2014). A variety of other fuels have also recently

been researched such as sawdust (Dally et al., 2010), light oil (Li et al., 2014),

natural gas (Abuelnuor et al., 2013), biogas (Hosseini and Wahid, 2013) and

pulverised coal (Vascellari et al., 2014; Weidmann et al., 2014).

The main difference between conventional and MILD combustion is the temper-

ature distributions and oxygen mole fraction. The temperature uniformity ratio

(Rtu) is the ratio of the highest to average temperature divided by the average

temperature and used to describe the uniformity of the gas temperature field

inside the furnace (Liu and Zheng, 2013). The temperature uniformity ratio was

calculated as Rtu = (Tmax - Tavg) / Tavg. Figure 2.2 shows the comparison of

the temperature contour for conventional combustion (Figure 2.2(a)) and MILD

combustion (Figure 2.2(b)). The temperature distribution for conventional com-

bustion is between 100 and 1,100◦C and the average chamber temperature is

500◦C. The chamber’s temperature uniformity ratio for the conventional com-

bustion is 120 %. That uniformity ratio shows the temperature distribution is

non-uniform. The lower the uniformity ratio, the lower the temperature gradient

in the combustion chamber. If the uniformity ratio is zero, that shows there is
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(a) (b)

Figure 2.2: Combustion temperature distribution (a) conventional combustion:

with room temperature oxidant containing 21 % oxygen mole fraction (b) MILD

combustion: with preheated oxidant containing 4 % oxygen mole fraction (Tsuji

et al., 2003).

no temperature gradient in the combustion chamber. The temperature distri-

bution for MILD combustion (Figure 2.2(b)) is between 1,000 and 1,300◦C, and

the average of the chamber temperature is 1,083◦C. The chamber’s temperature

uniformity ratio is 20 % which shows the chamber’s temperature was uniformly

distributed.

To achieve MILD combustion, the air supply has to be preheated (Wünning,

1991; Dally et al., 2004). Many researchers claim that regenerative heating or

preheating is an important element in MILD combustion applications, which

may add some complexity when retrofitting systems. However, previous studies

have shown that preheating is not required in the case of a closed furnace (Derudi

et al., 2007c; Szegö et al., 2007; Szegö et al., 2008). This is due to the reactants

being preheated by the internal EGR if the furnace is closed.

2.1.1 MILD Combustion

Industrial burners need a stable and efficient flame for an economical and safe

heating process. On an industrial scale, diffusion or non-premixed combustion

is commonly used due to its controllability and safety (Tsuji et al., 2003; Pe-

ters, 2004). Bluff-body burners can offer a stable burner as required. There are

many different shapes and geometries such as cone, cylinder, vee gutter, disc

and sphere. The geometry will affect the reactant recirculation zone just above
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the air-fuel nozzle where the air and fuel mixing process occurs. MILD combus-

tion has been proven to produce clean and efficient combustion. This combustion

mode can be useful in gas turbine applications due to low maximum temperatures

(close to the air inlet temperature), low noise level, good flame stability and low

pollution emissions. In contrast, the problems related to large-scale application

of MILD gas turbines are the characteristic combustion timescale relative to the

chemical timescale (the ignition delay time) and the preheating of the fresh reac-

tants (ultralean, superdiluted, highly preheated). MILD combustion is commonly

described by many researchers in different ways (Tsuji et al., 2003; Cavaliere and

de Joannon, 2004; Noor et al., 2012a; Li et al., 2011; Zou et al., 2014) and can

be summarised as follows:

(i) The important conditions to establish MILD combustion are: local oxygen

concentration is less than 5 to 10 % and local temperature in the reaction

zone is greater than fuel auto-ignition.

(ii) The requirements to achieve MILD combustion: high preheat temperature

of oxidant supply and adequate mixing of the reactant via high velocity of

fuel and oxidant inlet (within the turbulent flow regime) or other means.

(iii) The key technology to sustain MILD combustion is strong entrainments of

high temperature exhaust gas used to dilute oxygen mole fraction in oxidant

supply.

(iv) The temperature field in the combustion chamber or enclosure must be uni-

formly distributed with the chamber’s temperature uniformity ratio being

less than 20 %.

(v) Recycling the waste heat of exhaust gas will increase the thermal efficiency

of MILD combustion by 30 % and reduce the NOx emissions by more than

90 % when comparing the same level of air preheating temperature (1,300 K)

with conventional and MILD combustion (Tsuji et al., 2003).

Furnace efficiency is defined as the ratio of heat received by the heated material

to thermal energy supplied to the furnace through the combusted fuel and air

heater. Furnace lean and clean operation is very critical since two-thirds of the

heating factory energy budget is due to the fuel cost (Thomas, 2011). Combustion

thermal efficiency in the furnace can be improved by recycling the exhaust gases

(Tsuji et al., 2003; Peng et al., 2011). Greater understanding of flame structure

is necessary to widen the application range of MILD combustion (Medwell et al.,

2007) especially for the open-end furnace (Noor et al., 2012b). The open-end

furnace is the furnace with the opening on the top side to exhaust the flue gas. In

the current experiment, four external EGR pipes have their entrances contained

within the top opening. Both the entrances of the EGR pipes and the top opening

have a special design with a conical shape and the entrance of the top opening

slightly lower than the four EGR pipes’ entrance. This design was selected to

ensure the flue gases are collected and flow into the four EGR pipes.
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The EGR pipes will recirculate some of the flue gas back into the chamber through

the bottom of the furnace. This design was selected because the EGR will be

mixed with the fresh air supply to dilute the oxygen mole fraction in the fresh

air supply. The main difference between the closed furnace and the open-end

furnace are: the closed furnace comes with a small exhaust opening that will

allow a small volume of flue gas to exit and the open-end furnace has a big

opening to allow a higher volume of flue gas to exit from the combustion chamber.

Then for the closed furnace, because there is only a small flue gas exit from

the combustion chamber, the flue gas will be recirculated internally, mixed and

diluted the reactant. Whereas for the open-end furnace, the flue gas is recirculated

externally, mixed and diluted by the oxidant before it is mixed and diluted the

reactant.

Recent studies on low calorific value fuels used in MILD combustion show that low

NOx emissions were achieved due to the low combustion temperature (Colorado

et al., 2010; Danon et al., 2010). The fundamental parameters of MILD com-

bustion are the average combustion chamber temperature (Tc), dilution ratio

(Kv), and jet velocity (Derudi et al., 2007a). Kv is a key parameter for the

MILD combustion working conditions. Several other researchers (Wünning and

Wünning, 1997; Cavigiolo et al., 2003; Dally et al., 2008; Galletti et al., 2009)

defined dilution ratio as the ratio between the recycled exhausts and the incom-

ing air and fuel flow rates. MILD combustion has many advantages, such as

producing very high thermal efficiencies and low emissions of NOx. It produces

a uniform temperature distribution, excellent combustion stability and has been

considered one of the new-generation, clean and efficient combustion technologies.

It has great potential to be implemented in many industrial applications.

Figure 2.3 shows a comparison of MILD and conventional combustion. The cen-

tral jet with the bluff body in the burner block within the MILD combustion

furnace operates on natural gas with 10 kW of heat input for conventional flame

of natural gas (Figure 2.3(a)) and MILD combustion (Figure 2.3(b)). The flame

that attached to the centre jets of the bluff-body (Figure 2.3(a)) became invisible

when the combustion started to switch from conventional mode to MILD mode.

When the MILD mode was achieved, the heated coflow is not used because it is no

longer necessary. Similarly the central jet with the bluff body in the burner block

within the MILD combustion furnace operates on sawdust with 10 kW of heat

input for conventional flame of natural gas (Figure 2.3(c)) and MILD combustion

(Figure 2.3(d)). The photographs taken from a side window close to the bottom

of the furnace show the typical sawdust combustion with air as the carrier gas.

For the conventional mode, the multiple intermittent flame sheets exist, near to

the centerline fuel jet exit, while in MILD mode, the flame does not have a visible

flame sheet: the combustion is distributed through the chamber.
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ThemeasuredNOx concentration for all the conditions listed
in Table 4 was <110 ppm. In particular, for an equivalence
ratio of φ = 0.75, the NOx measurements were 78 ppm.
Figure 8 shows a photograph of the inside of the furnace
during sawdust combustion usingCO2 as the fuel carrier gas.
Figure 8a represents the 7.5 kW firing rate case and shows no
visible flame. Figure 8b represents the 10 kW firing rate case
and shows hot glowing particles that have fallen to the
bottom of the furnace. Intermittent flame sheets were also
present in this experiment. Residence time clearly plays an
important role in establishing MILD combustion and sub-
sequent pollutant emissions. This issue is further discussed
later in this paper.

The measured gas temperatures at the top and bottom of
the furnace had a difference of<110 �C for most cases. This

suggests that the higher levels of CO2 in the furnace enhance
the radiation exchange and contribute to a more uniform

Figure 4. Photographs of the central jet and bluff body in the burner block within MILD combustion furnace operating on natural gas with a
10 kW heat input for (a) conventional combustion and (b) MILD combustion.22.

Figure 5.Wall temperature measurements at different heights with-
in the MILD combustion furnace operating on natural gas with a
10 kW heat input.

Figure 6. Temporal variations of O2, CO, and NOxmeasured in the
exhaust for natural gas combustion under conventional andMILD
modes, under different equivalence ratio conditions.

Table 3. Operating Parameters and Resulting Emissions for MILD
Combustion Using Sawdust Carried by Air

parameter mode 1 mode 2

thermal input (kW) 10.0 10.0
mass flow rate of sawdust (g/s) 0.5525 0.5525
sawdust carrier gas air air
equivalence ratio, φ 0.88-1.0 0.94-1.0
central air jet velocity (m/s) 39.87 41.19-31.84
periphery air jet velocity (m/s) 33.19-22.35 29.38
CO in the exhaust (ppmv dry) 13 13
NOx in the exhaust (ppmv dry) 120-130 120-130
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temperature throughout the furnace. In addition, the differ-
ence in the wall temperatures at the top and bottom parts of
the furnace was <200 �C, with an average wall temperature
of 800 �C.

Sawdust Carried by N2. In this experiment, N2 was used as
the carrier gas. Similar experiments to those presented for the
two previous cases were conducted, with the operating con-
ditions and resulting measurements summarized in Table 5.
The measured CO concentration was determined to be up
to one order of magnitude lower than those measured for
the two previous cases. For the equivalence ratio of φ =
0.75 case, the measured CO level was 19 ppm and increased
to 280 ppm by φ= 0.8. The CO emissions were observed to
be independent of the central jet velocity at a fixed sawdust
supply rate (Mode 2 tests).

The measured NOx emissions were determined to be <90
ppm, similar to the CO2 carrier case, which was reduced to 70
ppmwith decreasing periphery air flow rate to achieve φ=0.80.
However, for φ = 0.75, the measured NOx emissions were
reduced to∼30 ppm. For this latter condition, increasing theN2

in the furnace through the central jet caused NOx emissions to
increase back to∼70 ppm.

With similar equivalence ratios and with N2 as the carrier
gas, very faint flame sheets appeared occasionally in the
furnace for the 10 kW case, while, for the 7.5 kW case, no
visible flame was noticed.

In Figure 9, the temperature profile over time is shown for
gases at the top and bottom of the furnace, as well as for the
exhaust gas and primary air temperature. The furnace clearly
has a steady temperature profile, with a difference of<200 �C.
Comparing the temperature profiles under MILD conditions
for sawdust with those for natural gas (in Figure 3), sawdust
maintains a consistent temperature gradient inside the furnace,
similar to natural gas, even after the primary air preheater has
been turned off. This implies a reasonably uniform mixing
pattern, combustion process, andheat release from the sawdust
within the furnace.

Discussion

From the data presented above, MILD combustion condi-
tions clearly are achievable in a laboratory-scale furnace
without the need for air preheating for both gaseous and solid
fuels. Figures 5 and 6 also clearly show that mixing plays a
crucial role in reducing emissions and providing the semiuni-
form thermal field associated with the MILD combustion
regime. The flexibility in theway fuel is introduced, at least for
the gaseous fuel case, has provided further encouraging
evidence that this technology can be easily adapted to existing
combustion systems.

One of the main factors that is common among the three
sawdust cases considered in this study is the effect of residence
time. The calculated residence time for these cases is summari-
zed in Table 6. In this table, the residence time of the supplied
gaseous streams was calculated using the volume method,
in parentheses, and the furnace length method. The volume
method relies on the ratioof the “fuel” streamvolume flowrate,
compared to the furnace volume, while the furnace length
method simply relies on the ratio of twice the furnace length
divided by the “fuel” stream velocity. Because of the recirculat-
ing nature of the flow field inside this furnace, and the different
burnout time (which is due to the different carrier gases), the
particle residence time ishard to estimate.Note that thegaseous

Figure 7. Photographs of the bottom of the furnace when operating under MILD conditions with sawdust carried by air with heat inputs of
(a) 7.5 kW and (b) 10 kW.

Table 4. Operating Parameters and Resulting Emissions for MILD
Combustion Using Sawdust Carried by CO2

parameter mode 1 mode 2

thermal input (kW) 10.0 10.0
mass flow rate of sawdust (g/s) 0.5525 0.5525
sawdust carrier gas CO2 CO2

equivalence ratio, φ 0.86-0.71 0.71
CO2 center jet velocity (m/s) 12.68 11.34-16.10
periphery air jet velocity (m/s, avg) 67.9-87.29 82.41
CO in the exhaust (ppmv dry) 800-100 100
NOx in the exhaust (ppmv dry) 110-78 78

(c)
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residence time is not too different for the two thermal inputs
considered in this study. For the higher thermal input case
(10 kW), an increase in the pyrolyzed hydrocarbons, as well
as char, is inevitable. The diluted conditions and short

residence time seem to lead to the appearance of flame
sheets and burning particles on the floor of the furnace. A
slight increase in CO emissions was also observed, which is
consistent with the measurements reported by others for
gaseous fuels.22,24

Figures 7 and 8 provide a clear point of differentiation
between the 7.5 kW case, where the particle burnout time is
less than its residence time, and the 10 kW case, where the
opposite is true. For the 10 kW case, the particles were
circulated back to the furnace floor quicker than they could
burn and they can be seen to glow red on the furnace floor.
Although we are not able to calculated the particle’s
residence time, the gaseous residence time can provide
an indication of the relative change in the particle resi-
dence time between the cases, which is consistent with our
observation.

The results also show a major difference in emission and
flame visibility for the different cases studied, particularly the
effect of the carrier gas. Using N2 as the carrier gas produced
the least amount of CO and NOx in the exhaust, despite the
fact that N2 causes a slight reduction in the furnace tempera-
ture. Worth noting is the fact that the difference in heat
capacity of CO2 and N2 is ∼200 J/(kg K) and the average
mass flow rate of the carrier gases is∼1 g/s. This implied that
the difference in heat capacity plays a minor role in the
difference in temperature inside the furnace, especially that
the heat input is 10 kW.

The case with air as the carrier gas gave the worst results, in
terms of CO and NOx emissions. The reason behind this
phenomenon is related to the conditions required to establish
MILD combustion. The separation of the fuel and oxidant to
allow initial mixing with hot products inside the furnace is an
essential condition to achieve MILD combustion. This con-
dition can be relaxed if a very high momentum of the fuel/
oxidant jet is used.Although thismaybe achievable in gaseous
fuels, it is quite hard to apply to solid fuels, because it will
require substantial air flow rates and/or reduced jet diameter,

Figure 8. Photographs of the bottom of the furnace when operating under MILD conditions with sawdust carried by CO2 with heat inputs of
(a) 7.5 kW and (b) 10 kW.

Table 5. Operating Parameters and Resulting Emissions for MILD
Combustion Using Sawdust Carried by N2

parameter mode 1 mode 2

thermal input (kW) 10.0 10.0
mass flow rate of sawdust (g/s) 0.5525 0.5525
sawdust carrier gas N2 N2

equivalence ratio, φ 0.71-0.80 0.75
N2 center jet velocity (m/s) 19.66 17.88-15.94
periphery air jet velocity (m/s) 87.29-77.46 82.63
CO in the exhaust (ppmv dry) 19-280 19
NOx in the exhaust (ppmv dry) ∼85 30

Figure 9. Temporal variations for the top and bottom of the
furnace, the primary air, and the exhaust gases for the furnace
operating under MILD conditions with N2 carrying sawdust with a
10 kWheat input.Mode 1 has a constant N2 supply and variable air
supply, whereas Mode 2 has a constant air supply (φ = 0.75) and
variable N2 velocities.

(d)

Figure 2.3: MILD and Conventional combustion with 10 kW of heat input for

(a) conventional flame of natural gas (b) MILD combustion of natural gas (c)

conventional combustion of sawdust (d) MILD combustion of sawdust (Dally et al.,

2010).

2.1.2 Comparison of MILD and Conventional Combustion

MILD combustion is greatly different from normal combustion mainly because of

the low oxygen concentration and the mixture temperature being higher than the

fuel autoignition point (Li et al., 2011; Abuelnuor et al., 2014). The oxygen mole

fraction must be in the range of 3 to 13 % to achieve MILD combustion. The air

supply needs to be heated by using a recuperator or regenerator to absorb waste

heat from the flue gas. The preheating was not required when the furnace was

almost fully closed with a very small exhaust outlet. If the furnace with the open
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end or large exhaust pipe was used, the internal pre-heating did not occur because

the hot flue gas easily escape through the large exhaust pipe. A recuperator can

preheat the air to 1,000 K while the regenerator can heat the combustion air to

about 1,600 K (Tsuji et al., 2003). The temperature difference can be seen in

Figure 2.4 as a comparison of MILD and normal combustion.

Recently Parente et al. (2011) studied the MILD combustion regime using a

methodology based on Principal Component Analysis (PCA), investigating the

main features for the characterisation process. PCA can effectively identify low-

dimensional representations of the CH4/H2 experimental dataset. Figure 2.5 illus-

trates the flame region for MILD and conventional combustion based on the [OH]

contours. Significantly, both the reacting and non-reacting zones for the MILD

case are bigger compared to the conventional case. The advantages of MILD

combustion are already reaching industry: Danon (2011) reported an increase

in demand for expertise on the implementation of MILD combustion, especially

for large-scale furnaces equipped with multiple burners. MILD combustion was

achieved experimentally (Dally et al., 2008; Li et al., 2010; Mi et al., 2010) and

numerically (Awosope et al., 2006; Galletti et al., 2009; Szegö, 2010) in premixed

and partially-premixed combustion modes. For the furnace combustion, simulta-

neous increase of the radiant heat transfer and reduced NOx emissions is possible

with careful control of the fuel and air mixing (Mullinger and Jenkins, 2008).

Nakamura et al. (1993) and Weber (2001) experimentally studied several pilot-

scale furnaces equipped with heat exchangers. They demonstrated that the port

angles and locations will affect the heat transfer.

2.1.3 Furnaces

A furnace is a device used for high-temperature heating. There are two ways to

utilise the heat from the furnace. Material can be directly heated in the furnace

or by the use of other means like fluid flowing through a pipe and heated by

© 2003 by CRC Press LLC

1.2.3 HEAT TRANSFER IN HIGH TEMPERATURE AIR COMBUSTION

Heat transfer in furnaces depends not only on the internal temperature distribution 
but also on the physical properties of combustion gases and of furnace walls. 
Although the heat transfer rate is augmented with the increase of furnace tempera-
ture, there is a maximum operating temperature due to the maximum temperature 
limit of furnace materials used, such as fire bricks. Also, temperature fluctuations 
in turbulent combustion, because a peak temperature at an instant, sometimes dete-
riorates the surface of the material being heated or the insulation on the wall. 
Therefore, we must achieve effective heat transfer under these limitations.

An earlier section explained that temperature fluctuations in HiTAC are much 
smaller than in ordinary combustion. This fact allows us to raise the operating 
temperature because a small instantaneous peak temperature does not exceed the 
limit. So, it is possible to increase the combustion load for the same size furnace. 
Or, we can reduce the furnace size by adopting HiTAC for the same combustion rate.

If combustion air can be preheated to a high temperature at the entry of a furnace 
using the recovered sensible heat, it can save some quantity of energy in heating the 
materials to the specified temperature. The heat capacity of the material being heated 
does not change because of the operating systems or because of the heat input to 
the furnace. However, the efficiency of heating, the heating time, and the uniformity 
of temperature rise of the material being heated do change depending on the local 

FIGURE 1.8 Thickness of reaction zone and temperature rise.
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Figure 2.4: The temperature and mass fraction for flame front (Tsuji et al., 2003).
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Figure 2.5: Closed furnace reacting zone for conventional (left) and MILD com-

bustion (right) (Fei and Mi, 2011).

the furnace and then utilising the hot fluid for material heating. For the type of

furnace where flue gases directly contact the materials, the type of fuel is a critical

issue. This is due to some materials being intolerant of sulphur or particulate

matter. Most of the industrial furnaces are open-end furnaces with the opening

on the top side to exhaust the flue gas (Figure 2.6(c)). The open-end furnace with

a chimney is also called Atmospheric Vent Combustion (AVC).Furnaces with this

system are the least expensive to install.

The use of an open-end furnace operating in MILD combustion mode is investi-

gated in this research. The open-end furnace is open at one end with enclosed

walls to capture and utilise the heat from the flame. Enclosure walls are also used

to capture the exhaust gas to be utilised as Exhaust Gas Recirculation (EGR).

This configuration is considered an open-end furnace due to the opening at the

top of the furnace. Generally, the setup for an open-end furnace is cheaper than

for a closed furnace because the latter needs a thick and solid wall. However,

open-end furnaces have additional complexity because of their requirement for

preheating (Noor et al., 2012a). Oldenhof et al. (2011) commented that study-

ing flameless combustion in an open and unconfined setup might give valuable

insights. The combination of open-end furnace, oxidant preheating and the effect

of air-fuel mixing (Oldenhof et al., 2011) need to be fully addressed. To the best

of the author’s knowledge, there is no reported data about MILD combustion in

open-end furnace applications.

2.2 Biogas Composition and Properties

Biogas and natural gas are promising alternative fuels to meet strict pollution

emission regulations in many countries. In 2001, natural gas met about 25 % of

the energy needs for the United States (USEIA, 2011). In 2006, almost 24 million

cubic metres of biogas were used as vehicle fuel in Sweden, which is equivalent
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expansion and CO, SO 2  and water vapour in the flue gas. These 
factors result in leakage between the air and gas sides of the recuper-
ator and a significant fall in efficiency relatively early in its life. Since 
the cause of this leakage is corrosion that attacks both the tube and 
tube-plate, repair is difficult, if not impractical, and replacement is 
both expensive and difficult within the time scale of a typical fur-
nace shutdown. Recuperator performance therefore tends to fall 
significantly as the furnace ages with the accompanying increasing 
fuel consumption tolerated because the alternative of recuperator 
replacement is too difficult to contemplate. 

 Regenerative heat recovery involves the use of heat storage with 
the hot flue gas transferring heat to a high thermal mass store which 
then transfers the heat to the combustion air, both by direct con-
tact heating. Two techniques are employed: the thermal wheel, also 
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    Figure 12.5      Schematics of cross-flow and counter-flow recuperators and regenerative heat 
wheel for preheating combustion air    

Figure 2.6: Industrial furnaces with opening on the top (Mullinger and Jenkins,

2008).

to 26 million litres of petrol (Clementson, 2007). Figure 2.7 shows the Swedish

biogas production and consumption for vehicles. Biogas energy conversion at

Danish communal biogas plants use an engine-generator to produce electricity.

The efficiency of the plant with regard to generated electricity is 35 to 40 % and

heat is 45 to 50 % and about 15 % is loss (Nielsen, 2009). Table 2.2 shows the

combustion properties of natural gas and biogas. Natural gas and biogas consist

of about 90 % and 60 % hydrocarbon respectively. This property means natural

gas has a higher calorific value than biogas. Biogas, biodiesel and bioethanol are

all biofuels and most of the biofuels are derived from biomass. Biofuels are very

attractive alternative fuels which have a promising future as a substitute for con-

ventional fuel (Hussen, 2014). The production of biofuels is normally based upon

locally-available feedstocks including soybean, rapeseed, jatropha seed, palm oil,

sunflower, cottonseed, tallow (animal fat) or even waste cooking oil.

Carbon dioxide (CO2) is currently the primary concern for green-house gases,

global warming and its consequences (Volks, 2008). When fuels are combusted,

CO2 will be released as a waste by-product. Biogas produced from biomass

uses CO2 in the photosynthesis stage, hence it will reduce the CO2 in the at-

mosphere. Figure 2.8 shows the CO2 cycle for biogas/biofuels. Typically, biogas

consists of methane, nitrogen and carbon dioxide with other minor impurities
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(Speight, 2008). It can be burned in gas engines and turbines for power genera-

tion, reformed to produce hydrogen (Purwanto and Akiyama, 2006), or used as

an automotive fuel (Borjesson and Mattiasson, 2008). The main chemical com-

pounds in biogas are methane (comprising 55% to 70 %) and carbon dioxide (30

to 45 %), while oxygen and nitrogen are below 2 % each and ammonia, hydrogen

and hydrogen sulphide are less than 1 % each. Biogas extracted from decaying

organic matter has various compositions and properties depending on feedstock

types, digestion systems, temperature, retention time, etc. Table 2.3 presents an

average biogas composition.

investment costs
Co-digestion plants

In 2006, there were fifteen plants in Sweden that co-digest different substrates. 
A large proportion of the wastes that these plants normally digest comes from the 
food industry, slaughterhouses and households. An evaluation of these plants gave 
the following total investment costs per tonne of waste per year for pre-treatment, 
digestion and storage. Plants that mainly handle household wastes and other semi-
solid wastes have much higher investment costs than those that only accept liquid 
wastes that can be pumped. 

 Investment (SEK/tonne) Investment (SEK/tonne DW)

Liquid wastes that can be 
pumped1

850 -1600 5 900 – 23 000

Household wastes and other 
semi-solid wastes2 

2200 – 8600 8 000 – 30 700

1	Based	on	data	from	four	existing	plants.	
2	Based	on	data	from	one	existing	and	five	planned	plants.	
Source:	Utvärdering	av	storskaliga	system	för	kompostering	och	rötning	av	källsorterat	bioavfall	(Evaluation	
of	large-scale	compost	and	digester	systems	treating	source-sorted	biological	waste)	RVF	Utveckling	2005:06.

investment costs
Upgrading plants

Biogas must be treated in an upgrading plant if it is to be used as a vehicle fuel 
or introduced into the gas grid. The figure below shows investment costs for these 
upgrading plants, based on data from 16 plants in Sweden. These costs include 
neither the equipment needed to pressurize the gas to 200 bars nor, in most cases, 
the cost for buildings. The investments were carried out between 1996 and 2006 and 
the figures have not been adjusted for this.  

	 Source:	M	Persson,	Utvärdering	av	uppgraderingstekniker	för	biogas	(Evaluation	of	upgrading	techniques	
	 for	biogas)	SGC	report	142,	2003.	Complemented	with	information	from	five	other	plants.					

10 11

(a) production tank

biogas as vehicle fuel
During 2006, almost 24 million normal cubic metres of biogas were used as vehicle 
fuel in Sweden, which is equivalent to 26 million litres of petrol. 2006 was the first 
year in Sweden when more biogas was sold as vehicle fuel than natural gas (biogas 
comprised 54% of the total volume). 

	 Source:	Swedish	Gas	Association,	2007.			

requirements for biogas as a vehicle fuel 
Biogas used as vehicle fuel must follow the Swedish standard, SS 15 54 38, 
Motorbränslen – Biogas som bränsle till snabbgående ottomotorer (Motor fuels – 
biogas as a fuel for high-speed Otto engines). The table below shows some details of 
this standard. Biogas type A concerns biogas for engines without lambda regulation, 
that is ’lean-burn’ engines used in heavy vehicles such as trucks and buses. Type B 
concerns biogas for engines with lambda regulation used in stochiometric combustion, 
for example in private cars. Nowadays, most heavy vehicles also have lambda regulation.  

Details of the Swedish standard for biogas as vehicle fuel, SS 15 54 38

Property Unit Biogas,
type A

Biogas,
type B

Wobbe index MJ/Nm3 44.7 – 46.4 43.9 – 47.3

Methane content vol-% * 97±1 97±2

Water dew point at the 
highest storage pressure 
(t = lowest average daily 
temperature on a monthly 
basis)

°C t - 5 t - 5

Water content, maximum mg/Nm3 32 32

Maximum carbon dioxide + 
oxygen + nitrogen gas content, 
of which oxygen, maximum

vol-%
vol-%

4.0
1.0

5.0
1.0

Total sulphur content, 
maximum

mg/Nm3 23 23

Total content of nitrogen 
compounds (excluding N2) 
counted as NH3, max.

mg/Nm3 20 20

Maximum size of particles µm 1 1

 *	at	273.15	K	and	101.325	kPa

12 13(b) used for vehicle

Figure 2.7: One of the Swedish biogas tanks and vehicle refuelling (Clementson,

2007).

Table 2.2: Combustion properties of natural gas and biogas (Gonzalez et al., 2009).

Properties Natural gas Biogas

Air theoretical volume, Va (m3) 9.44 5.71

Lower calorific value, LCV (MJ/kg) 44.1 26.9

Upper calorific value, UCV (MJ/kg) 54.2 33.3

Relative density, ρr 0.57 0.94

Dew temperature, TR(◦C) 59.09 57.66
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Figure 2.8: Life cycle of carbon dioxide and biofuels (Cheng and Wang, 2013).
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Table 2.3: Biogas composition (Clementson, 2007; Seadi et al., 2008; Nielsen, 2009;

Balat and Balat, 2009).

Compound Volume ( %)

Methane (CH4) 50-75

Carbon dioxide (CO2) 25-45

Water vapour (H2O) 1–7

Oxygen (O2) < 2

Nitrogen (N2) < 2

Ammonia (NH3) < 1

Hydrogen (H2) < 1

Hydrogen sulphide (H2S) < 1

Methane is the main component of natural gas and biogas and is the most abun-

dant organic compound on earth. Internal combustion engines run on natural

gas can operate at lean burn and stoichiometric conditions with different com-

bustion and emission characteristics. Table 2.4 shows the differences in natural

gas composition between some countries. These are only representative values for

each country, and vary between different geographic areas. Natural gas or pure

methane are commonly used for industrial burners. Considering biogas with the

standard methane content of 50 %, the heating value is 21 MJ/Nm3, the density

is 1.22 kg/Nm3 and the mass is similar to air at 1.29 kg/Nm3 (Seadi et al., 2008).

The use of gas is predicted to continue to replace coal for electricity generation

as it is a cleaner fuel producing lower greenhouse gases. Coal usage is predicted

to increase by 50 %, whereas gas is expected to increase by 88 % (Scragg, 2009).

The lower the methane content, the lower the heating value for the biogas. Ta-

ble 2.5 shows a comparison of energy balance for biogas (with 60 % methane and

40 % carbon dioxide) and natural gas (with 97 % methane). The summary was

made for a furnace that operates in flameless mode with biogas or natural gas,

and conventional mode with natural gas. The supply of thermal energy was con-

stant at about 21 kW for both combustion modes. The energy calculated includes

all the input to the combustion chambers which are fuel, air through the cooling

tubes and air that will be preheated by the regenerative honeycombs.

The efficiency for the combustion with conventional mode is only 41.4 % whereas

for biogas and natural gas in MILD mode it is 68 % and 70 % respectively. The

energy balance was used to calculate the combustion efficiency. MILD combustion

furnace fuel with biogas provides 2 % lower efficiencies compared to natural gas

(Colorado et al., 2010).This condition is compensated for by reducing greenhouse

gases when using biogas as a fuel. These results indicate that the flameless

combustion regime can be achieved with different fuel compositions.
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Table 2.4: The difference in natural gas composition for Australia, Greece, Sweden,

United States and Malaysia (Kong and Reitz, 2002; Olsson et al., 2002; Papagian-

nakis and Hountalas, 2004; Jonathan, 2006; Ramli, 2009; GM, 2011; Hairuddin

et al., 2014).

Component
Percentage volume

Australia Greece Sweden US Malaysia

Methane (CH4) 90.00 98.00 87.58 91.10 92.74

Ethane (C2H6) 4.00 0.60 6.54 4.70 4.07

Propane (C3H8) 1.70 0.20 3.12 1.70 0.77

Butane (C4H10) 0.40 0.20 1.04 1.40 0.14

Higher HC (CxHy) 0.19 0.10 0.19 - -

Carbon dioxide (CO2) 2.70 0.10 0.31 0.50 1.83

Nitrogen (N2) 1.00 0.80 1.22 0.60 0.45

Table 2.5: Biogas and natural gas energy balance (Colorado et al., 2010).

Combustion mode (fuel) Flameless

(biogas)

Flameless

(natural gas)

Conventional

(natural gas)

Energy input (fuel, combustion

and cooling air), (kW)

21.13 21.31 21.02

Energy losses through wall, (kW) 3.00 3.07 3.20

Energy removed by cooling tubes,

(kW)

14.39 14.99 8.71

Energy at chimney output, (kW) 2.72 1.39 8.25

Energy of the combustion prod-

ucts after the regenerative system,

(kW)

1.01 1.36 0

Efficiency, ( %) 68.0 70.0 41.4
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2.3 MILD Combustion Modelling

The modelling of MILD combustion has been successfully carried out by many

researchers (Mardani et al., 2011; Evans et al., 2013; Afarin and Tabejamaat,

2013). The earliest CFD modelling for MILD (HiTAC) technology originated

from the Japanese heating industry where a few researchers (Ishii et al., 1997;

Zhang et al., 1997; Hini et al., 1998) conducted simulations on the NOx formation

for the experimental continuous slab reheating furnace. In this study, MILD

combustion will be experimentally and numerically studied using an open-end

furnace. MILD combustion is a relatively new field that has many unresolved

issues that require further attention and consideration (Dally et al., 2010). MILD

combustion technology has started to be commercialised but is still not well

adopted in most of the furnace industry. Thus it is very important to conduct

substantial fundamental and applied research to improve combustion performance

and efficiency (Cavaliere et al., 2008; Danon, 2011; Parente et al., 2011). The

fuel-air mixing in MILD combustion is becoming one of the interesting studies

(Tsuji et al., 2003). This is due to the effect of air-fuel mixing turbulence to

the achieving MILD state. Precise prediction of turbulent mixing is important in

modelling the turbulent combustion because it has a large effect on the flow field

and turbulence-chemistry interaction (Shabanian et al., 2011). The reactants’

jet velocity and their angles are the main parameters affecting the quality of the

air-fuel mixture (Galletti et al., 2007).

2.3.1 Turbulent Flows

Almost all flows in nature, industrial processes and practical engineering appli-

cations are turbulent flows (Wilcox, 1994). Turbulent flows are very complex

because they are rotational, fully three dimensional and time-dependent where

the flows characterised by the fluctuating of velocity fields. Some researchers

have defined the properties for turbulent flow. Stewart (1969) wrote a practical

definition with various commonly accepted properties of turbulence. Similarly,

Tennekes and Lumley (1972) noted the distinguishing properties of turbulence to

be: large Reynolds, irregularity, diffusivity, three-dimensional vorticity fluctua-

tions and large dissipation rates. This approach is continued by Pope (2000). The

main characteristic of MILD combustion is strong coupling between turbulence

and chemistry (Parente et al., 2008), occurring at similar timescales (Plessing

et al., 1998), thus the turbulence-chemistry interactions should be treated with

finite-rate approaches. The level of homogeneity of the mixing field (de Joan-

non et al., 2010) and slower reaction rates make the accurate modelling of this

combustion regime challenging (Aminian et al., 2011), especially for the heat re-

lease rate and NOx formation, thus a fundamental study on the mixing quality

is required.
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2.3.2 Reynolds Number

Prior to Pope (2000), Frisch (1995) also emphasized the influence and impor-

tance of Reynolds Numbers to turbulence phenomena. Libby (1996) give a wide

range of data for velocity fluctuations to distinguish the turbulence from “un-

steady laminar flow”. Researchers continue to effectively and efficiently model

and experiment the turbulence phenomena for better application, especially in

combustion. Osborne Reynolds (1842–1912) used a ratio of forces, inertial to

viscous, to characterize the flow and it is called the Reynolds Number (Re).

Re =
ρV D

µ
=
V D

ν
(2.1)

where V is flow velocity and D is the flow wetted perimeter. The jet Reynolds

Number is the number used to define the turbulent flows at the burner fuel

or air inlet. For non-premixed combustion, there are a few types of modelling

methods for the mixing process: probability density function (PDF) based model

(Pope, 1985; Haworth, 2010), flamelet model (Peters, 1984), fast chemistry limit

model (Bilger, 1980) and mapping closure model (Pope, 1991). Besides those

models, there are a few other developments such as conditional moment closure

(CMC) (Klimenko and Bilger, 1999) and Multiple Mapping Conditioning (MMC)

by Klimenko and Pope (2003), with further developments (Wandel and Klimenko,

2005; Wandel, 2013) for the mixing process.

The flame stability is one of the important issues in lean combustion, yet not

much research has been done (and published) in this area for MILD combus-

tion (Szegö, 2010). One of the main parameters for flame stability is turbulent

flows. Flame stability is closely related to a good dilution ratio and the control of

the oxidation process. These conditions are closely related to the mixing process

which requires turbulent mixing in order to achieve a stable flame. A stable flame

will avoid the flame being lifted and blown-off (which results in flame extinction).

Figure 2.9 shows the flame with the exposure time of the photograph and the rel-

ative luminosity of each flame. MILD combustion mostly occurs under turbulent

conditions. Studies on the effect of turbulent mixing on chemical kinetic showed

that turbulent mixing intensity plays an important role in achieving a MILD state

(Katsuki and Hasegawa, 1998; Hamdi and Hmaeid, 2012; Abtahizadeh, 2014).

2.4 MILD Combustion Design

Flame stabilisation is an important issue in order to design MILD burners with

flexible fuels such as syngas (synthetic gas). The experimental setup for a MILD

burner successfully achieved the MILD regime for earlier research groups such as

the Wünning group (Wünning and Wünning, 1997; Wünning, 2005), the Dally

group (Szegö et al., 2003; Dally et al., 2010), Rota group (Derudi et al., 2007a;

Derudi and Rota, 2011) and the Katsuki group (Katsuki and Hasegawa, 1998;

Hasegawa et al., 2002). Images of the Adelaide and Milano furnaces can be seen
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Figure 2.9: Photograph of the flame with the exposure time and the relative lumi-

nosity of each flame (Colorado et al., 2009).

in Figure 2.10. The Centre for Advanced 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., 1998). Fleck et al. (2000)

in their experimental work tested this furnace under a wide range of operating

conditions.

2.4.1 Oxidant Dilution

Oxygen dilution is one of the key factors necessary to achieve the MILD regime.

The MILD combustion regime is plotted in Figure 2.11 with respect to the dilu-

tion ratio and temperature (Wünning and Wünning, 1997). It shows that there

are four main regimes: a clean MILD combustion region, where MILD is easily

sustained without any significant emissions; an unstable flame region; a con-

ventional (normal) flame combustion region and a no-combustion or extinction

zone. The more usual representations (Wünning and Wünning, 1997; Cavigiolo

et al., 2003) identify different regimes of stable and unstable flame combustion

and a flameless oxidation region. Figure 2.12 indicates that the MILD combus-

tion range for oxygen dilution is about 3 to 13 % and the reactant temperature

is above the self-ignition temperature.

EGR was utilised to dilute and preheat the oxidant, Wünning and Wünning

(1997) formulated the dilution ratio (Kv) with EGR as:

Kv =
ME

(MF +MA)
=

(MT −MF −MA)

(MF +MA)
(2.2)
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Figure 2.10: Experimental setup for MILD combustion fully closed burner a) Uni-

versity of Adelaide, Australia (Szegö et al., 2008), b) Politecnico di Milano, Italy

(Derudi and Rota, 2011).
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(R&D) on the MILD combustion, followed by those from 
Sweden [29–35], Italy [4, 27, 36–42], the Netherlands [43] , 
France, Australia [12–22], the United States [44, 45] and 
China [8–12, 46–61]. Based on the previous investigations, 
the consensus for the combustion appears to be:  

1) High temperature preheat of combustion air and high- 
speed injections of air and fuel are the main requirements of 
achieving MILD combustion;  

2) Strong entrainment of high-temperature exhaust gases, 
which dilute fuel and air jets, are the key technology of 
maintaining MILD combustion; 

3) Important environment conditions for the establish-
ment of MILD combustion: local oxygen concentration is 
less than 5%–10% while local temperature is greater than 
that for fuel self-ignition in the reaction zone. These must 
be achieved by strong dilution of reactants with the flue gas 
(N2 and CO2-rich exhaust gas); 

4) When using the regenerator to recycle the waste heat 
of flue gases, the thermal efficiency of MILD combustion 
can increase by more than 30%, while reducing more than 
70% NOx emission [6]. 

To measure the degree of dilution of reactants by the flue 
gas, Wünning & Wünning [2] defined a relative internal 
recirculation rate that is the ratio of the mass flow rate of the 
internal recirculation gas (ME) to that of initial fuel and air 
jet (MF + MA), namely: 

Kv = ME /(MF + MA)= (MJ – MF  MA)/(MF + MA), 

where ME = MJ (MF + MA) and MJ is the total mass flow rate 
of flue gases entrained by both fuel and air jets. This pa-
rameter can quantify the influence of flue gas recirculation 
on MILD combustion. Figure 1 illustrates the axial evolu-
tion and radial spread of the fuel-air jet, which results from 
the entrainment of the surrounding flue gas by the jets and 
their mixing. The reactants are gradually diluted by the flue 
gases (e.g., CO2 and H2O) and inert gas (N2). 

Wünning & Wünning [2] obtained by experiment the re-
lationship between Kv and the furnace temperature in diffu-
sion combustion, from which a stability limit diagram was 
constituted for the non-premixed MILD combustion of 
methane (CH4) in a particular furnace system (Figure 2). 
The majority of previous investigations on MILD combus-
tion was carried out by examining the influence of Kv on 
combustion and sometimes by comparing it with the dia-
gram. 

 

 

Figure 1  Stability limits of the non-premixed MILD combustion of 
methane by Wünning & Wünning [2]. 

 

Figure 2  The relationship between Kv and temperature in methane non- 
premixed combustion [2]. 

Figure 2 shows that in the MILD combustion zone, the 
internal recirculation rate (Kv) is greater than 2.5, and the 
furnace temperature is greater than 1100 K. Cavigiolo et al. 
[39] carried out a detailed study on the influence of Kv on 
the reaction temperature and formations of NOx and CO in 
the natural gas combustion process. They found that the 
characteristics of NOx and CO emissions reduction do not 
change with the furnace temperature, fuel type or fuel heat 
value because the MILD combustion is very stable. They 
also found that due to differences in the burning point and 
the calorific value between different fuels, the critical val-
ues of Kv are different for different fuels to establish the 
MILD combustion. For example, for firing methane to ob-
tain MILD combustion, Kv must be greater than 2.3 and the 
furnace temperature must be greater than 800C–850C. By 
comparison, the MILD combustion of firing ethane is dif-
ferent and requires that Kv be greater than 3.5 while the fur-
nace temperature > 600C–650C. Galletti et al. [41] found 
by experiments and CFD simulations that to save the com-
putation time for engineering applications, the 3-D simula-
tion of the MILD combustion should be simplified to the 
2-D case. They found quite small differences between the 
2-D and 3-D calculations. Galletti et al. [41] also found that 
reducing air inlet area can increase the jet momentum, en-
hance the mixing and entrainment between the reactant jet 
and the flue gas, and increase the uniformity of the furnace 
temperature, hence reducing the reaction peak temperature 
and NOx emissions. Effuggi et al. and Derudi et al. [62–64] 
revealed that the MILD combustion of biomass gas with 
low calorific value can be achieved under the condition of 
high recirculation rate at Kv>5 and high furnace temperature 
at > 800C. Their experiments showed that the soot and 
PAH emissions are low when MILD combustion takes place. 
They also analyzed the difference between the MILD com-
bustions of natural gas and biomass gas according to the 
magnitudes of Kv and the furnace temperatures of different 
fuels. Moreover, the combustion region was divided into the 

Figure 2.11: The relationship between furnace temperature and dilution ratio

(Wünning and Wünning, 1997).
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Modelling of Lifted Flames in Vitiated Coflow:  
Insight and Challenges from DNS 
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of ethylene fuel. DNS by Yoo et al. 
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Figure 2.12: Schematic regime diagram for methane-air JHC flames (Rao, 2010).

The total mass flow rate, MT is calculated by adding up the EGR mass flow rate,

ME, fuel mass flow rate, MF and fresh air mass flow rate, MA. The dilution

ratio and temperature inside the combustion chamber are to be measured when

combustion achieves steady state. The equivalence of mass and volume flow rates

is for constant-density processes. The minimum dilution ratio is 2.5 (Wünning

and Wünning, 1997).

2.4.2 Reactants Preheating

In diffusion or non-premixed combustion, to reduce waste and flue gas release to

atmosphere, heat from the flue gas can be recirculated by preheating the supply

air with exhaust heat from the burned products. Lloyd and Weinberg (1975)

reported that using the heat recirculation to preheat the mixture can attain

stable combustion with a lean combustion mixture and expand the flammability

limits of the combustion.

2.4.2.1 Heat Exchanger

Regenerators and recuperators are heat exchange systems that recover heat. The

temperature of combustion air in an adiabatic system can theoretically be raised

to almost the same temperature as the exhaust stream by regenerative heat ex-

changers. From their analysis, Li et al. (2011) concluded that the regenerative

heat exchanger system for MILD combustion has great advantages of energy sav-

ings and low NOx emissions. Figure 2.13 shows the comparison between normal

combustion, heat recirculating using a recuperator, and a regenerator used in

MILD combustion. Regenerators cycle the heat through heat sinks. The heat

from the primary medium is first stored in a heat sink and later regenerated from

that heat sink by the secondary medium. The recuperators cycle the heat through

a high-temperature metallic heat exchanger and both media are separated by a

wall through which heat is transferred directly. In both cases, heat from flue gas
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Table 2.6: Comparison for air-fuel combustion with and without recuperator

(Joachim, 2012).

Properties With recuperator Without recuperator

Enthalpy in steel, kWh/t 200 200

Flue gas enthalphy, kWh/t 155 290

Flue gas temperature, ◦C 850 1200

Air preheating, ◦C 450 20

Thermal efficiency ( %) 60 42

Energy need, kWh/t 365 500

Figure 2.13: The comparison between a recuperator and a regenerator (Tsuji et al.,

2003).

was used to preheat the air supply to the combustion. The comparison for the

combustion with and without recuperators can be seen in Table 2.6. The com-

bustion with the recuperator shows higher thermal efficiency with lower energy

input and lower heat loss through exhaust gas.

Figure 2.6 shows an industrial regenerative combustion system for high-temperature

air combustion with a heat recirculating method. One of the better regenerator

designs is the honeycomb type (Tsuji et al., 2003). The recirculation of hot com-

bustion products increases the reactant temperature. An ensemble of inlet vari-

ables and boundary conditions that determine which single or multiple processes

exist within a reactor can be used to characterise the reactor and its operation

(Cavaliere et al., 2008).

2.4.2.2 Exhaust Gas Recirculation

The thermal efficiency of furnaces and other heating equipment such as kilns,

ovens and heaters is the ratio of heat received by the target material and heat

supplied to the heating equipment. A large amount of the heat is wasted in the

form of flue gases and a small amount through wall loss, opening loss, stored heat

and cooling water loss. The design, operation and maintenance of the heating
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equipment are the key factors for these losses. Exhaust gas recirculation (EGR)

is one of the methods to recover these losses. EGR behaves differently to heat

regenerators. EGR works by recirculating a portion of the exhaust gas back to

the combustion chamber. The main purpose of EGR is that the oxygen in the

combustion chamber will be diluted by the hot flue gas and the mixture will be

heated directly. The volume of hot flue gas to inject back into the system depends

on the level of oxygen dilution needed. EGR with MILD combustion was used

(Katsuki and Hasegawa, 1998; Cavaliere and de Joannon, 2004) as a solution to

avoid NOx and soot formation.

The control parameter is the heating required by the furnace, which determines

the required dilution ratio. A thermocouple was used to measure the heat pro-

duced by the flame. The comparison of the combustion with and without exhaust

gas recirculation was measured and analysed. This data was used for the efficiency

improvement. Figure 2.14 shows a comparison of the combustion with and with-

out EGR. The furnace in Figure 2.14(a) is running without a regenerator (EGR)

and 654 BTU of heat is lost through flue gas. The difference for Figure 2.14(b)

is the furnace running with the regenerator (EGR) and from 654 BTU of heat

in the flue gas, only 133 BTU is lost to the atmosphere. Some 521 BTU of the

heat is returned to the system through the use of the regenerator. For the same

amount of fuel input, the system produced 37.4 % efficiency for the system with-

out EGR and 72.4 % for the system with EGR. The vent damper blade acts as

a control valve at the furnace stack. The vent damper blade was used to control

the outflow from the furnace and the percentage of the opening size determined

the percentage of the EGR. The EGR and the fresh air mixing determine the

dilution ratio of the system. The total flue gas leaving the system must be equal

to the quantity of fresh air and fuel supply.

24  January 2012 - IndustrialHeating.com

FEATURE | Heat TreatingFEATURE | Heat Treating

tandard regenerative systems 
fi re in a one-off/one-on cycle 
with each burner tied di-
rectly to its own regenerator 

box. A new patent-pending system devel-
oped by Olson Industries of Burgettstown, 
Pa., requires no specialized burners and 
eliminates cycling from one burner to an-
other. The new system also eliminates the 
one-to-one burner/regenerator box con-
fi guration and allows for spatial fl exibility 
because regenerator boxes can be placed 
anywhere space allows. 

History of Thermal Regeneration in 
the Steel Industry
Thermal regeneration is the capturing of 
heat from exhaust gases and using it to 
preheat combustion air. Given the enor-
mous quantity of fuel necessary for any 
type of heat processing, it is likely that 
some thought was given to recapturing 
waste heat beginning with man’s earliest 
attempts at heat treatment. In fact, there 
were some attempts at thermal regen-
eration in the ancient world with some 
marked success by ancient Chinese and 
Korean pottery makers. However, the con-
cept of using waste heat to preheat com-
bustion air remained largely undeveloped 
until the time of the industrial revolution. 

Regenerative Technology Gave Birth to 
the Open-Hearth Steelmaking Era
During the 1830s, Carl Wilhelm Siemens, 

a young German engineer living in Eng-
land, began studying the earlier work of 
Robert Stirling, a Scottish minister who 
patented a power system that became 
known as the “Stirling Engine” in 1816. 
The Stirling Engine is a closed engine 
system containing a fi xed amount of gas 
that, when subjected to external heat, 
cycles back and forth between a hot end 
and a cold end. The expansion of the gas 
when heated, followed by the compression 
of the gas when cooled, activates pistons 
attached to a fl y wheel that can perform 
work. Stirling placed a simple heat-retain-
ing media in the midpoint of the system 
that absorbed heat from the hot portion 
of the engine as the gas passed to the cold 
side and released the heat to the cooled 

gas as it returned to the hot side. 
 While the Stirling Engine itself is still 
recognized for its simple ingenuity, its im-
pact has been relatively small due to the 
success of the later-developed internal-
combustion engine and electric motor. 
However, Robert Stirling’s idea of cycling 
hot and cold air over a heat-retaining me-
dia fostered a revolution in steelmaking. 
 Siemens became fascinated with heat 
regeneration and spent years trying and 
failing to apply Stirling’s regeneration 
idea to improve steam-powered mechani-
cal functions. Siemens fi nally found suc-
cess after he realized that the regeneration 
concept was easier applied to large-scale 
industrial processes. In 1861, Siemens 
secured a patent for a regenerative in-

New Configuration May New Configuration May 
Make it Harder to Say NMake it Harder to Say No o 
to Thermal Regenerationto Thermal Regeneration
Bryan J. Kraus and Sean Barraclough – Olson Industries; Burgettstown, Pa.

Thermal regeneration is a proven technology that is generally accepted as the 
most effi cient means of heating an industrial furnace. But regenerative systems, 
though commonplace, are far from the norm in the industry. This is largely because 
regenerative systems are substantially more expensive than cold-air systems (Fig. 1)
due to the costs of the regenerators themselves and the required specialized, 
paired burners. 
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Fig. 1.  Cold-air combustion system
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dustrial furnace. Shortly thereafter, he 
installed regenerators containing brick 
checker-work media on a glass furnace 
near Birmingham, England. The furnace 
exhausted gases through two heat-absorb-
ing chambers made of brick that operated 
cyclically, with one serving as an exhaust 
fl ue and the other as a combustion draw. 
Cycling exhaust and combustion func-
tions back and forth between the two 
chambers provided a continuous supply of 
preheated combustion air and vastly in-
creased effi ciency. 
 Siemens licensed the technology to 
Pierre Emile Martin who built a regen-
erative open-hearth furnace sitting atop 
two regenerator chambers containing the 
Siemens-devised brick checker-work me-
dia in 1865. While the idea of an open 
hearth was not new, melting ore and scrap 
in an open hearth was not previously eco-
nomical because of the enormous amount 
of fuel needed to maintain the required 
temperatures. 
 The regenerative open hearth, or “Sie-
mens–Martin process” as it came to be 
known, was cost-competitive with the 
Bessemer steelmaking process of decar-
burizing pig iron by forcing high-pressure 
air through the molten mix. The open 
hearth allowed for a more controlled and 
refi ned process of steelmaking, resulting in 
substantially superior and more consistent 
grades of steel. Ironically, after it appeared 

that the regenerative open hearth would 
render the Bessemer process completely 
obsolete, a variation of the Bessemer pro-
cess, the basic oxygen process, appeared. 
Employing almost pure oxygen, the basic 
oxygen process produced higher-quality 
steel in one-tenth of the time needed in 
the open hearth. Not surprisingly, open 
hearths began to disappear, and by the 
late 1980s few could be found in the U.S. 
 
Small-Scale Regenerative Systems 
are Born
The demise of the open-hearth furnace 
was not the end of thermal regeneration 
in the steel industry. The same concept of 
thermal regeneration employed in the gar-
gantuan open-hearth furnaces was scaled 
down by industrial burner manufacturers 
and applied to heat-treating applications. 
Hotworks Combustion Technology Ltd. 
of Yorkshire, England, claims credit for 
devising the fi rst compact regenerative 
systems in 1982. The credit appears de-
served, but it also appears true that oth-
ers in Germany, Japan and the U.S. were 
pursuing the idea at the same time. By the 
mid-1990s, thermal-regeneration systems 
became widely available, and since that 
time more and more have been included 
in new furnaces and retrofi ts (Fig. 2). 
 The drawback to these systems is the 
need for increased burner capacity in 
order to maintain a desired furnace tem-

perature. Standard systems include paired 
regenerative burners that are directly 
connected one-to-one with a regenerator 
with the furnace waste gases exhausted 
through the burner itself to the regenera-
tor box dedicated to that burner. Because 
burners cannot fi re when in the exhaust 
mode, each burner fi res only half of the 
time. Thus, maintaining the desired heat 
capacity requires additional burner ca-
pacity. Moreover, each additional burner 
requires its own dedicated regenerator, 
which can often be problematic due to 
space availability. 

How Does it Work?
The new system allows all burners to fi re 
continuously and eliminates both special-
ized regenerative burners and the one-to-
one pairing of burners and regenerator 
boxes.
 Because the burners are not part of 
the new system’s exhaust process, they 
need not cycle on and off, and with all 
burners continuously available, less total 
burner capacity is required to maintain 
the desired heat. Also, without need for 
exhaust-function capability, burners can 
be selected based solely upon performance 
and suitability for the particular applica-
tion. The need for intricate and compli-
cated specialized regenerative burners is 
completely eliminated while all the fuel 
savings are retained. 
 Just as is done in standard regenera-
tion systems, the new system directs the 
hot furnace exhaust through a media such 
as tabular alumina spheres located within 
the regenerator box. And just as in stan-
dard systems, there is a cycling from one 
regenerator box to another (Fig. 3). But, 
because nothing exhausts through the 
burners, the burners can fi re continuously 
and need not cycle. The furnace gases in-
stead pass from a port in the furnace wall 
to the regenerator box, where the media 
becomes charged with heat. A valve in 
the exhaust line positioned between the 
furnace port and the regenerator box con-
trols the fl ow of the hot exhaust into the 
regenerator. The system recovers the hot 
furnace gases to such an extent that the 

Fig. 2.  Regenerative combustion system
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Figure 2.14: Efficiency of the heating system (a) without EGR (b) with EGR

(Kraus and Barraclough, 2012).
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are already available [3]. However, the abatement
of pollutants often comes at the price of efficiency
losses. Moderate or intense low-oxygen dilution
(MILD) combustion [4] is a credible candidate to si-
multaneously meet thermal efficiency needs and pol-
lutant emission restrictions. Under MILD conditions,
reactants are highly diluted with hot combustion prod-
ucts, causing reactions to occur in a distributed reac-
tion zone with reduced peak temperatures [5]. As a
consequence, the temperature distribution is nearly
uniform, the net radiation flux can be enhanced, and
pollutant emissions, NOx in particular, are lower than
those from conventional flames.

Over the past few decades, MILD combustion
technology has been implemented at full scale in var-
ious industrial sectors [6] and tested at pilot scale in
other applications [7–10] and for other fuel types [11].
Nevertheless, despite considerable industrial success,
important aspects of MILD combustion remain un-
known. For example, little is known about the scaling
relations of NOx emissions in complex recirculating
flows with low oxygen concentrations at moderate
temperature ranges (800 ◦C < T < 1400 ◦C), typi-
cally found in MILD conditions.

The scaling of NOx has been comprehensively in-
vestigated in unconfined nonpremixed turbulent jet
flames [12], and also given considerable attention
in enclosed furnace environments with conventional
combustion systems [13–16]. These studies have
found a strong correlation of normalized NOx emis-
sion indices with fuel jet exit Froude number and of
NOx formation rates with global temperatures and
residence times. These relationships are useful, not
only for understanding which geometrical or opera-
tional parameters control pollutant formation, but also
for assessing the relative importance of the alternative
NOx formation mechanisms.

More specifically related to the MILD regime, So-
biesiak et al. [17] obtained an empirical correlation
for NOx emissions as a function of excess air, air
preheat temperature, burner turndown ratio, and ex-
haust gas temperature. Although relatively few exper-
imental data points were available for the analysis, a
power-law type expression was used to show that the
exhaust temperature term had the strongest effect on
NOx emissions. Other researchers [18,19] attempted
to relate NOx emission trends to burner parameters,
such as fuel injection angle and fuel-to-air velocity ra-
tios. The aforementioned MILD combustion studies
focused on minimizing NOx emissions of a particu-
lar burner design and led to the patenting [20–22] and
commercialization of the technology.

To the best of our knowledge, the results of NOx

scaling relations have not been previously reported
for MILD combustion conditions, either in enclosed
or in open flame systems. The current work aims to

Fig. 1. Schematic diagram of MILD combustion furnace and
parallel jet burner system.

examine the NOx emissions from a laboratory-scale
MILD combustion furnace (MCF), operating with a
parallel jet burner system in which the reactants and
the exhaust ports are all mounted on the same wall.
The maximum furnace capacity is about 20 kW from
the fuel and 3.3 kW from air preheat. First, results of
thermal field measurements are presented to provide
some insight into the major NOx formation and/or de-
struction regions. Then, the effects of fuel dilution on
global NOx emissions are discussed. Finally, a com-
prehensive experimental data set, which covers a va-
riety of operating conditions, is used to investigate the
scaling of NOx emissions with global parameters.

2. Experimental arrangement and methodology

2.1. MILD combustion furnace and burner

Fig. 1 shows a schematic diagram of the MILD
combustion furnace and the parallel jet burner config-
uration built for this project. The combustion cham-
ber has a square cross section of 280 × 280 mm2

and a height of 585 mm. It is well insulated, with
four layers of 38-mm-thick high-temperature ceramic
fiberboards that allow only about 20% of heat to be
lost through the walls. This assists in the establish-
ment and stability of the MILD regime and results in

Figure 2.15: MILD combustion furnace and parallel jet burner system (Szegö et al.,

2009).

2.5 MILD Combustion Experiment

Part of the MILD combustion experimental work was carried out to validate

part of the simulation results. Most of the experiments that were carried out

were using premixed and non-premixed combustion with a closed furnace. The

premixed combustion mode is when the fuel and oxidant are mixed prior to the

nozzle exit. The non-premixed mode is when the fuel and oxidant are injected to

the enclosed furnace through different ports and mixing and combustion proceed

inside the chamber. Nathan et al. (1992) and Parham et al. (2000) reported

that by controlling the mixing through their precessing gas jet, a simultaneous

reduction in NOx emissions by 30 to 50 % and an increase in heat transfer by 2

to 10 % were achieved. Szegö et al. (2008) used a furnace with 20 kW supplied

by the fuel and 3.3 kW from the preheated air (Figure 2.15). This closed furnace

used parallel air and fuel jets with one central air nozzle, four fuel jets and four

exhausts. All the nozzles are located on the bottom of the furnace. This MILD

combustion setup has produced data in various experiments including fuel tests

flame tests, NOx tests, and heat exchanger tests (Maruta et al., 2000; Mörtberg

et al., 2006; de Joannon et al., 2010).

Figure 2.16 shows a picture of a small size high-intensity Colourless Distributed

Combustion (CDC) combustor with premixed and non-premixed combustion
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modes. The combustor was operated with air preheat temperatures of 300 K

and 600 K with very low emissions. The NOx emission can be reduced effectively

by means of low-oxygen concentration combustion (Suzukawa et al., 1997; Fuse

et al., 2002). The recirculation flue gases are entrained with the combustion air

and fuel before combustion occurs to limit the peak temperature. This behaviour

only occurred when the exhaust gases were recirculated: an adiabatic internal

recirculation does not affect the adiabatic flame temperature but only the oxygen

dilution. As a result, thermal NOx is suppressed. The lower the oxygen concen-

trations, the lower the flame temperature (Lee and Choi, 2009). The lower the

flame temperature, the lower the NOx formation.

operation is desirable to further reduce the combustor volume, re-
duce the size and weight of the combustor hardware and provide
higher thermodynamic efficiency.

Higher thermal intensity combustor, such as, jet stirred reactor
(JSR) has been used to evaluate fundamental emission characteris-
tics from small scale experimental burner (about 2 cm in length).
The combustor operates in reverse flow, premixed condition at
thermal intensity of about 90 MW/m3-atm [24]. The reactor was
operated at several pressures of 3.0, 4.7 and 6.5 atm and residence
times (0.5–4 ms). Much higher thermal intensity of 144 MW/m3-
atm has also been reported for trapped vortex combustor (TVC)
[25], however it resulted in significantly higher NOx (52 ppm)
and CO levels (520 ppm).

In the previous investigation on CDC combustor, range of ther-
mal intensity has been examined that have been systematically in-
creased with due considerations to NOx and CO emissions. The
thermal intensities examined include: 5 MW/m3-atm [12], 20–
40 MW/m3-atm [18], 28 MW/m3/atm [13,21], 57 MW/m3-atm
[21] and 85 MW/m3-atm [23]. Various flow field configurations
were compared in a similar combustor volume, such as, forward
flow [13] and reverse flow [21]. The reverse-cross flow geometry
wherein the air is injected from the exit side and fuel is injected
in a cross-flow resulted in most favorable combustion characteris-
tics [21,23] and resulted in very low NOx levels (less than 5 ppm) at
thermal intensity of 57 MW/m3-atm [21] and 85 MW/m3-atm [23].
It was also observed that reverse flow configuration resulted in
higher residence time to produce lower CO levels as compared to
the forward flow configuration [13,21].

In the present investigation reverse cross flow configuration,
which resulted in favorable combustion characteristics as shown
in previous work [21,23], has been investigated in further detail.
The air injection temperature in previous investigation of CDC
combustor was at ambient condition and air flow velocity was high
(128–205 m/s) for the range of equivalence ratios investigated.
Higher air injection velocity will result in much higher pressure
drop across the combustor. Hence in the present investigation lar-
ger air injection port is used to reduce the pressure drop across the
combustor and air is preheated using electrical heating to simulate
conditions at the entry of gas turbine combustor. In the present
investigation air flow rate is kept constant and fuel flow rate is
changed to simulate different power setting of the combustor. Note
that in previous investigation of CDC combustor [12,13,18,21,23]
fuel flowrate (hence the thermal intensity) was kept constant
and air flow rate was changed for different equivalence ratios.
The performance of the high intensity, reverse cross-flow configu-
ration for CDC combustor is investigated in detail in the present

work. The combustor was operated at high thermal intensity range
of 53–85 MW/m3-atm. Effect of air preheat temperature up to
600 K, dynamic pressure fluctuations, pressure drop across the
combustor and heat loss from the combustor is also investigated.
Flowfield features in non-reacting condition are also included.

2. Geometry and configurations

Fig. 1 show a photograph and schematics of the CDC combustor
examined here. The combustor operates at thermal intensity in the
range of 53–85 MW/m3-atm at equivalence ratios of 0.5–0.8. The
heat load varied from 3.91 to 6.25 kW for equivalence ratio varia-
tion of 0.5–0.8 with constant air flow rate. The combustor was of
rectangular cross section with good optical access to provide de-
tailed combustion diagnostics. Air was injected from the exit side
as shown in Fig. 1 and fuel was either injected in cross-flow in
non-premixed condition (Fig. 1c) or thoroughly mixed with the
combustion air in novel premixed condition (Fig. 1d). Air could
be preheated using an electrical heater up to temperature of
600 K. The fuel was injected at normal temperature condition.

The novel premixed flame mode was expected to provide min-
imum thermal NOx and hence it can be considered as a baseline
case for comparison with the non-premixed cases. It may be noted
that the configurations discussed here cannot be started directly so
that a pilot flame is required (not shown here) for the initial heat
up period, which can then be transitioned to the CDC or distributed
mode of combustor operation.

3. Numerical

The flowfield pattern under non-reacting condition with only
air flow has been examined for the reverse flow geometry. The
mass flow rates of air correspond to heat load of 6.25 kW at equiv-
alence ratio of 0.8 using methane as the fuel. The corresponding air
injection velocity is about 46 m/s. The temperature of air jet was
300 K and the operating pressure was 1 atm. The flowfield was
solved using a steady state, implicit, finite volume based method
and SIMPLE algorithm was used for pressure velocity coupling. Full
hexahedral grid was used to minimize the grid size and appropri-
ate refinement of grid was performed in the regions with higher
gradients. Geometrical symmetry was used to reduce the computa-
tional time so that only one-half of the geometry with grid size of
about 0.26 million cells was used. Inlet turbulence intensity of 5%
was used for both air and fuel jets and length scale was 0.07 times
the hydraulic diameter. Reynolds Stress Model (RSM) was used to

(a) CDC combustor (b) Schematic (c) Non-
premixed 

(d) Premixed

Fuel

Air Exit

Fig. 1. High intensity CDC combustor (a) photograph (b) schematic (c) non-premixed (d) premixed mode.
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Figure 2.16: High intensity CDC combustor (Arghode and Gupta, 2013).

There are two main modes for MILD industrial applications: a one-flame system

(self-regenerative burner) and a two-flame system (Figure 2.17). Both of them

are composed of at least two regenerators. The fuel is continuously supplied and

switching occurs for heat storing and releasing between the two regenerators. A

pair of burners for the two-flame system operate alternately and the flow path

for air ejection in each burner is filled with ceramic regenerators. When one

of the burners is in combustion mode, the other one will recover energy from

exhaust gases and function as the regenerator (Choi and Katsuki, 2001; Zhenjun

et al., 2010). The oxygen concentration and the temperature of the preheated air

will affect the MILD flame as shown in Figure 2.18. The flame generally becomes

less visible when the oxygen level decreases to 2 % (Gupta et al., 1999).

The dilution ratio (Kv) and the chamber ambient temperature must be controlled

to achieve MILD combustion. The minimum dilution ratio to achieve MILD com-

bustion is 2.5 (Wünning and Wünning, 1997). The temperature of the steady

state combustion must comply with the temperature of the working condition,

as in Table 2.1. The MILD combustion key control strategies are based on the

heating requirement of the furnace. Based on the heating requirement, the dilu-

tion ratio and fresh air supply will be controlled. EGR, fresh air and fuel supply

are controlled based on the dilution ratio required. Fuel consumption is the key

to measuring the efficiency of the system. Thermocouples were used to measure

the heat produced by the flame. The comparison of the combustion with and

without exhaust gas recirculation was measured and analysed.



30 Literature Review

this fact suppresses the heat loss in the exhaust. We did not consider in the past that the utilization
of such high temperature combustion air is consistent with low nitric oxide emission technology.
However, the experimental facts were reported that the combination of direct injection of fuel into
the furnace and the high momentum ejection of staging air resulted in unexpected low nitric oxide
emission. Therefore, it is our main object to clarify the relation between highly preheated com-
bustion air and the resultant low nitric oxide emission.

3. Auto-ignition temperature of fuel

When a fuel mixes with combustion air, some heat is necessary to initiate combustion.
Therefore, a recirculating ¯ow of combustion products behind a ¯ame holder or a pilot ¯ame is
frequently utilized in furnace combustion to stabilize ¯ames. However, if the combustion air is
su�ciently preheated, combustion follows instantly upon the mixing of the two reactants any-
where in the furnace. Considering combustion of natural gas with atmospheric air, auto-ignition
will occur when the preheating temperature of air exceeds approximately 1100 K, and for lower
preheating temperatures, a forced ignition and a ¯ame stabilizer will be necessary for stable
combustion as in the furnace described above.

Shown in Fig. 5, as the oxygen content decreases by dilution with inert gas, such as carbon
dioxide or nitrogen, the auto-ignition limit in terms of air preheating temperature rises slightly,
but the forced-ignition limit rises signi®cantly. In other words, as the air preheating temperature
goes down, it becomes more di�cult to stabilize the ¯ame in low oxygen circumstances. For
an oxygen content lower than roughly 15% in the diluted air, the combustible region for forced

Fig. 4. Schematic structure of heat recirculating furnace operated with high frequency alternating ¯ow regenerators.
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(a) Two-flame regenerative burning system

6. Conclusion

The performance of a high frequency alternating ¯ow type regenerator as a heat recovery
system has been proved quite high in achieving a high degree of energy saving. It keeps exhaust
gas temperatures su�ciently low and raises the fresh air temperature up to almost the furnace exit
temperature, as if a thermal dam were built at the furnace exit. Another attractive characteristic of
the regenerative furnace is extremely low nitric oxide emission, notwithstanding highly preheating
the combustion air. It has been clari®ed that combustion can take place in an extremely low
concentration of oxygen if the combustion air is preheated su�ciently higher than the auto-ig-
nition temperature of the fuel. The low oxygen content in the oxidizer is obtained a mixing control
of preheated combustion air with burned gas in the furnace. Dilution makes the oxygen content of
the oxidizer low, which decreases temperature ¯uctuations in the ¯ame as well as the mean
temperature, hence, low nitric oxide emission.

Since it seems possible to apply the concept to new ®elds as demonstrated above, further e�orts
of practical applications of this technology to other combustion devices and systems are expected
in the future.
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exhaust gas, instead of highly preheated and oxygen depleted 
air, was applied as oxidizer [10]. 

HiTAC flame, however, is more like a less luminous or 
even flameless flame, so the flame length could not be so 
clearly measured. Therefore, flame volume ratio, Ro, is adopted 
to describe flame volume. This parameter is defined by means 
of the oxidation mixture ratio. It is calculated as mass fraction 
of oxygen to mass fraction of oxygen and sum of oxygen 
needed to complete combustion at any point in combustion 
chamber as following [11]: 
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the stoichiometric coefficient (number of models) and M is the 
molecular weight. The subscripts O and F correspond to the 
oxygen and fuel respectively, and the subscripts j indicated the 
combustible species in the flue gas.  

The flame volume can be approximately defined 
when 0 0.99oR≤ ≤ . As illustrated in Fig. 3, a typical different 
flame shape of HiTAC burner and conventional high velocity 
turbulent jet burner. It is very clear that HiTAC flame volume 
is much larger than conventional flame. 

 

(a) Two-flame regenerative burning system 

(b) Single-flame regenerative burning system 

Fig. 1. Schematic of two-flame and one-flame type regenerative burning 
systems. 

 

             
 

Fig. 2. Flame photographs with combustion air temperature of 1100 °C and O2 
concentration (from left to right) of 21%, 8% and 2%  [9]. 

 

Fig. 3 Predicted flame shape at different firing modes. (a) HiTAC mode; (b) 
Conventional combustion mode [12]. 

 

The temperature uniformity ratio, Rtu, is applied to describe 
the gas temperature filed uniformity inside the furnace. Furnace 
temperature uniformity ratio is an important parameter to 
evaluate the quality of temperature filed in the furnace. Rtu was 
defined as follow [11]: 
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Specifically, when tu 0R =  , there is no gas temperature 
gradient inside the furnace. 

Gas temperature uniformity ratio, Rtu, versus oxygen 
concentration for various air and fuel temperatures is shown in 
Fig. 4. Rtu decreases with reducing oxygen concentration, 
which indicates a more uniform temperature filed at lower 
oxygen concentration. 
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Figure 2.18: Combustion air temperature of 1,100◦C (Gupta et al., 1999).
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The dilution ratio was controlled by the opening of the vent damper. The vent

damper at the furnace stack was used to control the outflow from the furnace

and the percentage of the opening size determined the percentage of the EGR.

The EGR and the fresh air mixing determined the dilution ratio of the system.

The total flue gas exiting the system must be equal to the quantity of the fresh

air supply.

2.5.1 Lambda

The mixture composition, indicated by lambda (λ) [the Air-Fuel Ratio (AFR)

divided by the stoichiometric AFR], is an important parameter for the combus-

tion process. The stoichiometric AFR is the ratio of air required to complete the

combustion of the fuel. Low λ will result in unburned hydrocarbons (UHC) that

harm the environment and are a waste of energy resources. High λ will result

in possibility of flame extinction due to insufficient fuel or too high excess air

combustion. For methane combustion, the process involves a highly heteroge-

neous mixture with λ values ranging from about 0.5 to 1.5. (Iorio, 2014). The

effect of AFR on the combustion efficiency has been studied for MILD combus-

tion (Kumar et al., 2005). The results show that the performance of combustion

is very sensitive to λ, with optimum efficiency near stoichiometry. The industrial

heating community always uses lean combustion, which reduces the fuel cost and

unwanted UHC gases that are released to the atmosphere, but if MILD combus-

tion were used instead of conventional flames, operation closer to stoichiometric

conditions, with the corresponding increase in efficiency, would be viable.

2.5.2 Exhaust Emission

The emissions from combustion have a significant effect upon air pollution. The

main pollutants emitted from combustion are nitrogen oxides, unburned hydro-

carbon, carbon monoxide, sulphur oxides and particulate matter (Heywood, 1988;

Turns, 2000). Of these five pollutants, only nitrogen oxides, unburned hydrocar-

bon and carbon monoxide were discussed due to their relevance to a MILD com-

bustion system operating in an enclosed system with gaseous fuels (Szegö, 2010).

MILD combustion does not affect the formation of sulphur oxides. Colorado

et al. (2010) used biogas and natural gas in their experiment with a non bluff-

body closed MILD burner. The results show that the combustion with biogas

emits a lower amount of nitrogen oxides (NOx) and O2 and a higher amount of

CO and CO2 as compared to natural gas (Table 2.7). Generally, emissions pro-

duced by both biogas and natural gas were very low and similar during the MILD

combustion mode. For NOx, biogas and natural gas produce 2 ppm and 3 ppm

respectively. The same trend applies for CO and O2 which the difference is very

small. Biogas produced higher levels of CO2 due to the biogas itself containing a

higher amount of CO2 compared to natural gas.
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Table 2.7: Exhaust pollutant from flameless combustion (Colorado et al., 2010).

Pollutant Natural gas Biogas

Carbon monoxide (ppm) 15 16

Nitrogen oxide (ppm) 3 2

Carbon dioxide ( %vol) 9.8 14.2

Oxygen ( %vol) 3.4 3.1

Table 2.8: Pollutant from fossil fuel combustion (kg of pollutant per 109 kJ of

energy input) (USEIA, 1999).

Pollutant Natural gas Oil Coal

Carbon dioxide 273,780 383,760 486,720

Carbon monoxide 94 77 487

Nitrogen oxide 215 1,048 1,069

Sulphur dioxide 2.34 2,625 6,063

Particulate 16.4 197 6,420

Mercury 0.00 0.016 0.037

Tsuji et al. (2003) reported that when using a regenerator to recycle the waste

heat of exhaust gases, the NOx emissions reduce by 50 %, while thermal efficiency

increases by 30 %. Dally et al. (2010) in their experiment for MILD combustion

using sawdust, showed that the optimal equivalence ratio to reduce both CO and

NOx emissions was in the range of 0.71 to 0.75 for CO2 as sawdust carrier gas and

at 0.75 for N2 as the carrier gas. Table 2.8 shows the comparison for pollutants

produced by natural gas, oil and coal. It can be clearly seen that the natural gas

is much cleaner than oil and coal.

2.5.2.1 Unburned Hydrocarbons

Hydrocarbon pollutant emissions are the result of incomplete combustion of the

hydrocarbon fuel. Hydrocarbon fuels are categorised based on their chemical

compositions such as paraffin (alkanes), olefins (alkenes), acetylenes (alkynes), or

cyclic hydrocarbons (Bohac and Assanis, 2001). The air-fuel equivalence ratio,

commonly indicated by λ is used to translate the air-fuel ratio to the stoichiomet-

ric air-fuel ratio. Completed combustion at stoichiometric combustion is where

the combustion was at λ equal to 1.0. The MILD combustion produced UHC

when λ less than 1.0 was used due to rich fuel condition. Too lean a mixture with

an air-fuel ratio more than 20:1 also gives potential sources of UHC (Griffiths and

Barnard, 1985). Too much excess air or oxygen concentrations that are too low

may cause partial oxidation and fuel pyrolysis.

The quenching process (such as cold stream) gives a possibility for UHC (Turns,

2000). Therefore, the mixing pattern and burner configuration also play an im-

portant role to ensure complete combustions. Normally bluff-body plays an im-

portant role to help the proper mixing process. Heywood (1988) reported that
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Figure 2.19: Formation of NOx (Scheele et al., 2008).

generally in many combustion devices, λ plays important role in the amount of

UHC and CO emissions produced. UHC is sensitive to burner temperature, where

it decreases as the temperature increases.

2.5.2.2 Oxides of Nitrogen

The most relevant oxides of nitrogen (generally called NOx) are nitric oxide (NO)

and nitrogen dioxide (NO2) (Heywood, 1988). Nitrous oxide (N2O), on the other

hand, generally comes from natural sources and is not produced by the combus-

tion process. NOx is one of the most hazardous pollutants due to its contribution

to acid rain, ozone depletion and photochemical smog formation. NOx is also

one of the regulated air pollutants and is stringently controlled by most countries

through air and environmental pollutant regulations. Bowman (1992) reported

that more than 90 % of the NOx is NO which comes from the oxidation of ni-

trogen at high temperature combustion. The NO formation drastically increased

when the combustion temperature reached 1,600 K or higher. This can be seen

in Figure 2.19. Hence most of the NOx control strategies are to lower the peak

temperature, keep the residence time short and lower the oxygen concentrations

in the high-temperature zone (Wünning and Wünning, 1997). In all combustion

processes, the majority of NOx formations are thermal NOx, prompt NOx and

fuel NOx (Heywood, 1988; USEPA, 1999; Kutz, 2006).

Thermal NOx, also known as the Zeldovich mechanism. Thermal NOx is mainly

dependent on the temperature of the combustion flame and essentially indepen-

dent of the completeness of combustion. The concentration of thermal NOx is

controlled by the nitrogen and oxygen molar concentrations and the tempera-

ture of combustion. Combustion at temperatures well below 1,500 K forms much

smaller concentrations of thermal NOx. The thermal NOx route is highly de-
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pendent on the combustion temperature. The formation of thermal NOx can be

defined through the extended Zeldovich mechanism (Glassman and Yelter, 2008).

O + N2 � NO + N (2.3)

N + O2 � NO + O (2.4)

N + OH � NO + H (2.5)

Prompt NOx also known as the Fenimore mechanism. The key to prompt NOx

is rich combustion. Prompt NOx is formed from molecular nitrogen in the air

combining with fuel in fuel-rich conditions which exist, to some extent, in all

combustion. This nitrogen is then oxidised along with the fuel and becomes

NOx during combustion, just like fuel NOx. The abundance of prompt NOx is

disputed by the various researchers - probably because they are either considering

fuels intrinsically containing very large or very small amounts of nitrogen, or are

considering burners that are intended to either have or not have fuel-rich regions

in the flame. For the Fenimore mechanism, the NOx formation can be described

as the following chemical reaction (Bowman, 1992):

HCN + O � NCO + H (2.6)

NCO + H � NH + CO (2.7)

NH + (H,OH) � N + (H2,H2O) (2.8)

N + OH � NO + H (2.9)

N + O2 � NO + O (2.10)

Under the MILD regime, the numerical results show that the Fenimore mechanism

was the NOx dominant product (Lee and Choi, 2009; Abtahizadeh, 2014). This is

in agreement with the experimental work by Sepman et al. (2011) and Dally et al.

(2002). Sepman et al. (2011) measured the NOx in an axisymmetric laminar-jet-

in-hot-coflow burner which showed that the NOx formation in a MILD flame is

less than 2 ppm.

Fuel NOx or fuel mechanism is the least important NOx. Fuel NOx originates

from fuels containing nitrogen such as certain coals (solid fuel) and oil (liquid

fuel) which typically contain 0.32% nitrogen by weight. An oxidation of the

already-ionised nitrogen contained in the fuel will produce fuel NOx. During the

combustion process, the nitrogen bound in the solid or liquid fuel is released

as a free radical and ultimately forms free N2, or NO. The chemical reaction

process is complex where the reaction schemes typically consider in the order of

50 intermediate species and hundreds of separate reversible reactions. In general

during the process, the volatile fuel nitrogen is evolved mainly as HCN (and NH3).

The HCN reacts with O and OH (free radical species) to form CN, NCO, HNCO

and some other intermediates. The chemical reaction of these intermediates then

reacts with H to produce NH and NH2. The most successful method to minimise

fuel NOx is by burning the fuel by staged combustion. This involves the delaying
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people refer to the actual concentration of oxygen because utilization of atmo-
spheric air as the oxidizer in practical combustion systems is far too common to 
be noted. Thus, we must pay special attention to the influence of oxygen concen-
tration on nitric oxide formation.

Suppose that we use highly diluted air with inert gas such as nitrogen for 
combustion. Figure 1.8 shows numerically predicted turbulent diffusion flames 
between methane and air or their dilution together with their temperature and species 
concentration profiles across the flame. The ordinary methane–air flame has a typical 
thin reaction zone called a flamelet, where rapid combustion reactions produce a 
steep concentration gradient in methane and oxygen as well as a sharp and high-
temperature rise due to the heat release in the flamelet. In contrast, the diffusion 
flame between diluted methane (40%) in nitrogen and diluted air in nitrogen, in 
which actual oxygen concentration is 8%, shows a broadened reaction zone associ-
ated with a lower peak temperature in spite of the preheating of both flows up to 
1273 K. The unexpected low flame temperature is caused by a combination of high 
preheating of reactants and the dilution by a large amount of inert gas. Because the 
local reaction rate becomes small in diluted circumstances, increased volume of the 
reaction zone results from burning fuel at the same rate as ordinary combustion, 
hence the same total heat release rate in the furnace. Therefore, the reaction and 
heat release zone of combustion in the dilution with plenty of burned gases may 
become widely distributed compared with that of ordinary combustion and yield a 
mild temperature rise locally. These facts must be taken into account when attempt-
ing to suppress nitric oxides emission from practical HiTAC systems.

FIGURE 1.7 Preheated air temperature on NOx emission.
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Figure 2.20: Preheated air temperature on NOx emission (Tsuji et al., 2003).

of the mixing process between the fuel gas and air. For fuel mechanism, the NOx

formation is characterised by the chemical reactions below.

O + N2 + M � N2O + M (2.11)

H + N2O � NO + NH (2.12)

O + N2O � 2NO (2.13)

Fuel NOx is not shown in Figure 2.19 since it is not dependent on temperature

but fuel type. Conversely prompt NOx is independent of temperature. The

thermal NOx is highly dependent on temperature where it is consistently low

below 1,500 K and starts to increase above 1,500 K.

The influence of air temperature on NOx emissions for conventional and MILD

combustion mode is shown in Figure 2.20. For conventional combustion mode,

an exponential increase of NOx emission when the air preheating temperature

increase. When the preheated air higher than the fuel auto-ignition temperature

(about 1,150 K), the MILD combustion mode can be seen with ultra-low NOx

emission produced. Comparing both mode, the difference is the concentration of

oxygen mole fraction in the reaction zone where local combustion reactions take

place. For MILD combustion mode, very low oxygen mole fraction in air supply

suppress the formation of NOx due to lack of oxygen to react with available nitro-

gen. It reduced more than 90 % when comparing the same level of air preheating

temperature (1,300 K) for conventional and MILD combustion.

2.5.2.3 Carbon Monoxide

Incomplete combustion will produce pollutant emissions including carbon monox-

ide (CO) and UHC. Due to its severe effect to the health and possible life threat-

ening hazard to the high concentration inhalers, carbon monoxide is labelled as
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a highly toxic gas. Raub (1999) reported that carbon monoxide will prevent the

cells and tissues from oxygenation by creating the blood carboxyhaemoglobin.

Westbrook and Dryer (1984) summarised and simplified the oxidation process to

form CO2 as:

CxHyOz +
1

2

(
x +

y

2
− z
)

O2 → xCO +
y

2
H2O (2.14)

CO +
1

2
O2 → CO2 (2.15)

In Equation (2.14), the carbon partially oxidises to become CO and it needs more

energy to form CO2 (Equation 2.15) to form a complete combustion by-product.

Incomplete combustion will only oxidise for step 1 and not react for step 2. This

shows that CO is produced when there is insufficient oxygen or reaction time

during high temperature to completed the oxidation of carbon to CO2. Rich fuel

combustion is also likely to produce high levels of CO due to high hydrocarbons

with low oxygen. This condition needs to be avoided in order to reduce CO in

flue gas.

2.5.2.4 Carbon Dioxide

Carbon dioxide is a product of complete combustion. The combustion of methane

and oxygen can be written in a stoichiometric combustion equation as shown in

Equation 2.16. The main properties of carbon dioxide are colourless gas and

odourless at low concentration and sharp and acidic at high concentration.

CH4 + 2O2 → CO2 + 2H2O (2.16)

Carbon dioxide is a greenhouse gas and the combustion of carbon-based fuels

from the industrial revolution until now has rapidly increased the concentration

of carbon dioxide in the atmosphere. This higher atmospheric carbon dioxide

has led to the global warming phenomenon. In order to reduce and mitigate the

impact of carbon dioxide, currently there are a few actions being undertaken.

The actions are increase the low carbon energy sources, increase the biogas or

biofuel which is a good carbon cycle and the carbon capture and storage (CCS)

to reduce the release of carbon dioxide to the atmosphere.

2.6 Summary

In much of the literature, MILD combustion has been proven to be a good tech-

nique over other emission-curbing combustion technologies. Recently, many nu-

merical and experimental studies, from laboratory scale to industrial applications,

have been performed on MILD combustion. In this literature study, the general

and detailed evolution of MILD combustion is discussed. The improvement of

MILD combustion is not just to increase the efficiency, but also helpful to improve

combustion quality in order to meet the requirements of more stringent emission

rules and legislation. From the literature review, it can be seen that there is
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limited research available on open MILD combustion systems, with particularly

on the biogas as a fuel. The literature review presented in this chapter indicates

that experimental work on MILD combustion is very important to study the

possibility and efficiency of a furnace using biogas as a fuel. This is very signifi-

cant for open-top industrial burners, which are used in most of the heating and

curing processes in production and assembly factories. The MILD combustor is

designed to fulfil the requirement of industrial burners by having a high efficiency

and low exhaust gas emissions. Therefore, a further numerical and experimental

investigation into this combustion regime will be carried out in this thesis. Some

researchers have successfully used a closed furnace without EGR to achieve MILD

combustion but other researchers used experimental and simulation techniques

to investigate the combustion and EGR behaviour on MILD combustion.
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Chapter 3

Computational Fluid Dynamics

Modelling

This chapter discusses the simulation and experimental setup designed using

Computational Fluid Dynamics (CFD) before the experimental work commenced.

The introduction and theory of CFD are also summarised at the beginning of the

chapter. Section 3.3 deals with the setup of the model geometry, boundary con-

ditions and solver selection to predict the combustion behaviour of the MILD

combustion burner. Section 3.4 deals with designing the experimental setup.

3.1 Introduction

The application of computer simulations to improve many complex engineering

processes has rapidly expanded in line with the computer’s development over the

last few decade. CFD was simultaneously advanced for simulation of the labo-

ratory and industrial-scale engineering problems. CFD was started in the 1950s,

stimulated by the advent of high-performance computer systems. CFD offers re-

liable predictions of the effect of various parameters on combustion performance.

The results of modelling can be viewed quickly and easily, compared to the time

and cost required by the equivalent experimental work. Simulations frequently

present information on physical quantities that are quite difficult to measure.

CFD has been extensively used for fluid flow, combustion and heat transfer as

well as to explore and design engineering hardware (Baukal et al., 2001; David-

son, 2002) including combustion chambers. It is also increasingly being used for

the optimisation of gas burners (Scharler and Obernberger, 2000), industrial gas

furnaces (Dally et al., 2004; Riahi et al., 2012) and coal combustion (Calchetti

et al., 2007; Saha et al., 2013). CFD may help in optimising burners’ perfor-

mances through parameters such as injection nozzles, fuel and oxidant mixing

and flue gas recirculation.
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The objective of the modelling is to predict and analyse the flow and combustion

behaviour before the experimental work takes place. This is to reduce trial and

error in the design and development stage. This study focused on the different

parameter settings and burner head design of the combustion process. The CFD

results were later validated against the combustion experimental results. The

CFD commercial software package ANSYS Fluent 14.5 was used and run on a

High Performance Computing (HPC) computer at The University of Southern

Queensland. The computations have been carried out using four processors of

a 30-node Sun X2200 load sharing server. Each node has 16 GB of RAM and 2

quad-core 2.7 GHz CPUs with an AMD Opteron processor (USQ, 2012).

CFD modelling often gives the desired result when numerically solving many

engineering problems (Rahimi et al., 2006; Mollica et al., 2010; Rashmi et al.,

2011). Numerical results alone are not fundamentally strong without validation

by experimental work. Different scales of MILD combustion setup have been

simulated using CFD software over the past few decades (Danon, 2011). In this

project, CFD modelling was used to design the geometry that can achieve MILD

combustion. The parameters involved in the modelling were air and fuel supply

volume flow rates (which influence λ), exhaust opening size and fuel properties.

3.2 Governing Equations

The governing equations for fluid flow modelling are the continuity equation (or

mass conservation equation), momentum conservation equation (Navier–Stokes

equation) and energy equation (Ferziger and Peric, 1999). In combustion mod-

elling, the fluid flow modelling is coupled with the chemical reaction equation.

The fluid properties such as density, viscosity, specific heat, thermal conductivity,

molecular diffusivity and radiation have to be given as a function of the stated

variables.

3.2.1 Mass Conservation Equation

The continuity equation is a mass balance equation and overall mass in the system

is conserved. The general form of continuity equation or the conservation of mass

equation is:

∂ρ

∂t
+∇.(ρυ) = 0 (3.1)

where ρ is the fluid density and υ is the average flow velocity.

3.2.2 Momentum Conservation Equation

The Navier-Stokes equation is the momentum conservation equation and can be

written as:

∂ (ρυi)

∂t
+
∂ (ρυiυj)

∂xj
= − ∂p

∂xi
+
∂τij
∂xj

+ ρg + Fi (3.2)
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where p is the static pressure, ρg is the gravitational force and Fi is other forces.

The viscous stress tensor is:

τij = µ

(
∂υi
∂xj

+
∂υj
∂xi

)
− 2

3
µδij

(
∂υk
∂xk

)
(3.3)

where µ is the molecular viscosity and δij is the Kronecker δ.

3.2.3 Combustion Species Equation

The governing equation is how the process is written in mathematical forms in

terms of related qualities like temperature, pressure, density and viscosity. For

gas combustion, the governing equations are summarised below (Williams, 1985).

Species:

∂(ρyα)

∂t
+∇. (ρuyα) = −∇. (Jαi ) + ρWα (3.4)

α = 1, 2, ...ns

The molecular diffusive flux term (Jαi ) can be approximated by the gradient-

diffusion model (Boussinesq model).

Jαi = ρDα
∂yα
∂xi

= − µ

Scα

∂yα
∂xi

(3.5)

where Dα is the molecular diffusivity of the species α. The Schmidt number (Scα)

and Lewis number (Leα) are:

Scα =
µ

ρDα

(3.6)

Leα =
D

Dα

=
λ

ρcpDα

(3.7)

The relationship between the Lewis number and the Schmidt number can be

shown by a combination of Equations (3.6) and (3.7) and summarised below:

Scα =
µ

ρDLeα
(3.8)

The chemical source term can be calculated using Equation (3.9) and the reac-

tion rate is obtained by using Equation (3.10). The Arrhenius equation (Equa-

tion 3.11) is used to determine the reaction rate constant, k.

Wα =
wα
ρ

∑
j

ναjωj (3.9)

ωj = kfj

ns∏
α=1

[Xα]v
′
αj−kbj

ns∏
α=1

[Xα]v
′′
αj (3.10)

k = AT β exp

(
− Ea
RT

)
(3.11)
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The rate of progress variable ωj is the net strength of reaction j in the forward

direction and wα is the mean molecular weight. ρ is the density, Ea is the activa-

tion energy and A and β are constants. R is the universal gas constant and T is

the temperature. To model the chemical process in the gas phase, during the flow

and mixing, the gas composition will change due to the chemical reaction and

the detailed chemistry describes the basic reactions at a molecular level. Detailed

explanations for this process can be found in Peters (2004); Warnatz et al. (2006)

and Glassman and Yelter (2008).

3.2.4 Energy Conservation Equation

The conservation equation for enthalpy can be written as:

∂(ρh)

∂t
+
∂(ρυih)

∂xi
= −∂Q̇

′′
i

∂xi
+ τij

∂υi
∂xj

+ ρυiFi + Sh (3.12)

where h is the total specific enthalpy (J/kg) and Q̇′′i is the heat flux (W/m2).

When more than one species involved, h can be calculated by:

h =
∑
α

Yαhα (3.13)

where Yα is the mass fraction and hα is the total enthalpy for species α in the

mixture. hα can be defined as:

hα = hoTr,α +

∫ T

Tr

Cp,α(T )dT (3.14)

where ho is the enthalpy of formation, Tr is the reference temperature and Cp,α(T )

is the specific heat at constant pressure of species α.

3.2.5 Turbulence Model

There are various models available to solve the turbulent flow. The choice of

turbulence model will depend on considerations such as the physics encountered

in the flow, the established practice for a specific class of problem, the level

of accuracy required, the available computational resources and the amount of

time available for the simulation (Fluent, 2012). Therefore, understanding of the

specific turbulence problems such as capabilities and limitations of the various

options are essential to ensure that the turbulence model chosen is the best.

Most of the CFD simulations for MILD combustion have been based on the

Reynolds–Averaged Navier–Stokes (RANS) equations using the standard or real-

isable k–ε model (Orsino et al., 2001; Christo and Dally, 2005; Danon et al., 2010).

The k–ε model developed by Launder and Spalding (1974) is widely used to solve

turbulence flow problems. The realisable k–ε turbulence model was developed by

Shih et al. (1995) based on the standard k–ε turbulence model. For MILD com-

bustion simulation, there is no evidence from the literature to show any superior
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performance of the realisable k–ε compared to the standard k–ε model (Verssimo

et al., 2012). The realisable k–ε model was the upgraded model to counter the

weakness of the standard k–ε model, in terms of predicting round jets, flows with

a recirculation region and swirling flows (Wilcox, 1994). Transport equations for

the realisable k–ε model are as follows:

∂

∂t
(ρk) +

∂

∂xj
(ρkuj) =

∂

∂xj

[(
µ+

µt
Prk

)
∂k

∂xj

]
+Gk +Gb − ρε

−YM + Sk (3.15)

∂

∂t
(ρε) +

∂

∂xj
(ρεuj) =

∂

∂xj

[(
µ+

µt
Prε

)
∂ε

∂xj

]
+ ρC1Sε− ρC2

ε2

k +
√
vε

+C1ε
ε

k
C3εGb + Sε (3.16)

where Gk is the generation of turbulent kinetic energy due to the mean velocity

gradients, Gb is the generation of turbulent kinetic energy due to buoyancy, YM
is the contribution of the fluctuating dilatation in compressible turbulence to the

overall dissipation rate, Prk and Prε are the turbulent Prandtl numbers, Sk and

Sε are source terms and C1, C2 and C3 are constants.

Compared to the standard k–ε, the realisable k–ε more accurately predicts the

distribution of the dissipation rate of round jets. In this research, the convergence

behaviour of realisable k–ε was more stable compared to the standard k–ε model.

The model was developed with two additional transport equations to represent

the turbulent properties of the flow. The model has been used to solve free shear

layer flows with a relatively small pressure gradient (Bardina et al., 1997). The

model is good for wall-bounded and internal flows, especially when the mean

pressure gradient is small. The accuracy of the calculation made by the k–ε

model is well accepted. The flow at the inlet area for air and fuel injecting is

mostly turbulent due to the bluff-body burner design. It involves a complicated

combination of small-scale and large-scale flow structures such as turbulent shear

layers, jets and boundary layers (Devi et al., 2004; Ling and Tun, 2006).

3.3 Modelling Approach

In this study, ANSYS Fluent 14.5 was used to model MILD combustion in the

mode of non-premixed combustion. The second-order scheme was used to dis-

cretise the governing equations including mass, momentum, energy and species

in addition to the turbulence transport and combustion model. The mixture

fraction based chemistry models, which play a fundamental role in non-premixed

combustion, were used in this work. Lupant et al. (2007) and Mancini et al. (2003)

solved a mixture fraction transport equation with a β-function PDF to model the

turbulence-chemistry interaction. The equilibrium assumption was used for the

thermo-chemical database. Figure 3.1 shows the simulation flow-chart for the

numerical analysis.
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Figure 3.1: Modelling and simulation flow chart.

3.3.1 Combustion

Non-premixed combustion was used by many other researchers for MILD com-

bustion (Dally and Peters, 2002; Medwell et al., 2007; Merci et al., 2007; Colorado

et al., 2009; Mardani et al., 2010). In this study, non-premixed combustion with

chemical equilibrium and non-adiabatic energy treatment were used. This ap-

proach has been specifically developed for the simulation of turbulent diffusion

flames with fast chemistry. A number of previous numerical models by other re-

searchers use chemical equilibrium (Orsino et al., 2001; Tobacco et al., 2002; Lu-

pant et al., 2007). Specifically, Lupant et al. (2007) found that the computed

fields of temperature in the horizontal plane give good results and the tempera-

tures obtained far downstream and near the walls are correctly estimated. These

mean that chemical equilibrium is acceptable to use for the numerical modelling

for MILD combustion. However, in MILD combustion the low reactants concen-

tration have a lower heat release rate and lower Damköhler number in compari-

son with the ordinary combustion regime (Katsuki and Hasegawa, 1998; Plessing

et al., 1998). This condition leads to an increase of the chemical timescales and

the enhanced turbulence levels reduce the turbulent mixing timescales. This be-

haviour may cause the fast chemistry to be inferior to the finite-rate chemistry

model. The non-adiabatic modelling option includes the radiation and wall heat

transfer. The RANS equations together with a realisable k–ε turbulence model

(Shih et al., 1995; Saha et al., 2014) are solved. In the current study, 16 species

are solved at 56 grid points in the mixture fraction space for a range of enthalpies

to yield 24,472 potential compositions in the PDF look-up table.
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3.3.2 Radiation Model

The radiation model used in this work is the Discrete Ordinates (DO) model

(Chui and Raithby, 1993). The DO radiation model solves the radiative transfer

equation for a finite number of discrete solid angles in the Cartesian coordinate

system. The DO model is applicable to a wide range of optical thicknesses. Be-

cause the optical thickness for MILD flames is not well defined or well known,

the DO model is a good selection. The model solves a radiative transfer equa-

tion. The absorption coefficient used is the Weighted Sum of Gray Gas Model

(WSGGM) (Hottel and Sarofim, 1967; Smith et al., 1982) and used for spray com-

bustion (Choi and Baek, 1996) and gas furnace (Liu et al., 1998). The WSGGM

is selected due to it being a reasonable compromise between the oversimplified

gray gas model and a complete model.

3.3.3 Boundary Conditions

Boundary conditions have to be carefully specified to minimise errors. The suc-

cess of CFD simulations strongly depends on the boundary conditions selection

(Ganesan et al., 2004). A velocity inlet boundary condition was used at the air

and fuel supply pipe. An outlet vent boundary condition was used to define the

exhaust outlet on the top of the burner. A no-slip wall boundary was used. A

standard wall function was used for the boundary condition for velocity at the

combustion chamber wall. The temperature of the wall was set at 300 K and an

exhaust fan with zero gauge pressure was used for the exhaust outlet boundary

condition. The furnace wall boundary conditions were set at a constant tem-

perature (300 K) to ensure it was a similar condition to the experimental work

setup.

3.3.4 Modelling Solutions

All the governing equations were solved using the second order upwind discreti-

sation scheme for higher accuracy of the calculation. For triangular, tetrahedral

meshes and more complex meshing, the flow was never aligned with the mesh.

Second-order discretisation generally obtained more accurate results compared

to the first-order scheme (Fluent, 2010). Double precision was used to reduce

floating point errors. The pressure-based solver gives an option to solve the

flow problem in either a segregated or coupled manner. In order to have a bet-

ter relationship between pressure and velocity, the COUPLE method was used

for the pressure-velocity coupling scheme with a least-squares cell-based gradi-

ent and presto for pressure discretisation scheme. For steady-state flows, the

COUPLE method gives a robust, efficient single-phase implementation and good

performance compared to the segregated solution schemes (Fluent, 2012). The

COUPLE algorithm is necessary for transient flows, especially when large time

steps are used or the meshing quality is not good enough.
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Because of the iterative nature of the solution methodology, it is necessary to de-

termine when the solution has converged. The residuals are used for this purpose;

the absolute values must be less than 0.001 and 0.000001 for the solution to be

deemed to have converged. The convergence criteria for the simulation residuals

for all the study parameters were set at 10−3. All the residuals achieved this tar-

get except for the continuity and mixture fraction variance transport equations,

whose residuals were less than 0.002. The final model geometry and boundary

conditions are described in Section 3.4.3.

3.4 Simulation for Geometry Design

The design modeller software in ANSYS workbench was used to draw the MILD

furnace. The early stage of the combustion chamber development started with a

CFD simulation of a basic enclosed combustion chamber as in Figure 3.2(a).

3.4.1 Preliminary Model

The computational work began with normal combustion without EGR to check

the combustion of LCV gas (biogas) consisting of 60 % methane and 40 % carbon

dioxide by mole fraction (Figure 3.2(a)). The fuel enters the combustion chamber

through a 20 mm diameter fuel supply pipe at 5–10 m/s into the combustion

chamber. Air was injected at 10–15 m/s through an annulus gas supply pipe

downstream of the chamber. The exhaust ducting consists of a vent damper

acting as a throttle for the flue gas flow. If the vent damper is totally closed, the

flue gas will not flow out of the chamber. The vent damper can be adjusted to

control the volume of flue gas flow out from the chamber and flow through into

the EGR pipe. More details on the burner and chamber specifications are shown

in Table 3.1.

Once the combustion was stable, then two EGR pipes were added to the system

to test the combustion with an oxidiser diluted by flue gas through the EGR

Table 3.1: Typical data for furnace and burner in Figure 3.2(c).

Item Data

Fuel 60 % CH4 + 40 % CO2 by mole fraction

Oxidiser Atmospheric air, heated to 800 K

Fuel supply Round 1,256 mm2, 5–10 m/s

Air supply Annulus 5,140 mm2, 10–15 m/s

Bluff-body diameter 40 mm

Chamber size Diameter 375 mm, Height 650 mm

EGR 2 EGRs with 386.9 mm2 each inlet

Mesh method Tetrahedrons (Patch conforming method)

Elements/nodes 421,172 elements and 92,034 nodes
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(a) (b) (c)

Figure 3.2: First model of combustion chamber geometry (a) no EGR pipe (b)

with 2 EGR pipes (c) with 2 EGR pipes and EGR curved inlet.

(Figures 3.2(b) and 3.2(c)). At the beginning of the simulations (Figure 3.2(b)),

the EGR pipe was connected perpendicular and straight to the air supply pipe

and exhaust outlet pipe. Then the problem encountered in the simulations was

the fluid did not smoothly flow into the EGR pipe. This because to the hot flue

gas was flowing straight to the exhaust on the top of the chamber even though the

opening of the exhaust is very small. An improvement was made to the inlet of

the EGR. The smooth corner to help the fluid flow into the EGR pipe was added

(Figure 3.2(c)). The result was encouraging, with the flow showing significant

improvement.

3.4.2 Four-EGR Model

The next improvement of the model was made by adding two more EGR pipes to

become four EGRs. This new design can be seen in Figure 3.3. The fuel enters

the combustion chamber through the fuel supply pipes underneath the apparatus.

There are four small fuel supply pipes with a size of 5 mm diameter. The total

inlet area is 78.5 mm2. It is then combined to become one fuel nozzle and enter

the combustion chamber. The opening of the fuel nozzle is 24.3 mm2. The fuel is

supplied at 20 to 40 m/s depending on the need for lean or rich combustion.

Fresh air was injected through a 5 mm diameter supply pipe at the side of each

EGR pipe to induce the EGR to flow downward. The injected fresh air has to

be mixed with the EGR gas. The mixture then flows through four EGR pipes

at the downstream part of the apparatus. It is then combined at the mixing

cone located below the air nozzle. From this mixing cone, the mixtures enter the

combustion chamber through the annulus air nozzle surrounding the fuel nozzle.
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(a) (b)

Figure 3.3: Second model with 4 EGRs, (a) air supply internal diameter is 22 mm,

(b) air supply internal diameter is 5 mm.

Table 3.2: Typical data for furnace and burner in Figure 3.3(b).

Item Data

Fuel 60 % CH4 + 40 % CO2 by mole fraction

Oxidiser Atmospheric air, heated to 800 K

Fuel supply 4 × 19.6 mm2, 20–40 m/s each

Air supply 4 × 19.6 mm2, 60–120 m/s each

Bluff-body diameter 40 mm

Chamber size Diameter 600 mm, Height 860 mm

EGR 4 EGRs with 386.9 mm2 each inlet

Mesh method Tetrahedrons (Patch conforming method)

Elements/nodes 501,831 elements and 111,975 nodes

The two external EGR pipes in the first model were increased to four pipes. This

is to ensure more exhaust gas can be re-circulated through EGR pipes to dilute

the O2 and preheat the oxidant. More detailed burner and chamber specifications

are shown in Table 3.2.

After the computational testing and analysis, the bluff-body burner with 24.3 mm2

fuel inlet and 97.3 mm2 oxidiser inlets was chosen. The maximum temperature

of the combustion is 1540 K which is below the limit of the temperature for the

rapid formation of NOx. The temperature of the combustion zone is 1200 to

1540 K (Figure 3.4). The inside wall temperature is about 750 to 800 K and the

EGR flow is about 700 to 750 K. The flow of the EGR is below 5 m/s since the

opening of the chamber outlet is 176.6 mm2. The total supply inlet is 486.8 mm2

with the ratio of supply inlet to outlet being 2.8:1. In order to increase the EGR

flow, this opening can be reduced, thereby increasing the EGR ratio. An EGR

ratio of 50 % means half of the flue gas will flow back to the combustion chamber.
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Figure 5: Combustion temperature in the chamber for figure 4(b) 

EGR flow is very important to achieve MILD combustion. Flue gas from the 

EGR will preheat the reactant and dilute the oxygen in the fresh air (Tsuji et al., 2003). 

The oxygen content in the oxidiser will be reduced from 21% to the required level. 

Figure 6 shows the velocity magnitude only showing the range between -5.0 m/s to 5.0 

m/s. The flow magnitudes are the highest at the centre of the chamber and dramatically 

reduce to very low speed far from the centre of the chamber.  

 

Figure 6: Velocity magnitude between -5.0 m/s to 5.0 m/s for figure 4(b) with gas inlet 

at 20 m/s and air inlet at 80 m/s. 

Figure 3.4: Combustion temperature in the chamber for Figure 3.3(b).

The EGR flow is very important to achieve MILD combustion. Flue gas from

the EGR will preheat the reactant and dilute the oxygen in the fresh air (Tsuji

et al., 2003). The oxygen content in the oxidiser will be reduced from 21 % to

the required level. Figure 3.5 shows the velocity magnitude, only showing the

range between −5.0 to 5.0 m/s. The flow magnitudes are highest at the centre

of the chamber and dramatically reduce to very low speeds far from the centre.

These velocity magnitude differences in the flow field will create different pressure

gradients which cause the turbulence in the flow field. The turbulent flow will

distribute the flame heat throughout the combustion chamber and produce a

homogeneous chamber temperature.

There are four air supplies, one at each EGR. Every air supply pipe diameter is

5 mm with 100 m/s air velocity input, which produces total volume flow rate for

the air of 7,850 cm3/s. If air is injected at 100 m/s and the supply pipe diameter

is bigger than 5 mm, then the EGR flow will be in the reverse direction. This

is due to the volume flow rate being higher than the allowed value for the air

nozzle in the combustion chamber. The air will reverse flow through the EGR

pipe, which is an unwanted condition. Figure 3.6 shows the EGR flowing in the

reverse direction. The EGR should flow from upstream to downstream but this

setting make EGR flow in the reverse direction. Each EGR pipe is 379.9 mm2.

The EGR should flow from upstream to downstream and mix with fresh air before

combustion occurs in the chamber. Figure 3.7 shows the correct flow of the EGR.

This flow can be achieved when the air supply is controlled below 100 m/s for a

5 mm air supply pipe.
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The oxygen content in the oxidiser will be reduced from 21% to the required level. 
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Figure 6: Velocity magnitude between -5.0 m/s to 5.0 m/s for figure 4(b) with gas inlet 

at 20 m/s and air inlet at 80 m/s. 
Figure 3.5: Velocity magnitude between −5.0 and 5.0 m/s for Figure 3.3(b) with

gas supply at 20 m/s and air supply at 80 m/s.

3.4.3 Final Model

The open furnace MILD combustion was modelled using the ANSYS design mod-

eller and simulated with the size of 2.2 m height and 0.6 m width (Figure 3.8).

The injection of air and fuel was designed as a bluff-body to help the air-fuel

mixing process. The fuel nozzle was in the middle with a diameter of 1 mm and

an annulus air nozzle around the fuel nozzle with an opening size of 1,570 mm2

(Figure 3.9). The air and fuel supply pipe size ratio for this model is 4:1. The

final EGR is shown in Figure 3.8 with 4 EGR pipes and a 108 mm exhaust pipe

with a vent damper to control the exhaust opening and closing.

The open furnace model was developed and numerically studied using FLUENT

to optimise parameters toward achieving MILD combustion in the chamber. The

chamber design was finalised with four EGR pipes and the downward flow for flue

gas was achieved. The LCV gas used in the study consists of 60 % methane and

40 % carbon dioxide by mole fraction. From the CFD results, the temperature

of the combustion zone is 1200–1500 K and the temperature for the inside wall

of the chamber and EGR pipe flow is about 750–800 K. The flow for the EGR is

below 5 m/s since the opening for the chamber outlet is relatively big: 15 mm in

diameter. This EGR flow rate can be increased by reducing the exhaust flow rate

and increasing the EGR pipe diameters from 11 to 50 mm. The final EGR pipes

are each 50 mm. More details on the burner specification are shown in Table 3.3.

There are two driving forces for EGR: the percentage of vent damper opening for

the exhaust, which encourages flow to be redirected into the EGR inlets; and the

fresh oxidant supply jet near the end of each EGR pipe (on the side injected into

the downstream part of the EGR pipe) which induces flow through the pipes. The
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There are four air inlets, one at each EGR. Every air inlet diameter is 5 mm with 

100 m/s air velocity input. The total volume flow rate for the air is 7850 cm
3
/s.  If air is 

injected at 100 m/s and inlet diameter bigger than 5 mm, then EGR will flow in the 

reverse direction. The increase of inlet diameter or air velocity injected will increase the 

volume flow rate. If volume flow rate for the air inlet is higher than 7850 cm
3
/s, EGR 

will be flow upward instead of flow downward. This is due to the volume flow rate is 

higher than the allowed volume for the air nozzle at the combustion chamber. The air 

will reverse flow at EGR pipe and this is unwanted condition. Figure 7 shows the EGR 

flow in reverse direction. EGR should flow from top to bottom but in the setting make 

EGR flow in the reverse direction. Positive flow rate in Y direction means the flow is 

upward. Each EGR inlet is 379.9 mm
2
 and total four EGR is 1519.8 mm

2
. EGR should 

be flowing from top to bottom and mixed up with fresh air before combustion in the 

chamber. Figure 8 shows the correct flow of EGR. Negative flow rate in Y direction 

means the flow is downward. This flow can be achieved when the air inlet is control 

below 100 m/s for 5 mm air inlet.  

 

Figure 7: Velocity in Y direction between 5.0 m/s to 0.1 m/s for figure 4(b) with gas 

inlet at 40 m/s and air inlet at 120 m/s and EGR is reverse flow. 

 

Figure 3.6: Velocity in Y direction between 0.1 and 5.0 m/s for Figure 3.3 (b) with

gas supply at 40 m/s and air supply at 120 m/s producing reversed flow in EGR.
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Figure 8: Velocity in Y direction between -0.1 m/s to -5.0 m/s for figure 4(b) with gas 

inlet at 20 m/s and air inlet at 80 m/s and EGR is correct flow. 

 

Figure 3.7: Velocity in Y direction between −0.1 and −5.0 m/s for Figure 3.3 (b)

with gas supply at 20 m/s and air supply at 80 m/s producing correct flow in EGR.
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Figure 1. Burner model (a) 3D burner geometry with boundary conditions (b) air and fuel 

nozzle geometry and combustion flow direction 
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Figure 3.8: The geometry and boundary conditions.
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Figure 3.9: Fuel and air nozzle geometry.

flue gas flow through the EGR pipe for the current results is calculated at 35.7 %

with the balance (controlled by a butterfly valve) allowed to flow out through the

exhaust pipe on top of the burner. If the model is symmetrical, the model can

be cut in half (Figure 3.10(b)). The smaller the model, the shorter the modelling

time and CPU resources become less intensive which reduces simulation cost.

The CFD commercial software has successfully been used to develop an open

furnace for MILD combustion. The simulation of MILD combustion achieved the
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Table 3.3: Typical data for furnace and burner in Figure 3.8.

Item Data

Fuel 60 % CH4 + 40 % CO2 by mole fraction

Oxidiser Atmospheric and synthetic air

Fuel supply 1 × 78.5 mm2, 40–100 m/s

Air supply 4 × 78.5 mm2 each, 80–150 m/s each

Bluff-body diameter 40 mm

Chamber size Diameter 600 mm, Height 860 mm

EGR 4 EGRs with 1962 mm2 each inlet

MILD state. The combustion has to be enclosed to collect the exhaust gas which

is utilised to dilute the oxygen in the oxidant stream and, at the same time,

increase the oxidant temperature. Four EGR pipes were added so the exhaust

gas can be mixed with the fresh supply air. The building and development of

the furnace was carried out at the University of Southern Queensland mechanical

workshop. The furnace was equipped with three high-temperature glass windows

to monitor and record the flame propagation.

(a) (b)

Figure 3.10: Design modeller for the MILD furnace (a) full model, (b) half model

axisymmetric at XY-plane model.

3.5 Mesh Generation

The most critical part of the CFD process is model meshing. The mesh is very

important and mesh size is known to influence the accuracy of the simulation

results. Meshing will create a grid of cells or elements on which all the desired

fluid flow equations are to be solved. The size of the grid will have a significant

impact on the computational time and data storage, which together are called the
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Table 3.4: Details of mesh settings with elements and nodes count.

Sizing Mesh grid A Mesh grid B Mesh grid C Mesh grid D

Smoothing High High High High

Transition Slow Slow Slow Slow

Minimum size 0.50 mm 0.25 mm 0.15 mm 0.10 mm

Maximum size 70.0 mm 40.0 mm 20.0 mm 10.0 mm

Elements count 598,255 687,940 897,703 1,192,425

Nodes count 218,751 247,254 302,299 371,167

“cost of the simulations”. The grid also will significantly affect the convergence

speed and the solution accuracy. Coarse grids (few cells) will give a high speed

of convergence but most likely low accuracy, while fine grids will give a low speed

of convergence with high accuracy. Industrial CFD problems normally consist of

large numbers of cells, typically several hundred thousand grid cells (Peters, 2004).

The method of meshing chosen here is tetrahedrons patch conforming with ad-

vanced sizing function of proximity and curvature. The active assembly, fine span

angle centre and fine relevance centre setting were used for all grids. The details of

the settings can be seen in Table 3.4. The smallest, average and largest cell sizes

were 0.2, 4.9 and 10 mm respectively. The three-dimensional image of the mesh

geometry can be seen in Figure 3.11. The grid sizes are non-uniform and a fine

mesh was applied in critical regions. Likewise coarser grids were applied to regions

where the variations in fluid flow are relatively small and far from the boundary.

The mesh element refinement was used at the air supply pipe (Figure 3.12(a)),

fuel supply pipe (Figure 3.12(b)), air and fuel nozzles (Figure 3.13(a)) and inlet

and vent damper at exhaust flow control (Figure 3.13(b)).

Inflation is very important for the near-wall area or boundary layer mesh. The

near-wall was meshed with inflation layers and the nozzle area was meshed with

inflation, body of influence and edge sizing techniques. The meshing process

must be started with a coarse mesh to check the quality of the statistics. The

mesh inflation for the near-wall region was five layers with a growth rate of 20 %

and maximum thickness of 2.0 mm. This layer of the element can be seen in

Figures 3.12 and 3.13.

3.5.1 Meshing Quality

The required qualities to be checked are the skewness and aspect ratio on the

mesh metric and smoothness (change in cell size). The maximum skewness must

be below 0.98 (Fluent, 2006) or the solution will be prone to produce divergence

errors and will not converge as desired. The overall range of skewness is from zero

to one, where the best is zero and worst is one. The skewness value is calculated

based on an equilateral or equiangular shape. For equilateral shapes, the skew-

ness is the optimal cell size minus the actual cell size, normalised by the optimal
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Figure 3.11: Three-dimensional meshing of geometry.

(a) Air supply (b) Fuel supply

Figure 3.12: Meshing for air and fuel supply pipes.

(a) Air and fuel nozzles (b) Exhaust vent damper

Figure 3.13: Fine meshing for critical areas.
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Figure 3.14: Body sizing meshing for body of influence (a) geometry (b) meshing.

cell size. In this simulations the coarse mesh give a maximum skewness of 0.9817,

which is higher than the allowable value. Smaller mesh grids are needed to reduce

the skewness. When the meshing was finalised with fine grids (mesh grid D), the

maximum skewness was lowered to 0.8283. The aspect ratio was calculated by

dividing the longest edge length by the shortest edge length. The best aspect

ratio is 1.0, which means the cell is uniform. The cell shapes are triangle and

quadrilateral for two-dimensional problems and tetrahedron, hexahedron, pyra-

mid wedges and polyhedron for three-dimensional problems. The smoothness or

the change in the cell size must be gradual and not more than 20 % change from

one cell to the next. If there are cells that jump in size, the smoothness will be

very bad and the solution will be hard to converge.

The node and element quantity is very critical since it will affect the final result

and the computational time, which is also the computational cost. The higher

the meshing element, the better the final result will be, but the longer the com-

putational time to complete the simulation. At this point, the acceptable mesh

quality will be the best solution for both an acceptable final result and compu-

tational time. For the fuel supply pipe, the size is very small and needs special

meshing treatment like sweep method, face sizing and edge sizing. Number of

division is selected for the edge sizing technique. The area of the fuel jet mixing

with the air jet needs super-fine mesh and this can be done by using the body

sizing meshing technique. There are three types of body sizing: element size,

sphere of influence and body of influence. For the body of influence, the scope

geometry is the whole body selection and the frozen body needs to be drawn in

the Design Modeller as in Figure 3.14(a). The mesh result for the body of influ-

ence is shown in Figure 3.14(b). The body of influence meshing is very sensitive

and if it is necessary to repeat the process, the frozen body must be removed

before drawing again. For the fuel pipe before the nozzle, the meshing technique

used is mapped face meshing with edge sizing and sweep method. The mesh can

be seen in Figure 3.12(b).
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(d) Mesh grid D

Figure 3.15: Four grids for meshing independence study (cross section X–X is

355 mm above the fuel nozzle).

3.5.2 Meshing Independence Test

In order to simulate and assess the accuracy of the modelling, the grid indepen-

dence study was done on different mesh settings as listed in Table 3.4. Four

different grids (A, B, C and D) were generated to simulate the temperature pro-

files in the combustion chamber. This method can be used to study the mesh

independence test. The same method was used by Wyszynski et al. (2008) and

Mamat (2009) in their mesh independence test analysis. The mesh independence

test can also be studied by plotting the residuals as a function of the number of

elements. The maximum skewness for all grids is below the allowable limit of

0.98. Figure 3.15 shows the different grid sizes. The cross-section of the chamber

marked as X–X axis was generated in the model in Figure 3.15 to compare the

temperature reading along this line.

The temperature distribution was measured at the middle of the chamber and

the result is depicted in Figure 3.16. The result shows that the temperature

profile for grid D is smoother and produces a better temperature distribution

including near the wall. The temperature difference between the maximum and

minimum for each grid can be seen from Figure 3.16 to be 0.47 %, 0.61 %, 0.28 %

and 0.28 % for grids A, B, C and D respectively. This shows that grids C and D

gave small differences compared to grids A and B. The small temperature profile

differences between grids C and D can be seen in the region of 5 mm from the wall.

Figure 3.17 shows the combustion chamber contour of average temperatures. The

majority of both domains are close to the average temperature of the combustion

chamber: for grids C and D the temperature range is 864–866 K and this shows
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Figure 3.16: Temperature distribution for X–X axis for grids A, B, C and D.

that the temperature was almost identical. From the above results, grid D shows

better results, so it was chosen to be used for the rest of the simulation study.

3.6 Location of Spark Ignition

The location of the ignition in the experimental work was very important to

ensure the ignition was always successful. Ignition is required to start the flame.

Simulations were conducted to locate the best position for the ignition point

(Figure 3.18) and therefore informed the experimental design. Figure 3.19(b)

shows the flame re-circulation zones on the schematic bluff-body burner diagram.

There are three zones in the flame schematic diagram: flame recirculation, flame

neck and flame jet zone. The flame recirculation zone was from the flame base

up to x/D = 0.50, the flame neck was located at x/D between 0.50 and 2.50 and

the flame jet zone was after x/D = 2.50. The fuel and air mean exit velocities

are 75 m/s and 5 m/s respectively.

From the analysis of Figure 3.18, it can be seen that two vortices exist in the

recirculation zone (Dally et al., 1998). The recirculation zones can be categorised

as inner recirculation zone (IRZ) and outer recirculation zone (ORZ), as shown

in Figure 3.19(b). The IRZ formed in between the air and fuel jet flows of the

bluff-body burner and the ORZ formed outside the annulus air flow. The IRZ

was formed due to the bluff-body of the burner and created a swirl flow around

the air and fuel nozzles. The IRZ was formed as two circles of different sizes and

its centre where the velocity is zero was detected at x/D = 0.25 and r/D = 0.25.

These two zones were separated by air co-flow and this phenomenon can be seen

in Figures 3.19(b) and 3.18(c).

The recirculation of the mixture of fuel and air was important because that

process created the turbulent flow of the mixture which enhanced the mixing
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(a) Mesh grid A (b) Mesh grid B

(c) Mesh grid C (d) Mesh grid D

Figure 3.17: Contours of chamber temperature.

(a) (b) (c)

Figure 3.18: Contour of velocity magnitude (a) total velocity magnitude from 0 to

5.0 m/s (b) contour of Y velocity for 0 to 3.0 m/s, (c) contour of Y velocity for -3.0

to 0 m/s.
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(a) (b)

Figure 3.19: Schematic diagrams for bluff-body burner, a) flame flow field with

central fuel jet and annulus air co-flow, b) flow re-circulation zones.

process. The recirculation zone also created the zone centre, of which velocity

was almost zero, and created a stable flow profile for stable flame propagation.

The intensity of the IRZ is higher than that of the ORZ because the IRZ is

the recirculation formed in between the fuel and air jet flows. One cause of the

higher intensity is the fuel jet velocity being much higher than the air jet velocity

(Figure 3.18(a)). In addition, the IRZ is contained in a small volume within the

air jet and has two vortices due to having jets on both sides (Figure 3.19(b)), while

the ORZ occupies a bigger volume with a single vortex due to only one side having

a jet. Many researchers (Mastorakos, 2009; Triantafyllidis et al., 2009; Neophytou

et al., 2012) concluded that the best location for ignition was in the centre of the

inner recirculation zone where the recirculation velocity is almost zero. This

is important to ensure the spark energy supplied by the tungsten rod was not

flushed away, thereby giving sufficient time for the spark energy to ignite the

mixture of fuel and oxidant. The development of the ignition system was based
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Figure 3.20: Temperature of normal combustion for 3 m/s of methane and 10 m/s

of atmospheric air.

on this simulation and more detail about the development and instrumentation

is reported in Section 4.2.5.

3.7 Combustion Temperature

The chamber’s temperature distribution was discussed for the case of the combus-

tion parameters and furnace geometries as summarised in Table 3.3. The mod-

elling achieved MILD condition because the temperature range was very small

and met the MILD regime specifications. The temperature distribution in the

chamber was 855–866 K as shown in Figures 3.16 and 3.17. The chamber temper-

ature will not achieve MILD state if the overall inlet and chamber condition are

not in the regime favourable to MILD combustion. The chamber temperature for

a case that did not achieve MILD combustion is shown in Figure 3.20.

The temperature distribution in the chamber was 620–939 K and the range was

outside of the MILD regime specifications due to high excess oxygen supply from

the high volume of atmospheric air compared to fuel supply (high air-fuel ratio).

This condition will produce normal combustion and not the MILD combustion

regime. Figure 3.21 shows that the furnace is open on the top with the streamline

flows from air supply pipe to the exhaust opening. Figure 3.21(a) shows the

oxidant flows smoothly from the supply inlet to the exhaust opening. This was

supported by Figure 3.21(b) that shows the velocity magnitude for the flow.

In this case, the combustion products predominantly flow smoothly out from

the furnace with very low flow going into the EGR pipe, therefore the requisite

preheating of the reactants to produce MILD conditions does not occur.
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(a) Reactant flow (b) Velocity magnitude

Figure 3.21: The flow inside the combustion chamber for the condition of Fig-

ure 3.20.

3.8 Summary

In this chapter, the CFD simulation for the MILD combustion was discussed. All

the CFD work was done in three-dimensional simulations. The discussion in this

chapter focussed on the chamber design and development. The development of

the configuration and parameters underwent a number of iterations to optimise

the model and air-fuel supply ratio. The modelling of MILD combustion using

CFD has been extensively conducted over the last few decades on different burners

and furnace scales (such as laboratory and industrial scales). Most of the furnaces

use geometries that are fully closed with a very small opening for exhaust. This

design allows the internal recirculation to preheat and dilute the oxygen. This

research takes a different strategy of open-top furnace and an external EGR. The

study is to evaluate the effect of the external EGR to preheat and dilute the

oxygen in oxidant stream and achieve the MILD condition.



Chapter 4

Experimental Methodology

The chapter presents the experimental setup and methodology to validate the

numerical model. The experimental test rig consists of a combustion chamber,

burner, fuel and oxidant supply system, measurement and instrumentation, which

will be described in this chapter. The second phase of this chapter describes

the experimental methodology, standard operating procedures and experimental

parameters.

4.1 Introduction

The experimental work has been conducted to examine the combustion behaviour,

flame characteristics, exhaust gas emissions and chamber temperatures. The

oxygen in the secondary inlet is diluted by external EGR. The experimental re-

sults have been used to validate the CFD simulation results. A newly developed

laboratory-scale open furnace together with a fuel supply and measurement sys-

tem was use for the experimental work. The experimental work was conducted

using methane and biogas to investigate the burner’s capability to use LCV gas.

The setup of the MILD combustion system consists of a combustion chamber and

burner, a fuel and air supply, and a data acquisition system. Cylinders were used

for CH4, CO2, O2 and N2, where CO2 was blended with CH4 to produce synthetic

biogas, while O2 and N2 were mixed to make synthetic air for the oxidant.

4.2 Experimental Setup

The MILD burner can be divided into the combustion chamber, burner, EGR

system, exhaust and ignition system. The overall MILD combustion burner ex-

perimental setup and its apparatus is presented in Figure 4.1. The combustion

chamber was fabricated in-house with a fuel and oxidant supply system (gas con-

trol panel). The burner geometry is axisymmetric. The air and fuel supply will

be discussed in more detail in Section 4.2.2. The fuel supply either pure methane

or methane mixed with carbon dioxide. The burner is capable of operating in
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premixed, partially-premixed and non-premixed mode by virtue of a control up-

stream of the burner. The experimental parameters namely air and fuel supply

volume flow rate, are considered based on the desired λ and EGR opening amount

to dilute oxygen and preheat the reactants. The oxygen in the oxidant supply

stream was diluted with the EGR and the reactant temperature increased.

The air and fuel supply velocity at the nozzle is designed to induce proper reactant

mixing before the combustion takes place. The primary air is inducted by the fuel

stream in the inlet fuel supply, upstream of the burner. At this stage, the fuel jet

and primary air turbulent mixing occurred and the mixed reactant flowed through

the fuel supply pipe to the burner head where the combustion took place. The

burner also has an additional oxidant supplied through the secondary supply pipe.

This configuration makes the burner operate in partially premixed combustion

mode. The secondary oxidant supply system is presented in Figure 4.2. It has

an air, oxygen and nitrogen supply inlet to the mixing plenum. The output from

the mixing plenum is split into four, with each supplying an EGR pipe through

the side (the secondary oxidant supply). The percentages of the air, oxygen and

nitrogen are determined by the required λ value. This secondary oxidant supply
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Figure 4.1: Combustion chamber with installed thermocouples, pressure transduc-

ers, oxidant and gas supply system, ignition system, and air heating element.
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can be preheated by an air heating element that is installed for the oxidant

preheating experiments.

In an open burner, the greatest challenge is to achieve the required oxygen dilution

conditions. Therefore, the strategy is to dilute oxygen by use of an external

EGR technique. The importance of diluting reactants for MILD combustion

was supported by Dally and Peters (2007) and Medwell et al. (2008). Dally

et al. (2002) concluded that by increasing the oxidant’s dilution, it can increase

the flame volume and lower the intensity of the reaction. The purpose of the

enclosed chamber is to capture the exhaust gas to be used as EGR. The exhaust

gas will flow out through the exhaust chimney located at the top of the furnace

and controlled by the vent damper (Figure 4.3). The vent damper is made from

the same steel as the furnace wall and can withstand temperatures up to about

1,700 K. The setup with an external EGR pipe also allowed the products to be

mixed with the reactants outside the combustion chamber. Therefore, this setup

is considered to be an open burner. The combustion chamber has been enclosed

to ensure the flame has a well-defined boundary wall to avoid additional air

entrainment and to maintain a high temperature within the chamber to support

MILD combustion. Three clear, high-temperature glass windows were installed

to have optical access into the chamber (Figure 4.4). These windows are designed

to study the flame behaviour and for image capturing.

The fuel self-ignition temperature for methane is 873 K (Robinson and Smith,

1984) and for biogas is 923 K (Seadi et al., 2008; Nathan et al., 2010). The

ignition of biogas is 50 K higher than methane due to the high content of carbon

dioxide that acted as the diluent to the fuel. The lower calorific value of the

biogas compared to methane makes the biogas fuel harder to ignite. A higher

reactant temperature compared to the fuel self-ignition temperature is required

to achieve MILD conditions. When this condition is achieved, the combustion

will be stable without the possibility of having flame blow-off. The flame is

moved toward a MILD combustion regime when the lower oxygen mole fraction

is realised and the ambient conditions inside the chamber are at a high enough 
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Figure 4.3: Exhaust and EGR vent damper to control exhaust gas flow rate.

temperature to support MILD combustion. Otherwise, if the reactant does not

meet the requirement, then either the EGR ratio needs to increase or the fresh

air supply needs to be preheated using an external air heater. The preheating of

the oxidant supply stream will help the reactant combustion to achieve the MILD

regime and reduces the environmental pollutants by keeping the temperature high

to ensure the reaction path processes to complete combustion.

4.2.1 Combustion Chamber

The first consideration when designing the combustion chamber is that it must be

open at the top, yet enclosed to capture and utilise the exhaust gas. The chamber

must be large enough to ensure that the enclosed wall functions as an exhaust gas

collector for EGR, but does not function as a closed combustion chamber. The

total volume of the combustion chamber is 0.33 m3. The top opening is to release

a percentage of the exhaust gas while recirculating the majority of the exhaust

gas to dilute the oxygen in the incoming secondary oxidant supply (atmospheric

air or synthetic air which is the mixing of oxygen and nitrogen).
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After finalising the pre-design, simulations were undertaken on the ignition loca-

tion, air-fuel supply ratio and other parametric studies. The MILD combustion

parametric study was undertaken using biogas for various combinations of oxi-

dant mole fraction and fuel supply volumes. The gas supply volume flow rate

was controlled by flow meters that were mounted on the gas control panel (Fig-

ure 4.5). The gas control panel was designed to regulate the flow of each gas and

mix these gases downstream. For further detail on the gas control panel, refer to

Appendix F.

4.2.2 Gas Burner

The original design of the burner consisted of a 1.0 mm fuel nozzle and sur-

rounding oxidant inlet jet formed by a 40.0 mm diameter bluff-body encircled

by a 20 mm annular gap. When attempting to ignite and sustain with a fully

non-premixed combustion flame, it was unsuccessful due to poor air-fuel mixing

in the reaction region. It was subsequently decided to change the nozzle from

1.0 mm fuel nozzle to a standard commercial premixed air inspirator type gas

burner (ASC, 2013) while maintaining the oxidant/EGR annular nozzle. The

nozzle was changed to ensure a more positive ignition and stable combustion,

which is summarised in Table 4.1.

The standard gas furnace air inspirator type burner model LK15 was used in

the experiment (ASC, 2013). The burner has a 7.5 mm inner nozzle diameter,

Table 4.1: Summary of the changes for burner nozzle section.

Item Original burner Modified burner

Fuel nozzle 1.0 mm 7.5 mm

Fuel supply 10 mm 12.7 mm

Refuel 6,100–11,100 1,800–2,800

Oxidant/EGR nozzle annular 40/60 mm annular 27.5/60 mm

Oxidant supply 4 × 10 mm 4 × 10 mm
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21.0 mm outer nozzle diameter and 27 mm external nozzle head diameter. The

fuel nozzle was selected as it has flame retention by-pass jets set around the

inner nozzle for flame stabilization (ASC, 2013). The bypass ports used to re-

light the main flame in the event of flame blow-out. The schematic drawing for

the industrial retention burner is presented in Figure 4.6. The fuel nozzle for

the standard commercial premixed air inspirator type gas burner is presented in

Figure 4.7. The location of the fuel nozzle is at the bottom of the schematic

diagram as shown in Figure 4.8. The aperture of the gas nozzle at the primary

mixing location (near the burner holder) is 0.75 mm. The Reynolds number for

the fuel jet is 18,708 when 10.82 L/min fuel is injected through the nozzle, thereby

providing a turbulent mixing process of the inlet primary air with the gas stream.

The vertical pipe connected to the fuel nozzle to the downstream burner head

has a 12.7 mm inner pipe diameter and a 21 mm outer diameter. This burner,

also called the half-inch burner, is shown in Figure 4.9.

The maximum burner capacity is 20 MJ/hr for a propane gas supply at the pres-

sure of 100 kPa. When methane is used, the heating capacity is estimated to be

7.8 MJ/hr (2.2 kW). The detailed calculation for the furnace heating capacity can

be seen in Appendix A. The burner consists of a burner head (Figure 4.9) and air

fuel venturi (Figure 4.10a) for the reactant premixing process. The fuel supply

was controlled by the pressure regulator (Figure 4.10b) and the primary air flow

rate was controlled by an air inspirator adjustment valve.

4.2.3 Air/Fuel Nozzle

In this study, the air/fuel nozzle at the centre of the burner nozzle with a diameter

of 21.0 mm was surrounded by an annular secondary air nozzle with an inner

diameter (Di) of 27 mm and an outer diameter of 60 mm. The air/fuel nozzle is

designed to ensure the proper mixing process of the fuel and oxidant by including

small recirculation by-pass jets in the mixing zone. The motivation of this design

(a) Plan view (b) Side view of bypass ports

Figure 4.6: Industrial premixed burner includes flame retention with air-fuel mix-

ture provided upstream (NAMC, 1952; Turns, 2006).
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Figure 4.10: Fuel nozzle and gas supply pressure regulator.

was to ensure a stable flame propagation (Dally et al., 1998). A small recirculation

zone of reactant mixing can be achieved at the outer rim of the fuel burner. The

schematic diagram for the air/fuel nozzle is shown in Figure 4.8. The volume of

primary air supply is manually controlled by the air inspirator adjustment valve.

There is zero primary air supply when this valve is completely closed.

Tang et al. (2011) conducted a numerical study to evaluate the effect of the

recirculated exhaust gas on the MILD combustion. Their results showed that the

recirculated gas effectively reduced the oxygen concentration in the combustion

air. An experimental study by Galletti et al. (2007) concluded that reducing

the air inlet area increased the jet momentum and enhanced the mixing of the

reactants. The increase in the entrainment of the reactant jet and exhaust gas

increased the uniformity of the furnace temperature, hence reducing the peak

temperature of the reaction, resulting in reduced NOx emissions.

Effugi et al. (2008) and Derudi et al. (2007b) showed that MILD combustion of

biogas with a low calorific value can be achieved under the condition of high

recirculation rate at Kv > 5.0 and high furnace temperatures over 800◦C. It has
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been found that the reactant relative velocity has a strong influence on turbulent

mixing to produce complete homogeneity of reactants prior to combustion. This

turbulent mixing was affected by the design of the bluff-body nozzle and the

homogeneity will effect the combustion temperature.

4.2.4 Exhaust Gas Recirculation System

EGR is one of the key factors for this experimental work and plays an important

role in achieving MILD combustion mode. In this burner, the EGR pipes are

outside the chamber to study the effect of external EGR to preheat the oxidant

and dilute the oxygen mole fraction in the oxidant. The dilution ratio is controlled

in the EGR flow using the vent dampers installed on the exhaust pipe and EGR

pipes. The percentage of EGR is related to the outflow from the furnace, which

is controlled by the percentage of vent damper opening. The volume flow rate of

EGR and fresh air was used to determine the dilution ratio of the system. The

total exhaust gas out from the system must be equal to the total quantity of fresh

air and fuel supplied to the system.

The dilution ratio is measured when the combustion is in steady state and has

achieved MILD state. The minimum dilution ratio to achieve MILD combus-

tion was measured at 2.5. The dilution ratio was measured using the mixing

of EGR flow rate, secondary air supply flow rate, air fuel supply through the

fuel supply pipe and the lambda meter to determine the oxygen content in the

exhaust gas. The temperature of MILD steady state combustion should agree

with the temperatures found in Table 2.1. The MILD combustion key control

strategy is the heating requirement by the furnace. The requirement for the dilu-

tion ratio is controlled by controlling the EGR, fresh air and fuel supply stream.

Fuel consumption and output energy are the key to measuring the efficiency of

the system. Figure 2.14 shows the theoretical comparison of combustion with

and without EGR. The same amount of fuel input to the system produce 37.4 %

efficiency for the system without EGR and 72.4 % for the system with EGR.

This comparison shows that EGR is a very effective factor to reduce the fuel

consumption and increase the combustion efficiency.

4.2.5 Ignition System

Ignition is one of the most important elements of combustion. There are two

types of ignition processes: auto-ignition and assisted ignition. In the former, the

mixture of fuel and oxidant ignite when the temperature of the mixture is higher

than the fuel auto ignition point. The auto-ignition point for the fuel with a hot

oxidant stream is likely to occur at lean conditions (Echekki and Chen, 2003) and

at the location of the most reactive mixture of fuel and oxidant (Mastorakos et al.,

1997; Abtahizadeh et al., 2012). For assisted ignition, a heat source (normally

from a spark) is applied to the fuel and oxidant mixture. The simple, reliable

and low-cost ignition for a gas turbine is through either spark or arc discharge
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(Lefebvre and Balla, 2010). Similarly for a gas chamber, spark ignition is the

most suitable to ignite the mixture. Ahmed and Mastorakos (2010) found that

ignition for non-premixed combustion (diffusion flame) was not well studied and

carried out numerical and experimental investigations on the correlation of spark

ignition with the local instantaneous mixture fraction in a turbulent non-premixed

methane jet.

The location of ignition and the ignition energy is very important for reliable

ignition. The simulation study for the ignition location was described in detail

in Section 3.6. The spark ignition system used in this experimental work is

an inductive ignition system (Techrite AGA6953) to produce a repeatable spark

which, together with the transformer Techrite Codice 1820, was used to increase

the spark voltage (Techrite, 2014). The flame detection system in this system was

controlled by a Siemens Landis Gyr model LGB21 350(A27) (Siemens, 2014). The

Siemens Landis control box was installed due to the weak voltage detected (under

voltage) when the methane and biogas fuel was ignited. Without this control box,

the flame detection system did not detect the flame and shut off the gas supply.

The details of the spark ignition system can be seen in Appendix B.

Figure 4.11 shows the overall ignition system including the continuous pulse igni-

tion, which continued for a five-second period, and the gas safety interlock system.

The interlock system consists of a flame detection probe that automatically shuts

off the supply of fuel if a “flame out” condition is detected. In this study, a

3.0 mm diameter ignition electrode was used with the air gap set at 2.0 mm. The

flame detection probe senses the flame and sends the signal to the Techrite igni-

tion box. During the ignition process, the ignition box shuts the gas supply off by

closing the solenoid operated gas interlock valve when the mixture fails to ignite

and no flame appears within five seconds. The burner requires grounding for the

ignition loop circuit. The burner head and the grounding cable for the ignition

system can be seen in Figure 4.12.

4.2.6 Gas Supply System

The gases installed for this experimental work were CH4, CO2, O2 and N2 which

were commercially supplied using gas cylinders from Air Liquide Australia. Ta-

ble 4.2 shows the purity of the gases used in the experiment were between

99.80 % and 99.95 % except for oxygen where the purity was more than 99.50 %

(Airliquide, 2012). More details about the gas supply system can be seen in

Appendix F. The normal air for the experiment was supplied by an internal air

compressor. To ensure the quality of the air supply, the air was filtered by a

0.5 micron filter to remove particulate matter. A water trap was installed to re-

move the water content in the air. The air was not fully dried but this is assumed

not to have any effect on this experiment. Medwell (2007) in his experiment

confirmed that the humidity condition did not affect his experimental work.
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Figure 4.11: Flame safety interlock and ignition system.

Table 4.2: The purity of the supplied gas (Airliquide, 2012).

Gas Gas purity

Methane, CH4 99.95 %

Oxygen, O2 99.50 %

Nitrogen, N2 99.90 %

Carbon dioxide, CO2 99.80 %
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Figure 4.12: Burner head ignition grounding wire.

Table 4.3: Gas density, specific gravity and correction factor to determine the gas

flow rate (Dwyer, 2013).

Gas Gas density (kg/m3) Specific gravity Correction factor

Air 1.205 1.000 1.000

Methane 0.668 0.554 1.343

Oxygen 1.331 1.105 0.951

Nitrogen 1.165 0.967 1.017

Carbon dioxide 1.842 1.529 0.809

There are five supply inlets to the burner: one for fuel and four for oxidant.

For the fuel stream, CH4 and CO2 are mixed to produce a synthetic mixture of

biogas. The flow meters (rotameters) were installed to measure the gas flow rate

for each gas line, including compressed air. The flow meters were made by Dwyer

Industries. The model used for the CH4, CO2 and O2 was RMA-21-SSV which has

a flow rate between 1 and 10 L/min (accuracy: ±4 % of full scale). RMB-55-SSV

19 to 190 L/min (accuracy: ±3 % of full scale) was used for N2 and compressed

air. The gas supply flow meter needs to apply a gas flow rate correction factor

due to the flow meter being designed for air. The flow rate factor was calculated

based on the gas properties. A summary of the flow rate correction factors can

be seen in Table 4.3. The gas correction factor can be calculate by using the

equation below.

Q2 = Q1 ×
√

(1/SG) (4.1)

where Q2 is the corrected gas flow rate, Q1 is the flow meter reading flow rate and

SG is the specific gravity of the measured gas. The details od the gas correction

factor can be found in Appendix F.

The methane and carbon dioxide flow meter measurement has been validated us-

ing a manual water displacement method, as shown in Figure 4.13. The gas flow

through the pipe displaced the water in the 2.0 L volumetric measuring cylinder

and the duration for the water displacement was recorded. The measurement

was repeated three times to ensure the accuracy of the measurement. The mea-
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Figure 4.13: The displacement method to measure the carbon dioxide flow rate.

surement is shown in Table 4.4. The flow meters are factory calibrated for air

and the correction factor is applied to the other gases used (Dwyer, 2013). At

the temperature of 293.15 K and pressure of 101.325 kPa, the specific gravity for

methane and carbon dioxide is 0.554 and 1.529 respectively. The correction factor

for methane is 1.343, while for carbon dioxide it is 0.809 (Table 4.3). The average

for the measurement (Table 4.4) of water displacement for methane and carbon

dioxide is 3.85 and 3.97 seconds respectively and the measurement error is 0.7 %

and 0.8 % respectively. The flow rate for 15.32 L/min (20 kPa) of methane and

carbon dioxide is measured at 16.1 and 26.4 L/min respectively by flow meters

and, when the correction factor is applied, the real flow is 21.6 and 21.4 L/min

respectively. For air, the average of 3.60 seconds is used to displace 1400 mL of

water. This is 23.4 L/min compared to the flow meter reading 23.6 l/min with an

error of 1 %.

Table 4.4: Time taken (second) to displace the volume of 1,400 mL of water for

15.32 L/min (20 kPa) of methane and carbon dioxide and 23.6 L/min of air.

Description Data 1 Data 2 Data 3

Methane 3.85 3.88 3.82

Carbon dioxide 3.95 3.97 3.98

Air 3.60 3.58 3.62

4.2.7 Air Heating Element

The heating element was installed in the oxidant supply pipe line. The secondary

air supply was preheated by an air heater Flow Torch 200 (FT200) (Figure 4.14)

made by Tutco Farnam (Farnam, 2012). The air was heated in a 50.8 mm internal

diameter pipe and has two built-in K-type thermocouples. The heater consists of

an open coil spiral-wound element which provides quick heat-up and cool-down



4.2 Experimental Setup 77

cycles with maximum heat transfer. The Flow Torch 200 is capable of operation

with airflow of up to 115 SCFM (3,256 L/min), a maximum operating pressure of

120 PSI and maximum output temperature of 673 K. The specifications for the

FT200 heater can be seen in Appendix B. The heater and the EGR pipe were

wrapped with heat shield exhaust wrapping 302050P (two inches wide) and the

copper pipe after the distribution plenum was wrapped using heat-shield exhaust

wrapping 301050P (one inch wide) that can withstand maximum heat of 635 K.

This is to minimise the heat loss for the heater through the heater wall, the EGR

gas through the EGR pipe wall and the heated oxidant through the copper pipe

wall. A test was conducted to check the heating element temperature reached

a steady condition when the heater was set to maximum. The heating element

was set at 673 K with 47.2 L/min of secondary air and the heater temperature is

recorded in Figure 4.15. The heating element took 50 seconds to reach the setting

temperature and 130 seconds to reach the steady-state temperature.

4.2.8 Exhaust Gas Extraction System

The exhaust gas flows out of the combustion chamber through the installed ex-

haust gas extraction system. The system consists of an electrical motor acting as

an exhaust blower and exhaust ducting which uses the 240 V, 0.72 kW exhaust
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Figure 4.14: Air heating element installation.
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Figure 4.15: The duration of heating element to reach steady maximum tempera-

ture.

Table 4.5: Exhaust extraction flow rate measurement using Testo 417 digital

anemometer.

Description Data 1 Data 2 Data 3

Exhaust velocity (m/s) 5.47 5.53 5.51

Exhaust volume flow rate (m3/s) 0.0501 0.0506 0.0505

Pressure (Pa) 13.50 13.75 13.70

blower AM80ZAA2 made by Lafert Industries. The velocity for the exhaust gas

was measured three times and recorded in Table 4.5. The exhaust volume flow

rate is 0.0504 m3/s with suction pressure of 13.7 Pa.

4.3 Experimental Instrumentation

The instrumentation used to measure the experimental data are thermocouples,

gas analysers, a lambda sensor, pressure transducers and a digital camera. Except

for the digital camera, all the other sensors are connected to the data acquisition

system and logged on a computer through a USB link. All the instruments used

in the experimental work are described in the following section.

4.3.1 Thermocouples

Thermocouples made by TC Direct (TCDirect, 2012) were used to measure the

temperature at 42 different locations including the main chamber, chamber wall,

EGR pipe, exhaust pipe, air heater and mixing cone. One thermocouple was

used to measure the combustion room ambient temperature (Table 4.6). In this

experiment, the laboratory was equipped with a National Instruments compact

Data Acquisition (NI cDAQ) system and LabVIEW software (NI, 2012a). The

temperature was measured using R-type and K-type thermocouples which were
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Table 4.6: Location of thermocouples installation.

Location Quantity

Combustion chamber 21

EGR pipe 14

Exhaust pipe 3

Mixing cone 1

Air heating element 2

Room temperature 1

Total 42

Table 4.7: Mean, standard deviation and standard error for sample of K-type

thermocouple used.

Sensor no. 1 2 3 4 5 6

Mean 292.8 292.9 292.5 293.0 293.0 293.0

Std Deviation 0.0168 0.0135 0.0832 0.0191 0.0210 0.0223

Std Error 0.0008 0.0007 0.0042 0.0010 0.0011 0.0011

connected to NI modules plugged into the back panel of the NI cDAQ unit.

In the experiments, the R-type thermocouples were used to measure the flame

temperature and K-type were for the lower temperature regions such as the pre-

heated air inlet (Tsuji et al., 2003; Verssimo et al., 2012). Thermocouple specifi-

cations is presented in Appendix B. Figure 4.16 shows the location of the thermo-

couples and sensors on the test furnace. The measurement was displayed using

a LabVIEW Graphical User Interface (GUI) and recorded in the format of an

Excel spreadsheet. The data is collected using an NI cDAQ 9178 chassis with

a number of signal conditioning amplifiers and Analogue to Digital Conversion

(ADC) modules.

The R-type thermocouples were used for the main chamber temperature measure-

ment since they can withstand temperatures up to 2,040 K. K-type thermocouples

that can withstand temperatures up to 1,645 K were used to measure the tem-

perature of the exhaust gas at the exhaust gas pipe on the top of the chamber

and the EGR pipe. Sample readings of ambient temperature K-type and R-type

thermocouples were taken and are summarised in Tables 4.7 and 4.8 respectively.

The thermocouples are subject to reading errors arising from heat losses due to

conduction and radiation (Sato et al., 1975; Vishkanta and Menguc, 1987; Heitor

and Moreira, 1993). The purpose was to test the thermocouples’ reading error.

The temperature readings were recorded for ten minutes and analysed statisti-

cally. It can be seen that the maximum value of standard error for the K-type

and R-type thermocouples are 0.0042 K and 0.0198 K respectively. The result

of standard deviation and standard error values indicate that the thermocouple

readings are very reliable.
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Figure 4.16: The location of measuring sensors: thermocouples, pressure transduc-

ers and gas analyser sampling probe. H are observation windows, sensor 1 is R-type

thermocouple, sensors 2 to 12,T,W,R,E,M and K are K-type thermocouples, G are

gas analysers, L is lambda sensor and P are pressure transducers.
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Table 4.8: Mean, standard deviation and standard error for sample of R-type

thermocouple used.

Sensor no. 1 2 3 4 5 6

Mean 293.1 292.7 292.6 293.0 292.6 293.2

Std Deviation 0.0643 0.1917 0.1907 0.0637 0.1993 0.3961

Std Error 0.0032 0.0096 0.0095 0.0032 0.0100 0.0198
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Figure 4.17: Gas analyser used to measure exhaust gas compositions. (a) CODA

gas analyser. (b) sampling probe.

4.3.2 Gas Analyser

Exhaust gas emissions is one of the most important results from this study. The

exhaust gas emissions including combustion by-products has been measured at

the exhaust pipe and the EGR pipe using a gas analyser. A CODA gas analyser

(Figure 4.17) has been used to measure and record the exhaust gas emissions

(CODA, 2012). The gas analyser is equipped with electrochemical sensors for

CO, UHC, NOx, CO2, O2 and H2O (water vapour). This device can accurately

measure the following gases: O2, CO2, HC, CO and NOx and is consistent with

OIML, EPA and ASM standards (detailed specifications can be found in Ap-

pendix B). The gas analyser was connected to a laptop computer to record the

data. The gas analyser operating ranges and accuracy are shown in Table 4.9.

Prior to the test, the gas analyser was subjected to maintenance and calibration

by the manufacturer and daily standard calibrations were undertaken.

Table 4.9: CODA gas analyser measurement accuracy (CODA, 2012).

Gases Range Accuracy Accuracy

CO
0–10 %

±0.02 % abs
±3 %

10.01–15 % ±5 %

CO2
0–16 %

±0.3 % abs
±3 %

16.01–20 % ±5 %

NOx
0–4000 ppm

±20 ppm abs
±3 %

4001–5000 ppm ±5 %

O2 0–25 % ±0.1 % abs ±5 %
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The position of the installed exhaust gas sampling probe was guided by European

Standards (Directive 1999/96/EC, 1999). The sampling positions are required to

be at a location where the temperature of the exhaust gas is not less than 70◦C

(343 K). For the exhaust gas pipe, the gas was sampled at 1.0 m away from the

exhaust exit point (Figure 4.18). This is due to the comparison study of the

exhaust gas composition for the exhaust pipe and EGR pipes at the downstream

of the EGR pipes. The downstream of the EGR pipes is also far away (about

1.8 m) from the exhaust gas exit point. This was to ensure the chemical reactions

were fully completed before the gas composition was measured. For the gas

analyser measurement accuracy, refer to Appendix B. The accuracy of the data

measurement is between ±3 % and ±5 %, depending on the level of the detected

gas measured.
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Figure 4.18: Gas analyser sampling location. (a) exhaust gas ducting with ther-

mocouple (left) and exhaust gas sampling (right). (b) EGR pipe with exhaust gas

sampling (left) and lambda sensor (right).

4.3.3 Lambda Sensor

Lambda values were measured using a MoTeC Professional Lambda Meter (PLM).

The PLM accurately measures the exhaust gas mixture over a wide range of op-

erating conditions, regardless of the type of fuel being used, with a fast response

time. The operating range is between 0.7 ≤ λ ≤ 32.0 with an accuracy of ±1.5 %

(MoTeC, 2013). The sensor has been factory calibrated with a trimming resistor

embedded in the sensor connector. The oxygen measurement after the mixing

process of the EGR and fresh supply oxidant was measured by the lambda sensor.

The PLM sensor is shown in Figure 4.19. The actual AFR was calculated from

the air flow rate divided by the fuel flow rate. The λ value from the PLM sensor

and calculated λ value were found to be in close agreement. Thus, the PLM λ

values are considered in this study.

4.3.4 Pressure Transducers

The measurement of the pressure is part of the furnace’s normal operating pro-

cedures. There are two standard commercial pressure transducers WIKA A10
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Figure 4.19: MoTec Profesional Lambda Meter (PLM) sensor and data display

(MoTeC, 2013).

(Wika, 2012) at the range of 0 to 1 bar (100 kPa). The published accuracy is

0.25 % installed to measure two pressure points and calculate the flow rate. This

technique was used to calculate the EGR flow rate. EGR pipe number four was

used to measure the two pressure points and the temperature (Figure 4.20). At

both locations, pressure and temperature readings were recorded on the NI data

logger. The distance between the two pressure gauges is 1.1 m. The pressure

transducers were calibrated to ensure the pressure measurement was accurate.

The calibration for pressure transducers was done using a Budenberg 380 dead

weight tester and multimeter was used to check the voltage as shown in Fig-

ure 4.21.

The calibration process was used to measure the correlation between applied

pressure and output voltage. The original output of 4 mA for 0 bar to 20 mA

for 1.0 bar has been converted to 1.0 V and 5.0 V respectively by installing 250 
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Figure 4.20: The location of two pressure transducers separated by 1.1 m.
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(a) Calibration in progress. (b) Voltage checking by multimeter.

Figure 4.21: Pressure transducer calibration using Budenberg 380 dead weight

tester.

Ω resistors. The output was then measured by using a multimeter during the

calibration, which is summarised in Table 4.10. The average pressure readings

errors are acceptable for both Sensors 1 and 2, which are 0.33 % and 0.27 %

respectively. The applied weight and the voltage signal correlation summarised

in Equations 4.2 and 4.3 were later used in the LabVIEW scale factor to measure

pressure in bars. The correlation between the voltage signal and the pressure is

given in Figure 4.22. The values of the coefficient of determination (R2) for both

pressure transducers are 1.0 which shows that the linear relationship between

pressure and current is very accurate. For pressure transducer 1:

Pressure = 0.0627(Current)− 0.2524 (4.2)

For pressure transducer 2:

Pressure = 0.0626(Current)− 0.2517 (4.3)

4.3.5 Data Acquisition System

The data acquisition system consists of two computers as the data recorder, in-

terface module and sensors. The first computer was for temperature and pressure

Table 4.10: Pressure transducers calibration.

Pressure 0 bar 0.25 bar 0.5 bar 0.75 bar 1.0 bar

Sensor 1 4.025 mA 8.034 mA 12.029 mA 16.038 mA 19.973 mA

Sensor 2 4.021 mA 8.029 mA 12.021 mA 16.033 mA 19.983 mA
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Figure 4.22: The relation of current (ampere) and pressure (bar) for pressure

transducer. The pressure transducer range is from 0 to 1.0 bar
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Figure 4.23: Thermocouples and pressure transducers connected to NI cDAQ card.

measurement connected through the National Instrument module (Figure 4.23).

The second computer was used to run the CODA gas analyser using compatible

software packages provided by the maker. The National Instruments LabVIEW

software (NI, 2012a) was used to program and record the data from all the ther-

mocouples and pressure transducers. Figure 4.24 shows the LabVIEW graphical

user interface to display and record the data. The program was interfaced through

the NI cDAQ drivers and NI 9178 module connected through USB to the com-

puter. The NI 9178 module was coupled with two NI 9213 modules and three sets

of NI 9219 modules. The LabView circuit diagram can be found in Appendix B.

The temperatures were measured at 42 different locations. Two sets of NI 9213

16-channel thermocouple modules operated at 78 Hz to convert thermocouple

readings to digital values (representing the temperature in Kelvin). NI 9213

was specially designed for the temperature module with built-in Cold-Junction

Compensation (CJC) and a 24-bit Analogue to Digital Converter (ADC) for up

to 0.02◦C measurement sensitivity (NI, 2012b). Two sets of NI 9219 four-channel

universal analogue inputs operating at 100 Hz were used to convert thermocouple
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Figure 4.24: LabVIEW graphical user interface.

readings to digital values representing the temperature in Kelvin. Another set

of NI 9219 was used to convert the voltage readings from the WIKA pressure

transducer to digital values representing the pressure in bars.

4.3.6 Images Processing Device

A digital camera was used to capture the combustion image and the flame prop-

agation. A Nikon D7100 with Nikon AF-S DX NIKKOR 18-200 mm f3.5-5.6G

ED VRII lenses was the digital camera used. The Nikon VRII lens was used

because it is specially designed to reduce recorded image and video vibration

and noise (Nikon, 2013). The camera detail setting for aperture setting is f3.5,

exposure time based on shuttle speed is set to 1/60 second, ISO sensitivity is set

automatically for best image quality, when set to automatic setting the ISO was

automatically set at low level and white balance setting was set to auto mode to

ensure the camera automatically selected the best setting for the best image cap-

turing quality. The video format used was 1,920 × 1,080 at 30 frames per second

(fps). The still image and moving video image were captured from the ignition

point and also when the flame was stable. The captured images were used to

measure the total flame height, flame primary (blue cone flame) and secondary

(diffusion flame) combustion zone and flame brush. For the MILD flame, when

the flame reaches steady state and becomes invisible to the naked eye, the digi-

tal camera can capture the flame luminescence (Oldenhof et al., 2010; Oldenhof

et al., 2011). This process is important to determine if the MILD combustion

premixed flame is lifted. In normal jet flames, the lift-off height is the axial

height of the sharp flame interface. For a MILD flame, to determine lift-off

height, a certain threshold level for an averaged quantity is defined. The temper-

ature (Kumar et al., 2007), OH concentration (Cabra et al., 2003; Ertesvag and
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Figure 4.25: Illustration of the camera position and flame image capturing.

Magnussen, 2000) and luminescence (Cabra et al., 2005) were previously used to

measure the lift-off height.

The camera position and capturing angle is important to determine the real cap-

tured image size. The camera position is perpendicular to the high-temperature

glass window and flame image. The same angle of the camera and flame means

the images captured are the real size of the flame, as illustrated in Figure 4.25.

The images are captured in video mode and the MATLAB image processing solu-

tions toolbox is used to analyse the image (MATLAB, 2014). In the video mode,

when the flame reaches steady condition, the static image that represents each

case is selected for discussion.

To find the steady flame static image by the image frame in the video mode, a

simple MATLAB code was written. The method includes the measurement of the

flame size, height and width. The same method is used to analyse the ice accretion

(Saleh, 2014) and flame propagation (Heskestad, 1983; Stefan et al., 2012) by the

processing of video images using MATLAB software. The method used by the

code is described in the following steps:

(i) Load and read each frame of flame propagation from video recorded by

digital video camera.

(ii) Identify steady flame for the image capturing. For the case of ignition

step by step image, the capturing is started from the ignition spark point

(without flame) until the flame is completely ignited and reached steady

flame propagation.

(iii) Read the reference for flame height and width for the measurement of sample

flame geometry.

(iv) For the static flame image, the flame height and width is measured and

recorded for the intended captured frame.
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Figure 4.26: Testo 417 used to measure the exhaust gas flow rate (Testo, 2012).

Table 4.11: Testo 417 large vane anemometer specifications (Testo, 2012).

Characteristic Value Range Accuracy

Temperature ◦C 0–85◦C ±0.5 ◦C

Flow velocity m/s 0–20 m/s ±0.1 m/s

(v) Repeat the process for the other flame propagation video at the same video

frame number for the same parameter setting and compare the image cap-

tured and flame geometry. If the flame is similar, then the image captured

and flame geometry is reliable for subsequent discussion.

4.3.7 Digital Anemometer

The digital anemometer was used to measure the exhaust flow rate. A Testo 417

large vane anemometer (Figure 4.26) was used as a small weather station to mea-

sure the environmental conditions during the experiment. The specifications of

the Testo 417 can be seen in Table 4.11. The ambient temperature and humidity

was measured and compared with the data taken by the USQ weather station.

A sample report for the USQ weather station can be seen in Appendix B. Ex-

haust gas suction by the exhaust system was also measured by the anemometer

and is summarised in Table 4.5. The average exhaust suction volume flow rate

is 0.0504 m3/s. The pressure was calculated using a dynamic pressure formula

which ia 0.5ρV2, where V is the exhaust gas velocity and ρ is the exhaust gas

density (0.9025 kg/m3).

4.4 Experimental Methodology
Experimental work for the furnace combustion can be conducted on a either

laboratory scale (Plessing et al., 1998; Kobayashi et al., 2005; Gupta, 2004) or

industrial scale (Fawaz et al., 1994; Weber et al., 2001; Aminian et al., 2012). The

laboratory furnace with pilot scale burner described in this study was equipped

with premixed, partially-premixed and non-premixed combustion capability. The
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flame was stabilised by a bluff-body burner to enhance the mixing of fuel and

oxidant for the non-premixed combustion and fuel with EGR for the premixed

combustion. The experimental work is concentrated on partially-premixed com-

bustion with some experiments on non-premixed and premixed combustion. The

Standard Operating Procedure (SOP) for the experimental work including the

experimental procedures and methodologies are described in the following section.

Safety is critical to the experimental work in order to comply with the safety

requirements, some important measures were undertaken. The safety consid-

erations are: commissioning of test equipment, safety measures, gas detection

system, automatic burner safety shut-off system, burner safety cover and exper-

imental room air ventilation. The safety measures applied include the standard

operating procedure as pre-start-up procedure, combustion chamber air purging

procedure, normal start-up and operating procedure, normal shutdown proce-

dure and emergency shutdown procedure. For details about the safety of the

experiment and standard operating procedure, refer to Appendix E.

4.4.1 Test Procedure

The experimental work procedures were carried out to ensure no steps were miss-

ing. The check-list of the detailed standard operating procedure and data record-

ing standard were established in order to secure the proper data collections. A

brief summary of the main steps of the experimental procedures are listed as

follows:

(i) Power ON the combustion room ventilation system, exhaust gas extraction

system and carry out the start-up process for the in-furnace measurement

system including data acquisition system, ignition system, pressure mea-

surement system and gas analysers. Power ON the oxidant heating element

and wait until the temperature reaches the desired level.

(ii) Open the gas supply system from the gas cylinders, gas pressure regulator

and ball valve at gas control panel. Set the fuel and oxidant supply volume

flow rate by adjusting the flow meters for each gas on the gas control panel.

(iii) Check all the in-furnace measurement systems are ready to collect the data.

Start the LabView program (data acquisition system) to start recording

the temperature and pressure data collection before starting the ignition

system.

(iv) Record the room and environment conditions and then start the ignition sys-

tem by pressing the ignition ON button. Start the video and image recorder

(digital camera or high-speed camera) for the flame behaviour observations.

(v) The flame was ignited 60 seconds after the ignition button is switched ON.

If the ignition was not successful, wait for 15 seconds to let the exhaust
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Table 4.12: Measured variables unit measurement.

Measured variables Unit Measured by

Temperatures Kelvin Thermocouples

Air volume flow rate L/min Flow meters

Fuel volume flow rate L/min Flow meters

Relative humidity % Gas analysers

CO emissions % Gas analysers

CO2 emissions % Gas analysers

NOx emissions ppm Gas analysers

O2 % Gas analysers

λ - Lambda sensors

Pressure kPa Pressure transducers

extraction system purge out all the unburned methane in the combustion

chamber. Then, re-start the ignition by pressing the ignition ON button.

(vi) Observe the flame behaviour and monitor all the in-furnace measurements

to ensure they are at normal recording conditions. Start the data collection

immediately for the time-based data monitoring.

(vii) Turn OFF the gas supply when the experiment is completed. Stop all the

in-furnace measurement recording after two minutes.

For each parameter setting, the data collection was taken after the burner was

allowed to run for 20 minutes after the flame was ignited and the flame had

reached steady state. Khalil et al. (2013) and Hasan (2013) in their experimental

work applied the same procedure that allowed the MILD burner to run for about

20 minutes before the final data were collected. The combustion emission data

reading by the gas analyser was observed to stabilise within three minutes for any

change in experimental conditions (Arghode, 2011). For each configuration of

parameter settings, the experiments were repeated three times to minimise error

and uncertainty. Arghode (2011) estimated the uncertainly in his experiment to

be about ±0.5ppm for NO and ±10 % for CO emissions.

The experimental work standard operating procedure are detailed in Appendix E.

The experimental work utilises the parameters of fuel compositions and air and

fuel supply velocity. The experimental study was carried out for biogas and

methane. This experiment was to study the effect of EGR to dilute and preheat

the oxidant supply. All the variables were measured and analysed in this study

and the employed methods to measure them are summarised in Table 4.12.

4.4.2 Test Conditions

The test conditions are recorded before starting each experimental work in order

to avoid the effect of environmental conditions on the experimental result. The
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environmental conditions that need to be observed include weather, ambient room

temperature and humidity. The test room ambient temperature and humidity

were measured by a CODA gas analyser. The sample room temperature and

environmental conditions is summarised in Table 4.13. The relative humidity was

consistent since the experimental work was carried out from the end of Autumn

and throughout the Winter season, which is the stable portion of the climate.

The weather and the surrounding temperature play an important role for the

relative humidity reading since the relative humidity is a measurement of the

water vapour content of the air at a given temperature. The continuous room

ambient temperature measurement was recorded by the K-type thermocouple

simultaneously with the other combustion chamber’s temperature measurement.

Ambient temperature and humidity were monitored and recorded to ensure the

tests performed at relatively similar ambient conditions. This was to avoid either

positive or negative effects of the ambient conditions on the experimental results.

The average value of the ambient temperature was 295 ± 3 K and the relative

humidity was 45 ± 3 %. The experimental room size is 2.2 m wide by 4.8 m long

and 3.1 m high and the room ambient temperature was maintained by using a

normal room air heater to ensure the environment temperature is 295 ± 3 K for

every experiment.

4.5 Biogas Fuel

Biogas is a renewable alternative fuel that has the potential to replace depen-

dency on fossil fuel. Biogas harvesting, production, and utilisation technologies

have significantly improved over the last ten years (Michael et al., 2014). Tradi-

tionally, biogas fuel has been produced for immediate utilisation as heat energy

but currently it is increasingly utilised to generate electricity for waste treatment

plants and domestic purposes. The calorific value of biogas is lower than that

of natural gas and is variable depending on its chemical composition and phys-

ical characteristics. The main composition of biogas is a mixture of methane

and carbon dioxide. The ratio of methane to carbon dioxide and other gases de-

pend on the source of the biogas: household waste, waste water treatment plant

sludge, agricultural wastes, waste from the food industry and other sources. The

composition of biogas varies from 55 % to 65 % methane, 35 % to 45 % carbon

dioxide, 0 % to 3 % nitrogen (N2), 0 % to 2 % oxygen (O2) and 0 to 1 % each of

hydrogen (H2), hydrogen sulphide (H2S) and ammonia (NH3) (Anunputtikul and

Table 4.13: Sample of weather conditions recorded before experimental work

started.

Measured variables 07 May 20 May 17 June 15 July 28 Aug

Test start time 12:00 pm 3:30 pm 4:00 pm 1:30 pm 1:00 pm

Ambient temperatures, K 294.25 293.75 294.55 295.53 295.20

Relative humidity, % 44.8014 44.8013 44.8012 44.8012 44.8012
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Rodtong, 2004). Anaerobic digestion is a biological process which makes it pos-

sible to degrade organic matter by producing biogas, which is a renewable energy

source, and a sludge used as fertiliser (Biogas, 2012). Due to the high content of

methane and the possibility of utilising what had previously been considered a

waste product, biogas is becoming an attractive source of energy.

4.5.1 Biogas Production

One of the key advantages of using biogas for MILD combustion is the presence

of inert gases. The ratio of inert gas in the biogas is about 40%. This effectively

pre-dilutes the fuel and reduces the requirements for mixing through dilution

with exhaust gases. The experimental biogas collection and quality testing were

conducted from abattoir wastewater generated from covered anaerobic ponds.

The National Centre for Engineering in Agriculture (NCEA) at USQ engaged

with the research project to optimise the production of biogas. The study area

is located at Ipswich, South-East Queensland, Australia. The meat processing

facility of Churchill Abattoir Pty Ltd weekly slaughters and processes around

3,000 cattle (McCabe and Baillie, 2012). Meat processing produces a high volume

of wastewater with a high pollutant load consisting of manure, blood, paunch,

fats, oil and greases (Nakhla et al., 2003).

The content of fat, oil and greases in abattoir wastewater has the potential to

produce a large volume of methane (Luostarinen et al., 2009). The waste from the

abattoir is around 660 tonnes of hot standard carcass weight per week (McCabe

et al., 2014) collected and piped to five huge wastewater ponds. Each pond’s size

is about 50 m long × 20 m wide × 5 m deep. This study was to investigate the

abattoir wastewater for the performance and potential of biogas production. The

wasterwater was later analysed and treated to optimise the biogas production.

The covering technique was used to collect the biogas from each wastewater pond.

The image of a covered and uncovered abattoir wastewater pond is shown in

Figure 4.27. The wastewater sludge can be seen in Figure 4.28. Biogas from

abattoir wastewater can be utilised directly to benefit the abattoir in terms of

odour reduction and energy for the production process. A flaring technique can

be used to control and reduce the greenhouse gas emissions. Better and more

economical usage is to modify the abattoir’s existing natural gas boilers and

burners to utilise biogas to run a small power plant for electricity supply to

abattoir equipment.

The sample measurement and analysis was conducted both on-site and in the

laboratory. An on-site analysis was conducted using a Yellow Springs Instru-

ment professional plus field logger for the wastewater temperature, pH, EC and

ORP. The laboratory analysis for the abattoir wastewater samples was under-

taken by Australian Laboratory Services in Brisbane. The laboratory measure-

ment is COD, BOD, TSS, FOG, ammonia as nitrogen (NH3–N), total Kjeldahl

nitrogen (TKN), alkalinity and volatile fatty acids (VFA) (McCabe et al., 2014).
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4.3 Decomposition Efficiency 

 Average % reduction 

 Stage 1 Stage 2 

Pond A   

% COD removal 73.22 - 

% BOD removal 74.95 - 

% TSS removal 76.25 - 

% FOG removal 85.26 - 

Pond B   

% COD removal 53.47 58.89 

% BOD removal 62.19 73.49 

% TSS removal 39.79 35.11 

% FOG removal 89.25 83.39 

Pond E  b 
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(b) Covered pond

Figure 4.27: Abattoir pond for the biogas study (McCabe et al., 2014).

Desludging Pond A 

Section 
Section of crust removed by the excavator after sludge 
was pumped out of pond A 

Pond A during sludge removal using 
SludgeRat®. Removal of fat build is 
seen at the pond inlet 

(a) Full pond view

It was observed that both COD and BOD removal efficiencies
(particularly the latter) decreased over the two sampling periods
for the 5-pond system owing to the accumulation of crust and
sludge over this time. The COD and BOD of outflow samples of
pond E at the end of the second sampling period are 73% and
78% respectively. This compares to the earlier efficiencies of COD
and BOD removal of 84% and 94% at the end of the first sampling
period.

The suspended solids removal was more efficient for pond A
then pond B with 76% and 40% recorded respectively over the first
stage of monitoring. This probably contributed to the increase in
sludge build up that occurred in pond A leading to its subsequent
desludging at the end of its first 18 months of operation. The over-
all TSS removal of pond B was low over both stage one and stage
two monitoring periods and may indicate that the short HRT did
not permit adequate sedimentation of wastewater solids.

The removal of FOGS by the 5-pond system is 95% during stage
one (pond E data, Table 2) and is generally maintained throughout
stage two at 92% (pond E, Table 3). The increase in OLR for pond B
during the second stage of monitoring marginally decreased the
FOG removal efficiency from 89% to 83% and this would have con-
tributed to the slight decrease in FOGs removal efficiency of the
whole system at this time.

Figs. 3a and b shows the fat accumulated on uncovered pond A
and covered pond B respectively. Both ponds A and B accumulated
approximately 1 m of crust over the 2 year operation since these
two ponds received the majority of organic load. This crust accu-
mulation meant that a reduction in the effective volume of the

pond occurred over time which could impact on the bioconversion
efficiency of the two ponds.

5.2. Biogas quality

The quality of biogas based on the constituents methane (CH4),
carbon dioxide (CO2), oxygen (O2) and hydrogen sulphide (H2S)
produced from covered pond B are shown in Figs. 4a and b. It is
important to note that a spike in OLR occurred during April having
the effect of lowering CH4 and CO2 at this time. The levels of CH4

and CO2 returned to nominal levels after the shock loading event.

Table 3
Removal efficiencies of the five pond system during stage 2 sampling.

Parameter Number of samples Average Standard deviation range Av% reduction

Pond B
Flow rate (m3/d)a 89,280 1019.30 820.04 21.57–3028.04
Influent COD (mg/L) 13 9216.15 5978.34 4330–24,200
Effluent COD (mg/L) 13 2898.92 1024.00 836–5020 58.89
Influent BOD (mg/L) 13 5087.69 6131.70 1060–24,500
Effluent BOD (mg/L) 13 714.62 436.91 246–1920 73.49
Influent TSS (mg/L) 13 3874.62 1533.58 1760–6130
Effluent TSS (mg/L) 13 1988.77 1292.53 824–5360 35.11
Influent FOG (mg/L) 13 1388.23 1310.21 136–4570
Effluent FOG (mg/L) 13 91.54 38.95 23–167 83.39

Pond E (Five-pond system) –a

Effluent COD (mg/L) 7 900.07 618.74 126–2150 72.94
Effluent BOD (mg/L) 7 88.79 33.33 5–130 77.67
Effluent TSS (mg/L) 7 413.64 220.47 210–867 77.89
Effluent FOG (mg/L) 7 27.71 45.75 49–143 91.98

a % Reduction for five-pond system.

Fig. 3a. Appearance of crust accumulation on uncovered pond A.

Fig. 3b. HDPE cover on pond B. Note the presence of the thick crust.
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(b) Sludge image zoom

Figure 4.28: Sludge at abattoir wastewater pond (McCabe and Baillie, 2012).

For the gas composition analysis, the Geotechnical instruments GA2000 landfill

gas analyser was used (GeoTech, 2012). The biogas was analysed for methane,

carbon dioxide, oxygen and hydrogen sulphide content. The accuracy for the

Geotechnical instruments GA2000 landfill gas analyser is within 98 %. Average

on-site biogas composition from covered ponds is presented in Table 4.14.

The methane content in biogas is between 50 % and 75 % by volume (Seadi et al.,

2008) but in some cases, it is about 55 % to 65 % (Anunputtikul and Rodtong,

2004). The methane content for the biogas from the abattoir is about 62 % and

the carbon dioxide is about 26 % (Table 4.14). It has been recognised that the

quality of the biogas depends tremendously on the sources of the biogas itself and

Table 4.14: Average on-site biogas composition from covered pond (McCabe, 2012).

Gas CH4 ( %) O2 ( %) CO2 ( %) H2S (ppm) Others ( %)

Content 62.07 2.69 25.92 925.45 3.17
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research is important due to the wide variations in biogas composition. Biogas is

one of the key parameters of this study. However, this study was only focusing

on synthetic biogas created by the mixing of methane and carbon dioxide. The

fuel composition for the experimental work can be seen in Section 4.6.

4.5.2 Biogas Composition

The composition of a gas generated from a digester depends on the substrate of

its organic matter load and the feeding rate of the digester (Biogas, 2012). The

production of biogas is carried out in the environment in a natural way (e.g. gas

of marshes–vegetable and animal matter decomposition where the formation of

bubbles at water surface can be observed). In the absence of oxygen (anaerobic

digestion), the organic matter is degraded partially by the combined action of

several types of micro-organisms. A succession of biological reactions leads to

the formation of biogas and sludge. The bacteria which carry out these reactions

readily exist in a natural state in liquid manure and anaerobic ecosystems: they

develop naturally in a medium without oxygen.

The different sources of biogas production lead to the different specific composi-

tions. Table 4.15 shows the composition of biogas from household waste, waste

water treatment plants sludge, agricultural waste and waste of the agrifood in-

dustry. Among the sources listed, the highest calorific value of biogas comes from

the waste of the agrifood industry which has a methane content of 68 % of biogas

resources. Table 4.16 shows that the world-wide consumption of biogas is still

low.

4.5.3 Biogas Properties

The energy content of biogas is chemically bound to the percentage of methane

content. The properties of biogas vary to some degree depending on their source.

Biogas presents interesting physical characteristics compared to natural gas due

to the closure of the carbon cycle when it is used for combustion. The carbon

Table 4.15: Biogas composition (Biogas, 2012).

Components Household

waste

Waste

water

treatment

sludge

Agricultural

wastes

Waste of

agrifood

industry

CH4 % vol 55–60 60–75 60–75 68

CO2 % vol 38–34 33–19 33–19 26

N2 % vol 5–0 1–0 1–0 1

H2O % vol (at 40◦C) 6 6 6 5

H2S (mg/m3) 100–900 1000–4000 3000–10 000 400

NH3 (mg/m3) - - 50–100 -
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Table 4.16: Biogas resources (Biogas, 2012).

World biogas resource Produced biogas

(TOE/year)

Biogas which

is consumed

(TOE/year)

Urban and industrial solid waste 750 60–100

Urban and industrial waste water 50 40–50

Agricultural by-products 1000 40–150

Total 1800 140–300

Biogas/worldwide consumption

of natural gas

100 % 8–17 %

Table 4.17: Properties of biogas with 55 % to 70 % methane and 30 % to 45 %

carbon dioxide (Zicari, 2003; Seadi et al., 2008; Nathan et al., 2010).

Biogas Properties Value

Energy content 6.0–6.5 kWh/m3

Fuel equivalent 0.60–0.65 L oil per m3 biogas

Flame speed 0.25 m/s

Explosion limits 6–12 % biogas in air

Research octane number 130

Auto-ignition temperature 620–750◦C

Density 0.85–1.0 kg/m3

Viscosity (1.24 – 12.9) ×10−5 kg/ms

dioxide produced from the combustion of biogas utilised back by the source of

the biogas. Biogas is lighter than air if the amount of CO2 is not too high and

it produces half as many calories in combustion as an equal volume of natural

gas (Biogas, 2012). Table 4.17 shows biogas properties. The biogas auto-ignition

temperature is higher than that of methane due to the lower calorific value,

varying between 893 K and 1,023 K depending on the methane content (Zicari,

2003; Seadi et al., 2008; Nathan et al., 2010). The biogas flame speed is dependent

on the composition. The lower the methane content, the lower the flame speed.

The physical properties of biogas from household and agri-food industry wastes

compared to natural gas are shown in Table 4.18. The calorific value for biogas

is 53 % to 67 % of that of natural gas. The density of biogas is much higher due

to the higher content of carbon dioxide.

4.6 Experimental Parameters

The parameters for the experiment are air and fuel supply velocity, λ and EGR

flow ratio. The fuel for the experiment are biogas and methane, whose compo-

sitions are summarised in Table 4.19. The air and fuel supply flow rates depend

on the λ value used.
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Table 4.18: Biogas physical characteristics compared to natural gas (Ramli, 2009;

Biogas, 2012; Hairuddin et al., 2014).

Type of gas Biogas 1

Household

waste

Biogas 2

Agrifood in-

dustry

Natural gas

Composition 60 % CH4

33 % CO2

1 % N2

6 % H2O

68 % CH4

26 % CO2

1 % N2

5 % H2O

95.4 % CH4

3.1 % C2H6

1.0 % CO2

0.6 % N2

UCV (kWh/m3) 6.6 7.5 11.3

LCV (kWh/m3) 6.0 6.8 10.3

Density (kg/m3) 0.93 0.85 0.57

Table 4.19: Fuel composition for the experiment.

Composition Methane Carbon dioxide

Biogas 60 % 40 %

Methane 100 % 0 %

4.6.1 Flow Rate

Table 4.20 shows the gas flow rate used for the experimental work and the

CFD simulation. The gas flow rate ranges from 10.82 L/min to 24.20 L/min

and 1.02 m/s to 2.30 m/s for the experimental work and numerical work respec-

tively. The secondary air supply was injected through the inlet at each of four

EGR pipes. The air temperature was heated by a heating element installed in

the supply line to a maximum of 673 K. The inlet volume of the air and fuel was

determined by the CFD simulation. Table 4.21 shows the air flow rate used for

the experimental work and the CFD simulation. The air flow rate ranged from

80 SCFH (2.0 m/s) to a maximum of 400 SCFH (10.0 m/s). The compressed air

pressure was fixed at 500 kPa and the flow rate controlled by the flow meter.

4.6.2 Secondary Air Pre-Heating and EGR

A test was conducted to study the effect of pre-heating the secondary air supply

at the flow rate of 11.8 L/min to 47.2 L/min. The secondary air preheating tem-

Table 4.20: The conversion table of fuel supply flow rate for the 12.7 mm fuel

supply inlet.

Experimental work CFD

Fuel supply pressure (kPa) Gas flow (L/min) Gas flow (m/s)

10.0 10.82 1.02

30.0 18.70 1.76

50.0 24.20 2.30
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Table 4.21: The conversion table of air supply flow rate for the 10.0 mm secondary

oxidant supply inlet.

Experimental work CFD

Air flow meter (SCFH) Air flow (m/s)

50 1.25

200 5.0

400 10.0

perature was summarised in Section 5.1.2. The effect of the secondary air supply

was studied with EGR and without EGR flow. A total of 16 experiments were

performed using 10.8 L/min (10 kPa) of methane as summarised in Table 4.22.

The fuel flow rate was kept consistent at 10.8 L/min and the secondary air flow

rate was varied. The total heat input is dependent on the fuel flow rate and the

secondary air preheating. The equivalence ratios and Reynolds numbers were

dependent on the fuel and air flow rates.

4.6.3 Air and Fuel Supply

The experimental parameters are listed in Table 4.23 for methane and biogas

premixed and non-premixed combustion. 24 experiments were conducted for

methane and biogas. The fuel supply was fixed at 10.82 L/min (10 kPa) for both

methane and biogas and the heated secondary air was set as a variable from

11.8 L/min to 70.8 L/min. Higher secondary air was considered compared to the

secondary air preheating and EGR study (which used secondary air of 11.8 L/min

Table 4.22: Experimental parameters for pre-heating of the secondary air supply

and EGR (secondary air flow rate in L/min).

Exp. No. Secondary air (L/min) Secondary air EGR

P1 11.8

Pre-heat Yes
P2 23.6

P3 35.4

P4 47.2

P5 11.8

Pre-heat No
P6 23.6

P7 35.4

P8 47.2

P9 11.8

Not pre-heat Yes
P10 23.6

P11 35.4

P12 47.2

P13 11.8

Not pre-heat No
P14 23.6

P15 35.4

P16 47.2
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to 47.2 L/min) due to the flame behaviour observed. The air heating element was

set to preheat the secondary air to 673 K.

Table 4.23: Experimental parameters for methane and biogas for premixed and

non-premixed combustion.

Exp. No. Secondary air (L/min) Fuel Flame type

H1 11.8

Methane

Premixed

H2 23.6

H3 35.4

H4 47.2

H5 59.0

H6 70.8

H7 11.8

Non-premixed

H8 23.6

H9 35.4

H10 47.2

H11 59.0

H12 70.8

H13 11.8

Biogas

Premixed

H14 23.6

H15 35.4

H16 47.2

H17 59.0

H18 70.8

H19 11.8

Non-premixed

H20 23.6

H21 35.4

H22 47.2

H23 59.0

H24 70.8

4.7 Experimental Accuracy and Error

The experimental error must be reduced to the minimum possible to ensure the

accuracy of the work. The total error can arise from the experimental design, mea-

surement instruments, test conditions, calibrations and data reading (Savariraj

et al., 2011). In this work, the experimental readings error measurement has

been considered and to reduce the experimental errors, the work was repeated

at least three times. The error of each parameter has been considered in the ex-

perimental design. Experimental pre-test has been performed and the data was

analysed to calculate the standard error and standard deviation. The standard

error and standard deviation used to specify the best resolution to obtain high

accuracy of the parameters as an example are summarised in Tables 4.7 and 4.8.

The sample demonstration of the pre-test conditions, experimental repetitions

and calibrations to reduce the error were reported in Sections 4.2.6, 4.3.1, 4.3.4
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Figure 4.29: The location of K-type thermocouples for early stage experimental

work.

and 4.3.7.

4.8 Test Flame Experiments

The experimental testing was repeated three times and the average was reported

to obtain reliable measurements. The temperature distribution for the combus-

tion chamber is one of the main data to ensure whether combustion achieved the

MILD state. In the early experimental testing, the temperature was recorded at

the sensor locations as shown in Figure 4.29.

The thermocouple nearest to the flame was not installed at the centre of the flame

and combustion chamber, but 50 mm away. This was because of the thermocou-

ple safety to avoid the over-temperature limit at the beginning of the experiment.

The thermocouple installation can be seen in Figure 4.30. Once the temperature

of the flame was confirmed to be in the range of 1,450 K to 1,700 K, then the

thermocouple was installed at the centre for all further experiments as shown in

Figure 4.16. The test for the ignition of the methane fuel is premixed combustion.

A sample of the chamber’s temperature measurement is shown in Figure 4.31 for

30 seconds of combustion. The methane was injected at 24.2 L/min without a

secondary oxidant supply. Figure 4.31 shows that the combustion takes place

at 0 to 30 seconds and the chamber temperature increased from ambient tem-
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Figure 4.30: R-type thermocouple installation for the flame temperature measure-

ment (image size is 270 mm × 315 mm).

perature (298 K) to a maximum of 431.7 K. The chamber temperature required

75 seconds to naturally cool down to the ambient room temperature. The thermo-

couples measured the temperature at various locations in the chamber, as shown

in Figure 4.16.

Figure 4.32 shows the combustion for 24.2 L/min (50 kPa) of methane fuel. A

longer duration of fuel supply was applied (420 seconds) and the maximum cham-

ber temperature was 506.5 K at 420 seconds. After 180 seconds the mixture ig-

nited, the chamber’s temperature reached nearly peak and started to stabilise

with a 0.5% to 1.8% increase in temperature at the 240 seconds time interval. This

value is a very small change and was omitted from the analysis. After 420 seconds

of combustion, the chamber takes 180 seconds to cool down to ambient temper-

ature. Besides the flame propagation zone, the hottest zone (Figures 4.31 and

4.32) were detected at the top of the chamber area (above the flame propagation

and near to the exhaust gas exit point).

4.9 Summary

This experimental work is conducted in order to fulfil the second and third objec-

tives of this thesis. In the current chapter, the combustion chamber experimental

apparatus, experimental work procedures, data measurement and operational

safety are discussed. The combustion chamber, air and fuel nozzle, exhaust,

EGR and ignition system are detailed. The instruments used (data acquisition

system, thermocouples, gas analyser, lambda sensor, pressure transducers, digital

camera and gas supply system) are discussed. This chapter also summarises the

environmental conditions during the experimental work including weather condi-

tions, room ambient temperature and humidity. The experimental methods are
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Figure 4.31: Recorded chamber temperature for the combustion of 24.2 L/min of

methane supply for the duration of 30 seconds.
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L/min secondary air, e) open chamber with Zero L/min secondary air 
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Figure 4.32: Recorded chamber temperature for the combustion of 24.2 L/min of

methane supply at the duration of 420 seconds.

discussed and further details of standard operating procedures are summarised in

Appendix E. The test procedure includes the measurement of the temperature,

pressure, gas compositions and EGR flow rate. The testing parameters of the ex-

periment (fuel compositions, air and fuel supply volume flow rates) were discussed

and summarised. The inlet primary air temperature was continuously recorded

along with the chamber temperature. The calibration of the pressure transducers

and gas flow rate were described and details can be seen in Appendix B. The ex-

perimental work was successfully conducted with methane and biogas to validate

the numerical work of this project.
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Chapter 5

Experimental Results and

Discussion

In this chapter, the results obtained from the experimental study are presented.

A new laboratory pilot scale combustion chamber was designed, developed and

commissioned. The in-furnace measurements for the flame temperature and the

combustion product were studied in terms of air/fuel supply, fuel composition,

air heater and EGR. At the end of the chapter, the comparison of experimental

and numerical studies is discussed.

5.1 Introduction

An experimental work is conducted using methane and biogas as fuel. The de-

tailed schematic diagram of the furnace and burner geometry can be seen in

Figure F.1. To achieve the MILD combustion regime, the start-up process needs

to preheat the burner and the air-fuel mixture to be higher than the self-ignition

temperature (Saha et al., 2014; Abuelnuor et al., 2014). The hot and diluted

oxidant from the mixing of the hot supply air and the EGR gas produces MILD

combustion. The ambient temperature within the enclosed combustion cham-

ber needs to be higher than the fuel self-ignition temperature. This condition

is very important to sustain chemical reactions even in the absence of a flame

front (Abuelnuor et al., 2014). There is no modification required to the furnace

to change the fuel (methane; biogas) (Colorado et al., 2010). All the combustion

in the experimental work did not reach MILD state due to the limitation of low

fuel supply. The purpose of the experimental work for this thesis is to validate

the numerical modelling work. In this experimental work, various experimental

tests were carried out before the experimental validation was started. The vari-

ous experimental testing are ignition, excess air combustion, methane and biogas

flame comparison, non-premixed, partially-premixed and premixed flame, the ef-

fect of EGR and secondary air on flame geometry and exhaust gas composition

and heated and non-heated secondary air.
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5.1.1 Threshold Temperature

The threshold temperature is the minimum ambient enclosed chamber tempera-

ture to achieve the MILD combustion regime. In experimental work, before the

combustion reached the MILD state, the flame was operated in the conventional

regime to preheat the furnace and increase the chamber temperature to achieve

the threshold temperature. The threshold temperature for biogas fuel is about

1,173 to 1,223 K in order to achieve the stable MILD combustion regime. Cavigi-

olo et al. (2003) reported that the threshold for methane is 1,073 to 1,123 K and

ethane is 873 to 923 K. In a strong-jet/weak-jet burner when natural gas is used,

the average wall temperature needs to reach above 1,013 K in order to sustain the

chemical reaction (He et al., 2006). In the present study, the secondary oxidant

supply is preheated by an external air heater and an EGR. When the oxygen in

the reactant region is diluted to the required level and the threshold tempera-

ture in the enclosed chamber is reached, the MILD mode is started. The flame

front disappears and flame propagation cannot be observed by the naked eye. In

these circumstances, the flame is pale and the reaction zone spreads to the other

regions of the chamber. The combustion temperature is uniformly distributed

while the NOx formation is reduced and hot spots are eliminated. In the MILD

combustion regime, the peak temperature (and consequently the mean temper-

ature of the furnace) is lower than conventional combustion due to the chamber

temperature being uniformly distributed without any constituted flame (Hosseini

et al., 2013).

5.1.2 Secondary Air Temperature

The secondary oxidant is heated at consistent heater setting and the heated oxi-

dant temperature is measured. This test was run without a fuel supply (no flame

is ignited). The temperature setting for the heater is 673 K. The temperature

is measured at two locations: within the heater after the heating element and

downstream of the EGR pipe (after the air is mixed with the EGR). The test

was conducted without EGR flow to record the temperature at both locations.

The temperature was recorded 20 minutes after the heater was started and the

temperature readings varied based on the secondary oxidant flow rate (Table 5.1).

A further test without a fuel supply was conducted for heated secondary air with

and without an exhaust extraction fan to study the effect of the exhaust fan on

the chamber temperature. The chamber’s temperature was recorded after 20 and

85 minutes of the heating of the air supply. The effect of the chamber tempera-

ture with and without exhaust extraction and flame conditions are presented in

the following section.

5.1.2.1 Chamber Temperature With Exhaust Extraction

The experiment for the heated secondary air with exhaust extraction was con-

ducted for 85 minutes. This test was run without a fuel supply (no flame is
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Table 5.1: Heated secondary oxidant temperature recorded 20 minutes after the

heater started.

Air flow rate (L/min) 11.8 23.6 35.4 47.2 59.0 70.8

Internal heater (in K) 660 652 645 639 635 631

Downstream of EGR (in K) 300 303 306 308 310 313

(a) EGR mixed with air and mixing temper-

ature

(b) Chamber temperature

Figure 5.1: Effect of heated secondary air temperature with exhaust extraction fan

and without combustion.

ignited). The temperatures were recorded at the heating element, downstream of

the EGR pipe, within the mixing cone and within the chamber. The room tem-

perature at the beginning of the test was 288.48 K and it increased to 295.01 K

after 85 minutes due to the air in the room being heated by the heated air sup-

ply. The recorded heater temperature (inside the heater pipe after the heating

element) after 85 minutes was 667.49 K, which was lower than the heater temper-

ature setting of 673.0 K (deviation is less than 1.0 %). This is due to the air at

room temperature being induced to the heater, then heated to 673.0 K. When the

supply air left the heater, the heated air temperature was reduced due to heat

loss to the surroundings and the heater wall.

Figure 5.1 shows the temperature for downstream of the EGR, the mixing cone

and the chamber for 85 minutes of the heater running without combustion in

the chamber. After the heated secondary air was supplied for 85 minutes, the

downstream of EGR temperature increased 6.7 % from 289.55 K to 308.95 K and

the mixing temperature increased 5.7 % from 290.64 K to 307.19 K. The temper-

ature at downstream of the mixing between the secondary air and the EGR was

308.95 K which reduced by 0.56 % to 307.19 K at the mixing cone. The maxi-

mum chamber temperature was 314.05 K after 75 minutes and this was higher

than that of the EGR and the mixing cone. This is due to EGR flowing back

to the chamber and playing a role in preheating the chamber air. The location

of the combustion chamber temperature reading for both the experimental and

numerical work can be seen in Figure 5.2. The annular air nozzle outer diameter

(Da) is 60 mm.
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Figure 5.2: Chamber axial location for temperature measurement. Downstream

distance (in mm) from injection location, x/Di: station A-A = 5.2, B-B = 16.9,

C-C = 28.5, D-D = 33.8.

Figure 5.3 shows the temperature in the combustion chamber at x/Di of 5.2

(cross-section of A-A in the Figure 5.2). The supplied secondary air was heated

for 20 and 85 minutes and the experiment was conducted without combustion.

The centre temperature is increased from 295 K at the beginning of the test

to 306.95 K and 314.03 K after heater is continuously powered ON for 20 and

85 minutes respectively. The centre temperature increased by 2.7 % and the wall

temperature increased by 2.3 % from 20 to 85 minutes.

(a) After 20 minutes (b) After 85 minutes

Figure 5.3: Effect of heated secondary air temperature with exhaust extraction fan

and without combustion for the chamber.

5.1.2.2 Chamber Temperature Without Exhaust Extraction

The experiment was repeated the following day for the heated secondary air

without exhaust extraction and was conducted for 85 minutes. This test was

run without a fuel supply, thus no flame was ignited. The room temperature

at the start of the test was 288.39 K and after 85 minutes increased to 294.66 K
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(a) EGR and mixing temperature (b) Chamber temperature

Figure 5.4: Effect of heated secondary air temperature without combustion and

exhaust extraction fan.

due to the air in the experimental room being heated by the heated air supply

in the experiment. Figure 5.4 shows the temperature for downstream of the

EGR, mixing cone and chamber with the heater running for 85 minutes without

combustion in the chamber. The heater temperature (inside the heater pipe after

the heating element) after 85 minutes was recorded at 666.94 K. This is a reduction

of 6.06 K (0.90 %) from the heater temperature setting of 673.0 K. These results

are similar to the heated secondary air with exhaust extraction fan and without

combustion.

Figure 5.5 shows the heating of secondary air without exhaust extraction fan

for 20 and 85 minutes according to the installation of thermocouples location

(Figure 5.2). After the heated secondary air was supplied for 85 minutes, the

downstream of EGR temperature increased by 6.1 % from 289.39 K to 306.93 K

and the mixing temperature increased by 5.9 % from 287.72 K to 304.81 K. The

temperature for the secondary air mixed with the EGR at downstream of the

EGR was 306.93 K and reduced by 0.69 % to 304.81 K at the mixing cone. The

centre temperature increased by 2.87 % and 5.37 % from 288.62 K at the begin-

ning of the test to 296.89 K and 304.11 K after it was continuously heated for 20

and 85 minutes respectively. At the same time, the wall temperature increased

by 2.2 % and 4.13 % accordingly. Figures 5.3 and 5.5 show that the chamber

temperature (with and without exhaust extraction) increased by 7 K between 20

and 85 minutes (about 1 K for each 10 minutes). Due to no combustion processes

occurring, the temperature at the downstream of the EGR and the mixing area

was not affected by the exhaust fan extraction. The temperature downstream of

the EGR was 307 K and 309 K with and without exhaust extraction respectively.

This temperature difference of 2 K can be accounted for by the room temperature

difference at the start of the experiment which was also 2 K. From the chamber

and downstream of the EGR temperature, for the case of without combustion

process, the exhaust extraction fan does not affect the heated secondary air sup-

ply.
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5.1.3 Flame Conditions

The burner and combustion chamber have been described in detail in Section 4.2.

The burner consists of a central fuel jet within an annular nozzle for the hot and

diluted secondary oxidant supply. The secondary oxidant supply is heated by

an external heater and hot flue gas through an EGR. Fuel and oxidant sup-

ply are controlled separately. The auto-ignition temperature for biogas is 923 K

(Seadi et al., 2008; Nathan et al., 2010); it is higher than methane which is

873 K (Robinson and Smith, 1984). Compared to methane, biogas has a higher

self-ignition temperature, narrower flammability limits and lower flame speed

(Willyanto et al., 2013). These properties make biogas harder to burn compared

to methane. Figure 5.6 shows the biogas flame propagation for the experimental

work observed through the high-temperature glass window for a 12.7 mm (half-

inch) burner. Inside a burner the pressure remains almost constant, the flow is

a low Mach number and the heat losses to the walls are small (Poinsot and Vey-

nante, 2005). The experimental testing shows primary and secondary combustion

zone methane and air flame (Figure 5.7). The flame height for the primary and

secondary zones are 95 mm and 230 mm respectively. The temperature at the

primary combustion zone is 1,482 K whereas the temperature at the top of the

primary combustion zone is 1,702 K. This is due to the fuel and oxidant mixing

throughout the primary flame so the combustion process is not complete at the

upstream and middle-stream of the primary flame. At the top of the primary

zone, the mixing process is completed and the combustion is at the maximum

and produces the highest heat released. The temperature starts to decline when

the flame enters the secondary zone.

5.2 Flame Ignition

The ignition for the non-premixed, partially-premixed and premixed flames are

conducted with 10.82 L/min (10 kPa) and 15.30 L/min (20 kPa) methane fuel sup-

(a) After 20 minutes (b) After 85 minutes

Figure 5.5: Effect of heated secondary air temperature without combustion and

exhaust extraction fan for the chamber.
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Figure 5.6: Biogas flame observed through high-temperature glass window.
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Figure 5.7: Flame primary and secondary combustion zone for methane at λ = 2.0

(image size is 225 mm × 275 mm).

plies. Figure 5.8 shows the flame temperature recorded five minutes after the

flame temperature reached a steady state. The details of the ignition step by

step image can be found in Appendix C. The summaries of the ignition for the

non-premixed, partially-premixed and premixed flames are shown in Table 5.2.

The heated secondary air also increased the overall mixture temperature to assist

the ignition process and ignited quicker than non-heated mixtures. The fastest

ignition occurred for partially-premixed with heated secondary air where the mix-

ture ignited 0.43 seconds after the spark started. For the premixed flame the

ignition started after 0.70 seconds and the slowest ignition was the non-premixed

flame with non-heated secondary air, which ignited 0.83 seconds after the spark

started. The partially-premixed flame ignited slightly quicker than the premixed

flame because the secondary air supply is preheated. This condition assisted

the ignition process when the reactant temperature is slightly higher compared

to that of the premixed flame (without secondary air supply). The λ for the
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partially-premixed fuel stream is 2.90, identical with the λ for the premixed mix-

ture. The partially-premixed mixture needs a higher ignition energy because of

the higher volume of reactant (due to higher air content becoming a diluent to

the mixture) needing more heat to preheat the reactant before it ignited. The

radical pool (example: O and H atoms) is harder to form because of this diluent.

For partially-premixed and premixed flames, the λ are 3.66 and 2.90 respectively.

More ignition images for various cases of fuel supply, without secondary air for

premixed and non-premixed, heated and non-heated secondary air can be found

in Appendix C.

Table 5.2: Summary of ignition started for 10.82 L/min (10 kPa) methane with

non-premixed (NPF), partially-premixed (PPF) and premixed (PF) flame (HY is

preheating, HN is without preheating and SAN is without secondary air).

Case NPF HN NPF HY PPF HN PPF HY PF SAN

Frame number 25 20 18 13 21

Ignited (sec) 0.83 0.67 0.60 0.43 0.70

5.2.1 Ignition of Methane Non-Premixed Flame

The ignition for the non-premixed flame was conducted for the non-heated and

heated 23.6 L/min secondary air and is reported in the below subsection. Non-

premixed combustion mode occurs when the fuel is injected through the fuel noz-

zle (the primary air valve is closed). The oxidant supply is only through the sec-

ondary air inlet and is later mixed with fuel at the downstream of the flow at the

burner just before the reactants are ignited. Figure 5.9 shows the ignition timing

of 10.82 L/min (10 kPa) methane non-premixed flame with 23.6 L/min non-heated

secondary air. Ignition started at 0.83 seconds after the spark started (frame

Figure 5.8: Flame temperature for the ignition of the non-premixed, partially-

premixed with heated and non-heated secondary air and premixed flame without

secondary air.

.
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25). A yellow sooty diffusion flame did not occur at the ignition of 10.82 L/min

(10 kPa) with 23.6 L/min of secondary air due to the lower fuel rate not produc-

ing a rich fuel condition. However, for the 15.30 L/min (20 kPa) of methane for

both NPF with non-heated secondary air (Figure C.2) and NPF with heated sec-

ondary air (Figure C.3), the combustion produced a yellow sooty diffusion flame

at 3.0 seconds (frame 90) and 5.0 seconds after the spark started (frame 150) when

the mixture was at rich during the propagation before the flame reached a steady

state.

(a) 0.67 (b) 0.77 (c) 0.87 (d) 1.07 (e) 1.47 (f) 2.0 (g) 2.33

(h) 3.0 (i) 5.0 (j) 7.0 (k) 9.0 (l) 11.0 (m) 15.0 (n) 30.0

Figure 5.9: Time (seconds) from beginning of the test for 10.82 L/min (10 kPa)

methane non-premixed flame with 23.6 L/min non-heated secondary air with 30 fps

recording rate (image size is 100 mm × 300 mm).

Figure 5.10 shows the ignition timing of a 10.82 L/min (10 kPa) methane non-

premixed flame with 23.6 L/min heated secondary air. Frame by frame checking

for the ignition start point shows that the ignition started at 0.67 seconds after

the spark started (frame 20). At 0.63 seconds after the spark started (frame 19),

the ignition was not started yet. Heated secondary air assisted the ignition to

start earlier compared to the ignition for the secondary air without heating.
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(a) 0.67 (b) 0.77 (c) 0.87 (d) 1.07 (e) 1.47 (f) 2.0 (g) 2.33

(h) 3.0 (i) 5.0 (j) 7.0 (k) 9.0 (l) 11.0 (m) 15.0 (n) 30.0

Figure 5.10: As per Figure 5.9 with heated secondary air.

5.2.2 Ignition of Methane Partially-Premixed Flame

The ignition for a partially-premixed flame was conducted for non-heated and

heated 23.6 L/min secondary air and is reported in the below subsection. A

partially-premixed setting means that the fuel and primary air are mixed up-

stream of the fuel nozzle. The reactant mixture was again mixed with the sec-

ondary air downstream of the burner nozzle just before the flame ignited. The step

by step flame images for the partially-premixed combustion ignition can be seen in

Figures 5.11 and 5.12. Methane at 10.82 L/min (10 kPa) was partially-premixed

with atmospheric air upstream of the fuel nozzle and then mixed with 23.6 L/min

non-heated secondary air. The ignition spark was active until 3 seconds after

the spark started (frame 90). The fuel supply was started 0.5 seconds after the

spark started. The flame was fully steady 30 seconds of the spark started. From

1.07 seconds (frame 32) until 15.0 seconds after the spark started (frame 450), the

flame propagated in a wild mode due to the combustion consuming local oxygen

in the chamber. The flame nearly lifted-off at 3.0 seconds after the spark started

(frame 90) and part of the flame lifted-off at 5.0 seconds after the spark started

(frame 150). 30 seconds the spark ignited was divided into two zones. The flame
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height for the primary zone was 68 mm and for the secondary flame zone (includ-

ing the flame brush) was 235 mm. Figure 5.11 shows the ignition timing for the

methane at 10.82 L/min (10 kPa) partially-premixed with non-heated secondary

air at the upstream of the fuel nozzle and then mixed with non-heated secondary

air at 23.6 L/min. Detailed one by one ignition frame images show that the igni-

tion started at 0.60 seconds after the spark started (frame 18). Partially-premixed

fuel and oxidant at the fuel nozzle help the ignition to start earlier compared to

non-premixed ignition.

(a) 0.67 (b) 0.77 (c) 0.87 (d) 1.07 (e) 1.47 (f) 2.0 (g) 2.33

(h) 3.0 (i) 5.0 (j) 7.0 (k) 9.0 (l) 11.0 (m) 15.0 (n) 30.0

Figure 5.11: Time (seconds) from beginning of the test for 10.82 L/min (10 kPa)

methane partially-premixed flame with 23.6 L/min non-heated secondary air with

30 fps recording rate (image size is 100 mm × 300 mm).

Figure 5.12 shows the ignition timing of a partially-premixed flame with heated

secondary air. Methane 10.82 L/min (10 kPa) with 23.6 L/min heated secondary

air was injected. The difference between this test and that in the previous section

is the heated and non-heated supplied secondary air. Frame by frame checking

for ignition shows that it started earlier at 0.43 seconds after the spark started

(frame 13). Heated secondary air and partially-premixed fuel and oxidant at the

fuel nozzle help the ignition to start earlier compare to non-premixed ignition.

For the case of non-heated secondary air, the flame ignition delay is 1.07 seconds
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after the spark started, while for heated secondary air, the ignition started earlier

at 0.67 seconds after the spark started (frame 20). The comparison can be seen

clearly from Figures 5.11 and 5.12.

(a) 0.67 (b) 0.77 (c) 0.87 (d) 1.07 (e) 1.47 (f) 2.0 (g) 2.33

(h) 3.0 (i) 5.0 (j) 7.0 (k) 9.0 (l) 11.0 (m) 15.0 (n) 30.0

Figure 5.12: As per Figure 5.11 with heated secondary air.

5.2.3 Ignition of Methane Premixed Flame

Figure 5.13 shows methane at 10.82 L/min (10 kPa) premixed with non-heated

atmospheric air at the downstream of the fuel nozzle without secondary air.

When the flame is ignited without a secondary air supply, the flame becomes

a fully premixed flame. The ignition started at 0.70 seconds after the spark

started (frame 21) and achieved a steady flame at 20 seconds after the spark

started (frame 600). Premixed fuel and oxidant at the fuel nozzle help the igni-

tion to start earlier compared to non-premixed ignition. The flame achieved full

steady propagation at 29 seconds after the spark started (frame 870). The steady

flame temperature recorded at thermocouple location 1 (refer to Figure 4.16) was

1,581 K.
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(a) 0.67 (b) 0.77 (c) 0.87 (d) 1.07 (e) 1.47 (f) 2.0 (g) 2.33

(h) 3.0 (i) 5.0 (j) 7.0 (k) 9.0 (l) 11.0 (m) 15.0 (n) 30.0

Figure 5.13: Time (seconds) from beginning of the test for 10.82 L/min (10 kPa)

methane premixed flame without secondary air with 30 fps recording rate (image

size is 100 mm × 300 mm).

5.2.4 Ignition of Biogas Non-Premixed Flame

Figure 5.14 shows biogas at 15.30 L/min (20 kPa) non-premixed with non-heated

secondary air. The ignition started at between 3.0 seconds (frame 90) and 5.0 seconds

(frame 150) and started to achieve a steady flame at 30 seconds after the spark

started (frame 900). To check the flame ignition timing, a seconds analysis was

conducted for the frames between 3.0 seconds and 5.0 seconds. From frame by

frame checking, it can be seen that the ignition started at 3.3 seconds after the

spark started (frame 100) as shown in Figure 5.15. The biogas is a lower calorific

value gas and therefore is harder to ignite compared to methane. Methane ig-

nited between 0.67 seconds (frame 20) and 1.0 seconds (frame 30) which is less

than 1.0 seconds after the spark started, but biogas ignited at 3.33 seconds after

the spark started. The flame ignited and started very slow and at low flame

height. The average flame height at the beginning of the ignition was about

66.9 mm. The highest flame height was at 7.0 seconds after the spark started

(frame 210) which was 230.4 mm. The steady flame height at 30 seconds after
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the spark started (frame 900) was 208.9 mm. The steady flame temperature was

1,586.2 K.

(a) 0.67 (b) 0.77 (c) 0.87 (d) 1.07 (e) 1.47 (f) 2.0 (g) 2.33

(h) 3.0 (i) 5.0 (j) 7.0 (k) 9.0 (l) 11.0 (m) 15.0 (n) 30.0

Figure 5.14: Time (seconds) from beginning of the test for 15.30 L/min (20 kPa)

biogas non-premixed flame without secondary air with 30 fps recording rate (image

size is 100 mm × 300 mm).

5.3 Excess Air Combustion: Open and Closed

Window

The experiment for open and closed observation window number 1 was carried

out to compare the combustion products in the exhaust gas. The image of an

observation window can be seen in Figure 4.4. The open window will let the

atmospheric air freely flow through the combustion chamber and a closed window

will not allow excess air flow through the combustion chamber. The flow through

chamber experiment where window number 1 is open was undertaken only for

this comparison. The rest of the experiments were conducted with all three

observation windows closed. This was due to the experimental oxidant supply

(mainly atmospheric air) needing to be controlled and always measured as part

of the experimental setup and parameters.



5.3 Excess Air Combustion: Open and Closed Window 117

(a) 3.30 (b) 3.33 (c) 3.40 (d) 3.47 (e) 3.53 (f) 3.60 (g) 3.67

Figure 5.15: Time between 3.3 seconds and 3.67 seconds for Figure 5.14 (image size

is 100 mm × 300 mm).

5.3.1 Ignition Testing

The ignition timing for the experiment of open and closed window number 1 is

summarised in Table 5.3. For the case of closed window number 1, the flame

takes 3 seconds to be stable until the oxygen in the chamber is consumed. This

is measured by closing all the air supplies (primary and secondary) to the com-

bustion chamber. When the fuel is ignited without external air supply, the flame

is blown-off (extinguishes) after 3 seconds, having consumed the local oxygen in

the combustion chamber. The above test shows that after the flame is ignited for

3 seconds, all local oxygen in the combustion chamber is consumed and further

combustion will start to use the oxygen supplied from primary and secondary

sources.

The flame propagation achieved a steady state more quickly for the case of open

window number 1 compared to the case of closed window number 1. This is

due to the local oxygen in the chamber quickly being replace by the excess air

supply flowing into the combustion chamber through the opened window number

1. The starting point for the spark to ignite and start the ignition process varied

Table 5.3: The ignition timing for the experiment of excess air flow through (win-

dow number 1 open) and no excess air flow through (closed window number 1).

Item Open (seconds) Closed (seconds)

Ignition button ON 0 0

Spark ignited 60 60

Gas supplied 61 61

Flame ignited 61 61

Flame stable 62 64

Spark end 65 65
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from 60 to 70 seconds depending on the readiness of the transformer. For the

initial test, the transformer requires longer to initiate ignition, but this time is

reduced after five ignition tests. The transformer (model Techrite Codice 1820)

made by Techrite Technology (Techrite, 2014) was used to increase the ignition

voltage and was installed together with the ignition unit to ensure the spark was

sufficient enough to ignite the air/fuel mixture.

The experiment was conducted to compare the ignition of open and closed win-

dow number 1 to check the effect of excess air. The partially-premixed flame of

methane at 10.82 L/min (10 kPa) with heated secondary air at 11.8 L/min was

used. For the experiment of excess air flow through while window number 1 open,

Figure 5.16(a) to (f) shows the flame started from ignition and propagated to a

steady flame. For the case of no excess air flow through while window number 1

closed, the flame propagations are shown in Figure 5.16(g) to (l)). A steady flame

at 45 seconds after the spark started shows a very clear difference between the

two cases where for open window number 1, the excess air supply produced con-

ditions similar to a fully non-premixed flame. Both flames (Figure 5.16) ignited

at 0.77 seconds after the spark started and flame lift-off occurred at 0.87 seconds

after the spark started for window number 1 open and 5.67 seconds after the spark

started for window number 1 closed. For the case of window number 1 open, the

flame reached a steady state more quickly than with all windows closed. For the

closed window, the flame reached a steady state at 45 seconds after the spark

started, the flame having blue cone and diffusion flame brush. The blue cone and

diffusion flame brush can be observed for both partially-premixed and premixed

flame. The height of the diffusion flame brush is about double of the height of

the blue cone. Amell (2007) conducted a premixed experiment and observed the

blue cone and diffusion flame brush.

5.3.2 Combustion Product

Figure 5.17 shows the λ for observation window number 1 both open and closed.

The location of the measurements is at the exhaust pipe and downstream of the

EGR pipe. When there was zero secondary air supply, the λ value measured at

downstream of the EGR pipe was identical to the λ value measured at the exhaust

pipe. When the EGR was mixed with the secondary air supply, the λ was higher

since the oxygen mole fraction in the secondary air was higher than the oxygen

mole fraction in the downstream of the EGR pipe. This oxygen increased the λ

value. The λ for open observation window number 1 is the same even when the

fuel supply is slightly increased. This is due to a higher fuel flow rate inducing a

higher air flow rate and the burning was lean. The λ for an open window number

1 is 4.25. When window number 1 is closed, the λ reduces when the fuel supply

is increased. The oxygen in the chamber is reduced in order to mix with fuel.

When the observation window is closed, the λ is 3.2 and 2.3 when the fuel supply

is 10.82 L/min (10 kPa) and 21.60 L/min (40 kPa) respectively.
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(a) 0.67 (b) 0.87 (c) 2.33 (d) 5.0 (e) 11.0 (f) 45.0

(g) 0.67 (h) 0.87 (i) 2.33 (j) 5.0 (k) 11.0 (l) 45.0

Figure 5.16: Time (seconds) from the beginning of the test for partially-premixed

flame methane of 10.82 L/min (10 kPa) with 11.8 L/min of heated secondary air

with 30 fps recording rate where (a) to (f) is window number 1 open and (g) to (l)

is window number 1 closed (image size is 100 mm × 300 mm).

Figure 5.18 shows the combustion products for the fuel supply of 10.82 L/min

(10 kPa), 15.30 L/min (20 kPa), 18.70 L/min (30 kPa) and 21.60 L/min (40 kPa).

The comparison for open and closed observation window number 1 is plotted

for oxygen, carbon dioxide, oxides of nitrogen and water vapour. Excess oxygen

(Figure 5.18(a)) is consistent for open window when fuel is increased but it re-

duced drastically for the closed window case. This is consistent with the results

for λ. Carbon dioxide (Figure 5.18(b)) was low when fuel supply was low and

increased when fuel supply increased. When the fuel supply increased, carbon

dioxide slightly reduced for open window due to the exhaust gas being diluted

by excess air and increased for closed window proportionally with the carbon

species increase in the fuel stream. The NOx (Figure 5.18(c)) shows same trend

for both open and closed windows. An open window produced higher NOx than

a closed window due to the combustion having plenty of oxygen supply. The

closed window provides limited oxygen and reduced the formation of NOx in the
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Figure 5.17: Comparison of open and closed observation window number 1 for

exhaust gas λ measurement of exhaust pipe.

.

combustion product. Overall, for both open and closed window, NOx is very low

at below 10 ppm showing the combustion is highly efficient and produces very

low emissions. Water vapour (Figure 5.18(d)) shows that water vapour increases

with the increase of gas supply. This is due to more reactions by methane and

air producing more water vapour. During the experiment, the water vapour can

be observed on the inside of the high-temperature glass windows.

(a) O2 (b) CO2

(c) NOx (d) H2O

Figure 5.18: Comparison of open and closed observation window number 1 on

exhaust gas measurement at exhaust pipe and EGR pipe.
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(a) Methane fuel
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Figure 5.19: Photograph of the flame for the same volume flow rate of combustible

fuel (image size is 245 mm × 310 mm).

5.4 Comparison of Methane and Biogas Flames

The operating conditions for the premixed methane and biogas flames are sum-

marised in Table 5.4. The Reynolds number for both fuel jet is below 4,000 and

it shows the fuel jets is in laminar to transition flow state. Cold flow is normally

in transition when the flow Reynolds number is between 2,300 and 4,000. Fig-

ure 5.19 shows a photograph of the flames for the combustion of methane and

biogas. From Figure 5.19, it can be seen from the observation that the biogas

flame has a lower luminosity compared to the methane flame. The methane mass

flow rates are identical for both flames requiring the biogas fuel stream flow rate

to be higher (Equation 5.1 and Equation 5.2). For the biogas flame, carbon

dioxide was added so it was 40 % mole fraction. The flame height for methane

fuel and biogas fuel is 260 mm and 140 mm respectively. The Methane flame is

bigger and brighter compare to the biogas flame, while the biogas flame has very

low luminosity, is weak and easily extinguishes (reaches flame blow-off). The

biogas air flame shows only one combustion zone compared to two in methane

air combustion. Due to the weakness and low luminosity of the biogas flame, to

the naked eye it is quite difficult to distinguish the flame brush and the flame

appears faint. The same observation was reported for the natural gas combustion

with 3 % oxygen mole fraction on the experimental work for jet hot co-flow by

Medwell (2007). The combustion equation for the stoichiometric chemical pro-

cess for Figure 5.19(a) written in Equation (5.1) and one mole of biogas (60 %

methane (1.0 mole) and 40 % carbon dioxide (0.67 mole)) and two mole of air in

Equation (5.2) for Figure 5.19(b).

CH4 + (2O2 + 7.52N2) → CO2 + 2H2O + 7.52N2 (5.1)

(CH4 + 0.67CO2) + (2O2 + 7.5N2) → 1.67CO2 + 2H2O + 7.5N2 (5.2)
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Table 5.4: Operating conditions for methane and biogas premixed flames.

Fuel Methane Biogas

Fuel supply 10.82 L/min 15.12 L/min

Primary oxidant temperature 295 K 295 K

Secondary oxidant flow rate 0 0

λ 2.01 2.05

Refuel 1871 3409

5.4.1 Flame Temperature

Figure 5.20 shows the methane and biogas flame temperature measurement with

the fuel supply for 80 minutes and following shut-off. For the methane flame

(Figure 5.20(a)), the average and maximum temperatures for the combustion are

1,720 and 1,780 K respectively. The peak temperature is reached after 50 seconds

and a steady flame maintained. Figure 5.20(b) shows the biogas flame tempera-

ture for about 80 minutes. Pure methane is ignited and, when the flame is stable,

carbon dioxide is injected to mix with the methane and become synthetic bio-

gas. At the beginning, the temperature is not stable for about 100 seconds and

when the flame temperature reduces to the optimum level, the flame is stable

(the temperature measurement is steady). At the stable biogas flame (from 15

to 80 minutes) the minimum, average and maximum temperatures for the flame

are 1,497 K, 1,558 K and 1,603 K respectively.

The same methane mass flow rate is used for both flames (Figure 5.19), so the

same amount of energy in the form of heat release through the exhaust gas is pro-

duced. One mole of methane produced one mole of carbon dioxide (Equation 5.1)

compared to one mole of methane plus 0.67 mole of carbon dioxide produced 1.67

mole of carbon dioxide (Equation 5.2). This condition will produce a lower flame

temperature for biogas than methane because the same heat produced must heat

more mass. From the biogas stoichiometric combustion equation (Equation 5.2)

the added 0.67 mole fraction of carbon dioxide is a diluent which will not be in-

volved in the combustion and will flow out through the exhaust gas. The biogas

flame temperature is lower than that of the methane flame by 125 K due to bio-

gas containing a lower percentage of the combustible gas. The biogas has a lower

calorific value giving a lower heat output (Dai et al., 2012; Hosseini et al., 2013).

5.4.2 Lambda

When the volume flow rate is maintained at 10.82 L/min for premixed methane

and biogas flames, the combustion equations are Equation 5.1 and Equation 5.3

respectively. The combustion conditions are summarised in Table 5.5. Reair/fuel nozzle

is the Reynolds number for the partially-premixed air/fuel nozzle where the reac-

tant is burned in the chamber, where Refuel nozzle is the Reynolds number upstream

of the fuel nozzle for the fuel stream before being premixed. The fuel was injected
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(a) Methane flame

(b) Biogas flame

Figure 5.20: Methane and biogas flame in-furnace temperature.

with a high fuel jet that premixed the air/fuel and later supplied the premixed

reactant to the partially-premixed air/fuel nozzle upstream for the combustion

process.

(0.6CH4 + 0.4CO2) + (1.2O2 + 4.5N2) → (CO2 + 1.2H2O + 4.52N2) (5.3)

The comparison of λ for 80 minutes of methane and biogas combustion is plotted

in Figure 5.21. The λ value for the methane combustion is steady at 2.01 and

biogas is steady at a higher λ of 2.98. The λ for the combustion of biogas is

higher due to the lower methane content in the biogas for the same air flow rate,

therefore producing higher excess oxygen in the exhaust gas.
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Table 5.5: Operating conditions for methane and biogas premixed flames.

Fuel Methane Biogas

Fuel supply 10.82 L/min 10.82 L/min

Primary oxidant temperature 295 K 295 K

Secondary oxidant supply 0 0

λ 2.01 2.98

Reair/fuel nozzle 1,971 2,841

Refuel nozzle 18,708 28,407

Figure 5.21: Lambda value comparison for methane and biogas combustion.

5.5 Non-Premixed, Partially-Premixed and Pre-

mixed Flames

The comparisons for the non-premixed, partially-premixed and premixed flames

were conducted for 15.30 L/min (20 kPa) methane to study the flame behaviour

and combustion product. For the non-premixed and partially-premixed flames,

the secondary air supply was 23.8 L/min and for the premixed flame, there was no

secondary air supply: the only air supply was from the primary source at the fuel

jet nozzle upstream of the fuel flow (supply). The fuel flow rate was kept constant

for all the cases and the secondary air flow rate was also kept constant for all the

cases of non-premixed and partially-premixed flames. The test is summarised in

Table 5.6 and each test was run and data collected after 20 minutes of the stable

flame. Table 5.7 summarises the results. λ is 4.30 for the non-premixed flame,

lower at about 3.66 for the partially-premixed flame and reduced to the lowest at

2.90 for premixed flame. Unburned hydrocarbon is below detection limits with

the apparatus used for all cases and this condition is in line with excess oxygen

in the exhaust gas due to lean combustion. This excess oxygen supply also had

an effect on the flame temperature. For the premixed flame, the temperature is

lower than for the partially-premixed flame.
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Excess oxygen in the exhaust gas is highest for the non-premixed flame and

lowest for the premixed flame. These conditions lead to lower temperature for

non-premixed compared to partially-premixed. Flame temperature for partially-

premixed is the highest due to better air-fuel partially mixed at fuel jet nozzle

and again secondary air mixed with air-fuel mixtures at the burner nozzle. This

condition produced good air-fuel mixtures for a more complete combustion pro-

cess. Carbon dioxide and NOx is slightly higher for partially-premixed and almost

the same level for all the cases. NOx is slightly higher for partially-premixed due

to the flame being hotter than in the other cases. Carbon monoxide is below

detection limits with the apparatus used for all the cases.

5.6 Chamber Temperature and Combustion Prod-

ucts

The experiment for 100 minutes of 10.82 L/min (10 kPa) methane non-premixed

combustion was conducted to study the temperature distribution for the combus-

tion chamber, the EGR, the wall and the exhaust gas. The composition of the

combustion products at the exhaust and downstream of the EGR pipe were also

recorded.

5.6.1 Chamber Temperature

The combustion chamber’s temperature distributions are classified as the main

temperature results that need to be examined. The temperature distributions

in the combustion chamber will be the key to whether the combustion achieved

the MILD condition. Figure 5.22 shows chamber temperature distributions mea-

sured at 16 locations. The hottest temperature is the centre area above the

flame. The temperatures at locations 1 and 2 are the highest which are 1,600 K

and 800 K respectively. The temperatures at other locations are relatively homo-

geneously distributed and the temperatures are in the range of 350 K to 400 K.

The measurement shows that for each location, there are 0.8% to 1.2% increases

in temperature for 3,000 seconds time interval. This value is a very small change

and was omitted from the analysis.

Table 5.6: Summary of NPF, PPF and PF combustion experimental setup (HY is

with preheating, HN is without preheating and SAN is without secondary air).

Flame type NPF HN NPF HY PPF HN PPF HY PF SAN

Fuel Yes Yes Yes Yes Yes

Primary air No No Yes Yes Yes

Secondary air Yes Yes Yes Yes No

Air heater No Yes No Yes No
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Table 5.7: NPF, PPF and PF combustion with and without secondary air pre-

heating (HY is with preheating, HN is without preheating and SAN is without

secondary air).

Item NPF HN NPF HY PPF HN PPF HY PF SAN

Flame Temperature 1567.4 1570.7 1598.2 1601.3 1552.6

λ 4.30 4.25 3.68 3.65 2.90

UHC 0 0 0 0 0

CO 0 0 0 0 0

CO2 2.1 1.9 2.2 2.1 2.0

NOx 2.0 2.0 3.0 3.0 2.0

O2 17.4 17.6 17.1 16.9 15.5

(a) All thermocouples

(b) Excluding TC1 and TC2

Figure 5.22: Recorded chamber temperature profile.

5.6.2 EGR Temperature

Some of the hot combustion products are recirculated back to the combustion

chamber through the EGR pipe. The EGR temperature is the temperature that
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Figure 5.23: EGR temperature profile measured at all four EGR pipe.

.

will preheat the fresh supply oxidant through the secondary air supply. The EGR

directly reduced the amount of energy that was required to preheat the reactants,

thereby saving on energy costs and increasing the efficiency of the system. The

temperature at the upstream of the EGR flow (EGR inlet), centre of the EGR pipe

and downstream of the EGR (bottom of the EGR pipe) were measured in order

to determine the effect of the EGR pipe on the EGR flow temperature. The most

important temperature is at the end of the EGR. This temperature will preheat

the fresh oxidant that is injected through the air supply pipe attached to each side

of the four EGR pipes before the mixture enters the chamber. Figure 5.23 shows

the temperature measurement for the EGR at upstream, middle and downstream

of all four EGR pipes. The EGR upstream temperature is the highest, followed by

the middle and downstream temperatures. The measurement shows that for each

location, there are 0.2% to 0.7% increases in temperature for the 3,000 seconds

time interval. This value is a very small change and was omitted from the analysis.

The preheating results shows that the preheating temperature is very low and it

is lower than fuel autoignition. This level of preheating is far too low to be of

any use for MILD combustion. The combustion equation of methane with EGR

Ratio (ER) can be seen in Equation 5.4.

CH4 + 2O2 + 7.5N2 + ER(CO2 + 2H2O + 7.5N2)→ (1 + ER)(CO2 + 2H2O + 7.5N2)(5.4)

Since some of the products are recirculated back through the combustion cham-

ber, any unburned hydrocarbons and carbon monoxide will have another chance

to re-burn and it will reduce the unburned hydrocarbons and carbon monoxide

released to the atmosphere through the exhaust pipe. This will also increase the

combustion efficiency since almost all the reactants will be consumed.

5.6.3 Air Dilution Temperature

The temperature of air dilution by the EGR was measured. This temperature

is important to ensure that temperature of the oxidant inlet to the combustion
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Figure 5.24: Downstream of EGR and secondary oxidant mixing temperature mea-

sured at mixing cone.

.

chamber is higher than room temperature and will help the process of self-ignition

of the reactant. The goal is to increase the temperature of this oxidant above

the fuel self-ignition temperature, which is difficult to achieve in this case with-

out preheating the supply air using an air heating element. The preheating of

the reactant also occurred around the flame base and front continuously during

the combustion. Figure 5.24 shows the EGR and secondary oxidant mixing tem-

peratures measured at the mixing cone before this diluted oxidant entered the

combustion chamber.

5.6.4 Chamber Wall Temperature

The burner wall temperature is measured with a K-type thermocouple at five

locations: four along one side on the combustion chamber wall and one located

at the slanting chamber wall (Figure 4.16). The profile of the wall temperature

can be seen in Figure 5.25. The wall takes about one hour to reach a steady

temperature of 315 K for the combustion of 10.82 L/min (10 kPa) methane non-

premixed with secondary air of 23.6 L/min. The highest wall temperature was

315 K, recorded at the top chamber location (slanting chamber wall) and the

lowest temperature was about 306 K, recorded at the lowest wall location. More

likely convection mixes products with air near the wall better further downstream.

5.6.5 Temperature and Pressure at P1 and P2

The EGR flow rate was measured using two pressure transducers installed at

locations P1 and P2. The temperature for locations P1 and P2 as shown in

Figure 5.26 are determined using two K-type thermocouples. The temperature for

the EGR pipe takes longer to reach a steady state condition. It takes 90 minutes

for the P1 and P2 temperatures to achieve 330 K and 310 K respectively. The

distance between P1 and P2 is 1.1 m and the temperature drop between these
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Figure 5.25: Burner wall temperature profile.

.

(a) Temperature (1 is top line) (b) Pressure (1 is bottom line)

Figure 5.26: Temperature and pressure for P1 and P2.

two location is 20 K. Pressure was simultaneously recorded at locations P1 and

P2 with a sample trace in Figure 5.26(b). There are two transient processes: at

100 seconds, due to the fuel supply starting for the ignition and near the end (at

6,500 seconds), the fuel supply is stopped to end the combustion. After the fuel

supply is turned off, the pressure drops slightly due to only the secondary air

having a continuous supply.

Figure 5.27 shows the EGR velocity for the experiment, calculated from the

pressure difference, for exhaust extraction system ON and OFF. The average

EGR velocity of 0.618 m/s is not very sensitive to the secondary air flow rate or

the usage of the exhaust extraction system. When the exhaust extraction fan is

OFF, the EGR velocity is slightly higher than when it is ON.

5.6.6 Combustion Product

The combustion product such as unburned hydrocarbon, carbon dioxide, wa-

ter vapour and oxides of nitrogen is measured in the experiment. In the MILD

regime, the maximum flame temperature is lower compared to the maximum
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Figure 5.27: EGR velocity for exhaust extraction (suction) ON and OFF.

temperature for conventional combustion, while the average temperature in the

furnace can be even higher (thanks to the air pre-heating). With a reduction

in the maximum flame temperature, this also reduces the potential damage to

the furnace and indirectly will reduce the furnace operation cost. However, it

also reduces efficiency (since the ultimate goal of virtually any furnace is heating,

which requires a temperature differential). Besides, furnace materials are capable

of withstanding typical flame temperatures for long periods of time. A sam-

ple case of partially-premixed methane at 10.82 L/min (10 kPa) with 23.8 L/min

secondary air supply was selected for the investigation of the combustion prod-

ucts. Figure 5.28 shows the combustion product for NOx, CO2 and O2 recorded

at the exhaust pipe and downstream of the EGR pipe with λ recorded only at

the exhaust pipe. The measurement is started when the flame is steady after

20 minutes of combustion. Figure 5.28(a) shows the λ value for the 80 minutes of

shown combustion. The λ slightly reduced from 3.52 to 3.48, becoming consistent

after 50 minutes of combustion, while the species were consistent.

Oxygen is part of the combustion reactant and when lean combustion occurred,

part of the combustion product is excess oxygen. Excess oxygen is extra oxygen

that is not involved in the combustion process. In that condition, oxygen will

be released through the exhaust pipe if there is not enough fuel to consume

the oxygen in the oxidant stream. Figure 5.28(b) shows excess oxygen in the

combustion of methane. Oxygen is consistent at 16.6 % and 17.3 % for the exhaust

pipe and downstream of the EGR respectively. Carbon dioxide is part of normal

combustion products. Figure 5.29 shows the carbon dioxide measured at the

exhaust pipe and downstream of the EGR from 10.82 L/min (10 kPa) partially-

premixed methane with heated 47.2 L/min secondary air supply compared to

Figure 5.28(c). Carbon dioxide content in the exhaust gas pipe is consistent

after 15 minutes of combustion, as is the oxygen mole fraction. The level of

carbon dioxide in the EGR is lower than in the exhaust pipe due to it already

being diluted by the secondary air supply, but it increases slowly throughout the

combustion.
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(a) λ (b) O2

(c) CO2 (d) NOx

Figure 5.28: Comparison of exhaust gas compositions at exhaust pipe and down-

stream of the EGR pipe.

One of the MILD flame characteristics is the reduction in the flame temper-

ature, which also reduces the potential heat loss to the surroundings. The

most critical unwanted combustion product for gas fuel is oxides of nitrogen.

Since the production of NOx is strongly linked to the combustion temperature

(Heywood, 1988; Kutz, 2006), a reduction of combustion temperature will cer-

tainly reduce the production of thermal NOx. The NOx is measured at the ex-

Figure 5.29: Exhaust and EGR gas dilution on methane combustion for carbon

dioxide.
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haust pipe and after the oxidant is mixed with the EGR at the downstream of the

EGR pipe. Overall NOx pollution is below 3 ppm (Figure 5.28(d)) throughout

the combustion, which is acceptable for the combustion process. Unburned hy-

drocarbon is one of the incomplete combustion processes where some fuel (species

containing only C + H atoms) is part of the exhaust gas. Unburned hydrocar-

bon is the leftover fuel that not is burned during the combustion process. This

unburned hydrocarbon will flow out through the exhaust gas and some of it will

flow back to the combustion chamber through the EGR pipe. Figure 5.30 shows

unburned hydrocarbon from methane combustion. After 10 minutes of combus-

tion, unburned hydrocarbon reduced to below detection limits with the apparatus

used. In all the experimental work and experimental repetitions conducted, there

were almost zero (below detection limits with the apparatus used) unburned hy-

drocarbons detected after 20 minutes of combustion in the exhaust gas measured

at the exhaust pipe and the EGR pipe.

Figure 5.30: Unburned hydrocarbon release with exhaust gas

Incomplete combustion will produce pollutant emissions. The carbon monoxide

release through exhaust gases can be an indicator of incomplete combustion being

produced when there is insufficient oxygen to form CO2. In the current experi-

ment, by using methane as a fuel, almost zero (below detection limits with the

apparatus used) carbon monoxide is recorded by the gas analyser due to all the

carbon content from the methane involved in the chemical reaction in combustion

being transformed to carbon dioxide. This shows that the combustion is com-

pleted with excess oxygen released together with the exhaust gas. Water vapour

is one of the combustion products from methane. Figure 5.31 shows water vapour

deposited at the high-temperature window glass during the combustion process.

Figure 5.32 shows water vapour from partially-premixed 10.82 L/min (10 kPa)

methane with heated 23.6 L/min secondary air supply. The water vapour reached

maximum and was steady after 450 seconds of combustion.
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(a) Window 1 (upstream) (b) Window 3 (downstream)

Figure 5.31: Water vapour deposited at the glass window after a period of the

combustion. The water vapour later evaporated.

Figure 5.32: Water vapour in exhaust gas for methane combustion.

5.7 Oxygen Dilution

The dilution of the oxygen mole fraction is one of the keys to achieving the MILD

condition. The pressure difference for partially-premixed methane at 10.82 L/min

(10 kPa) with heated secondary air at 673 K and a flow rate of 47.2 L/min can be

seen in Figure 5.33(a). The average pressure at pressure transducer 1 is 195 Pa

and pressure transducer 2 is 30 Pa. The mean difference between pressure trans-

ducers 1 and 2 is 165 Pa. The mean temperature recorded for pressure transducers

1 and 2 are 344 K and 325 K respectively. The mean temperatures difference be-

tween pressure transducers 1 and 2 is 19 K (Figure 5.33(b)). For the case of

13.30 L/min (15 kPa) partially-premixed methane combustion, the pressure dif-

ference is 159 Pa and the temperature difference is 25 K. This pressure different

shows that the EGR flow dilutes and preheats the secondary air supply.

Figure 5.34 shows the oxygen mole fraction measured at the exhaust pipe and
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(a) Pressure (1 is bottom line) (b) Temperature (1 is top line)

Figure 5.33: Pressure and temperature for pressure transducers 1 and 2.

downstream of the EGR to analyse the dilution of oxygen by the EGR. The oxy-

gen mole fraction in the exhaust gas is consistent after 15 minutes of combustion.

The oxygen mole fraction in the downstream of the EGR pipe which was mixed

with secondary air supply reduced steadily and reached the same percentage after

90 minutes of combustion.

Figure 5.34: Exhaust gas and EGR gas dilution on methane combustion for oxygen.

5.8 Effect of Secondary Air on Flame Geometry

The experiment for the non-premixed flame was conducted for methane and bio-

gas flames, both using 10.82 L/min (10 kPa) of fuel. These were to study the effect

of the secondary air flow rate on the flame geometry, temperature and combus-

tion product. The heated secondary air at 11.8 L/min to 70.8 L/min is injected.

The heating element is set at 673 K to preheat the secondary air. Figure 5.35

shows the temperature for the non-premixed flame of methane and biogas. All

the flame digital images (30 frames per second) discussed in this chapter were

obtained from the video recorded using the digital camera. The methane flame

has a higher temperature than the biogas flame because methane has a higher

calorific value compared to biogas. The flame adiabatic temperature for biogas

is 120 K lower than pure methane.
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Figure 5.35: Comparison of non-premixed flame temperature for methane and

biogas fuel at x/Di of 5.2 (A-A).

.

Figure 5.36 shows methane and biogas at 10.82 L/min (10 kPa) with various sec-

ondary air flow rates from 11.8 L/min to 70.8 L/min. For the methane flame

(Figure 5.36(a) to (f)) the lower secondary air flow rate, the flame is clearly di-

vided into two zones but when the secondary air flow rate is at 47.2 L/min, the

primary zone starts to disappear. After the secondary air reaches 59.0 L/min,

the primary flame zone is completely disappeared. Overall flame height is in-

creased from 167 mm for 11.8 L/min of secondary air flow rate to 186 mm when

the secondary air flow rate is 70.8 L/min. As with the methane, an experiment

was conducted for biogas and the flame images are shown in Figure 5.36(g) to (l).

The primary zone disappeared later than with the methane flame: at 59.0 L/min

of secondary air supply flow rate, the primary zone was still very clear and only

disappeared at secondary air flow rate of 70.8 L/min. Overall flame height is in-

creased from 137 mm for 11.8 L/min of secondary air flow rate to 182 mm when

secondary air flow rate is 70.8 L/min.

5.9 Effect of Secondary Air on Exhaust Gas

The effect of non-preheated and preheated secondary air on the exhaust gas was

studied using methane fuel. The exhaust flow rate and combustion products are

discussed in the section below.

5.9.1 Preheating Secondary Air for Biogas

The products for partially-premixed combustion are discussed in this section.

Methane and biogas at 10.82 L/min (10 kPa) was injected with primary air and

mixed with various heated secondary air flow rates in the range of 11.8 L/min

to 70.8 L/min. The EGR vent damper is kept to 100% open to let some of

the exhaust gas flow. The heating element was set at 673 K to preheat the
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(a) 11.8 (b) 23.6 (c) 35.4 (d) 47.2 (e) 59.0 (f) 70.8

(g) 11.8 (h) 23.6 (i) 35.4 (j) 47.2 (k) 59.0 (l) 70.8

Figure 5.36: Heated secondary air flow rate in L/min for 10.82 L/min (10 kPa) of

non-premixed methane flame ((a) to (f)) and non-premixed biogas flame ((g) to

(l)) (image size is 100 mm × 300 mm).

secondary air. Figure 5.37 shows the temperature for the partially-premixed

flame of methane and biogas. The trend of the temperature result is similar to

the non-premixed flame (Figure 5.35). The temperature for the higher secondary

air flow rate starts to reduce due to excess secondary air acting as a diluent and

making the flame temperature lower. Beside the diluent, the strain rate effect

did not occur in this case because the flow was in transition mode. Different

strain rate is equal to different turbulence levels (which are most likely to occur

with different flow speeds). Flames experiencing high strain rate can lead to

extinction.

Figure 5.38 shows the combustion products measured at the exhaust pipe after

20 minutes of steady flame. The combustion λ for biogas is slightly higher than

for methane and the trend is similar to excess oxygen. The λ was increased

when the secondary air supply was increased while the fuel supply is fixed. For

NOx, both methane and biogas premixed flames are 2 ppm for all flow rates
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Figure 5.37: Partially-premixed flame temperature for biogas fuel at x/Di of 5.2

(A-A).

.

whereas for carbon monoxide, biogas produced about 10 ppm at an early stage

of the combustion, but it is below detection limits with the apparatus used after

20 minutes of steady flame. For methane, almost zero (below detection limits

with the apparatus used) carbon monoxide is recorded and for both methane and

biogas unburned hydrocarbon is detected for 3 to 5 minutes of the combustion

and then is below detection limits with the apparatus used when the flame is

steady.

5.9.2 Non-Preheating Secondary Air for Methane

An experiment was conducted to study the effect of non-preheating secondary

air to the exhaust gas. The methane fuel supplied at 10.82 L/min (10 kPa) is

injected with various volume flow rates of secondary air supply. The EGR vent

damper is kept open to let some of the exhaust gas flow. This is allowed to study

the effect of EGR flow on preheating the oxidant. The gases at the exhaust pipe

and downstream of the EGR pipe (after the EGR is mixed with the secondary

air) are analysed. Figure 5.39 shows that the λ is identical when zero secondary

air supply flows through the EGR pipe, i.e. the compositions of the exhaust

gas split through the exhaust pipe and the EGR are the same. The supply

fuel is 10.82 L/min (10 kPa) and the secondary air is in the range of 0 L/min to

94.4 L/min.

The λ value is increased when the secondary air supply is increased due to excess

oxygen content in the atmospheric air used as the secondary air supply. Exhaust

gas λ measured at the exhaust pipe is nearly consistent for the secondary air

supply of 0 L/min to 47.5 L/min but suddenly increased when the secondary air

flow rate increased to 70.5 L/min and 94.4 L/min. The λ at downstream of the

EGR pipe is dramatically increased from 1.95 at zero secondary air supply to 5.5

at 94.4 L/min. This is because the downstream of the EGR pipe received the
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(a) λ (b) O2

(c) CO2 (d) NOx

Figure 5.38: Comparison of partially-premixed methane and biogas flame on com-

bustion product.

fresh air from the secondary air supply, which increased the oxygen. Figure 5.40

shows the exhaust gas data for NOx emission, carbon dioxide, oxygen and water

vapour produced by the combustion and measured at the exhaust pipe. NOx

emission (Figure 5.40(a)) was slightly higher at the lower secondary air supply

Figure 5.39: Comparison of secondary air supply on λ measurement for exhaust

gas in exhaust pipe and EGR pipe.

.
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and reduced when the secondary supply air was increased. The secondary air

supply caused the reduction in chamber temperature and limited the formation

of NOx. Downstream of the EGR pipe, the secondary air supply slightly diluted

the exhaust gas, reducing the amount of NOx.

(a) NOx (b) CO2

(c) O2 (d) H2O

Figure 5.40: Exhaust gas measurement of methane with secondary air supply for

exhaust pipe and EGR pipe.

Carbon dioxide is reduced when the secondary air supply is increased (Fig-

ure 5.40(b)). Similar to NOx emission, carbon dioxide detected downstream of

the EGR is lower than the exhaust pipe due to the exhaust gas in the downstream

of the EGR being diluted by the supplied secondary air. The oxygen mole frac-

tion in the exhaust gas naturally increased when the secondary air supply was

increased (Figure 5.40(c)). Water vapour reduced when the secondary air supply

flow rate increased (Figure 5.40(d)). In the combustion process, when the same

amount of methane fuel is used, the same amount of hydrogen is released from the

CH4 covalent bond and the hydrogen will be involved in the chemical reaction

with the oxygen to become H2O. The formation of water vapour is consistent

because hydrogen limits the chemical reaction. When the volume of secondary

air is increased, the volume of exhaust gas will simultaneously increase and the

volume of water vapour relative to the volume of exhaust gas is reduced.
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5.10 Effect of EGR and Heated Secondary Air

Experimental work was conducted to study the effect of heated and non-heated

secondary air with and without EGR flow. The secondary air flow rate is injected

at 11.8 L/min, 23.6 L/min, 35.4 L/min and 47.2 L/min for all four cases. A total

of 16 experiments were conducted for the effect of secondary air and EGR on the

chamber temperature and combustion products. The room temperature at the

beginning of the experimental work was 290 K. The heating element was set at a

maximum temperature of 673 K.

5.10.1 Chamber Temperature

The chamber’s temperature for all the 16 experiments are plotted in Figures 5.41

and 5.42 for the case of heated secondary air with and without EGR flow respec-

tively. For the case of non-heated secondary air with and without EGR flow, the

results are shown in Figures 5.43 and 5.44 respectively. For each case, the tem-

perature of 16 locations in the combustion chamber were measured and recorded.

The thermocouple locations are shown in Figure 5.2. The chamber temperature

for the case of heated secondary air with EGR flow (Figure 5.41) gives the highest

flame temperature compared to the other three cases. The heated secondary air

and EGR help to increase the chamber temperature. The flame temperature for

heated secondary air without EGR flow (Figure 5.42) is lower than for heated

secondary air with EGR flow. The effect of EGR flow on the flame temperature

without the heated secondary air can be seen in Figure 5.43. When a non-heated

secondary air supply is used for both with and without EGR flow, the chamber

temperature is lower compared to when the heated secondary air supply is used.

The lowest flame temperature occurred in the case of non-heated secondary air

without EGR flow (Figure 5.44).

Figure 5.45 shows the flame and exhaust temperatures taken from the Fig-

ures 5.41, 5.42, 5.43 and 5.44. The flame temperatures are reduced when higher

secondary air is supplied to the combustion chamber. In these cases, the sec-

ondary air is in excess and acting as a diluent to reduce the flame temperature.

The highest temperature is when the secondary air is heated and EGR is used

while the lowest flame temperature is when the secondary air used is non-heated

and the EGR is OFF. Note that when the heated secondary air is used without

the EGR, it gives a higher flame temperature compared to the use of EGR with

the non-heated secondary air. The use of the air heating element and the EGR

gives a positive effect to the increase of the chamber temperature. The effect of

the air heating element is higher compared to the effect of the EGR to the flame

and exhaust temperatures. These conditions of flame and exhaust temperatures

for all the 16 experiments are summarised in Figure 5.45. Figure 5.45(b) shows

the exhaust temperature is increased when the higher temperature secondary air

is supplied. This is due to the large volume of the combustion chamber (0.33 m3)



5.10 Effect of EGR and Heated Secondary Air 141

(a) 11.8 L/min (b) 23.6 L/min

(c) 35.4 L/min (d) 47.2 L/min

Figure 5.41: Effect of heated secondary air and EGR on chamber temperature at

different flow rates.

compared to the power output from the combustion, this lower secondary air

gives slow exhaust flow out through the exhaust pipe. This slow flow brings a

low volume of exhaust gas, resulting in a low temperature for the exhaust gas.

Figure 5.46(a) shows the temperature downstream of the EGR mixing with the

supplied secondary air. The EGR temperature is the mean temperature calcu-

lated from all four EGR pipes. Figure 5.46(b) shows the mixing cone temperature

where all EGR pipes are combined and then mixed. The mixing cone tempera-

ture is almost identical to the downstream of EGR temperature. The differences

are less than 1.0 K. The temperatures for both downstream of the EGR and the

mixing cone are increased with the increase of the secondary air supply. This is

the effect of the EGR flow because when the secondary air is increased, the EGR

flow is increased (higher volume flow rate of hot exhaust gas).

5.10.2 Combustion Product

An experiment for the partially-premixed methane at 15.30 L/min (20 kPa) with

11.8 L/min to 47.2 L/min non-heated secondary air was conducted to study the

combustion products. In this experiment, carbon monoxide and unburned hy-

drocarbon are reported as below detection limits with the apparatus used after

20 minutes of combustion and the flame has reached steady state. Both com-
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(a) 11.8 L/min (b) 23.6 L/min

(c) 35.4 L/min (d) 47.2 L/min

Figure 5.42: Effect of heated secondary air to chamber temperature (without EGR)

at different flow rates.

bustion products (carbon monoxide and unburned hydrocarbon) are consistently

measured as below detection limits with the apparatus used for all the cases.

Figure 5.47(a) shows the NOx emission for the experiments. The NOx is 3 ppm

at the low secondary air supply and reduced to 2 ppm at the higher secondary

air supply. This is due to the effect of the flame temperature and the volume of

secondary air acted as a diluent to reduce the NOx concentration.

Heating of the secondary air and use of the EGR affects NOx. When both are

used, the NOx is 3 ppm for 11.8 L/min and 23.6 L/min secondary air, while when

neither is used, the NOx is 3 ppm and 2 ppm for 11.8 L/min and 23.6 L/min of

secondary air respectively. When the EGR is used, the results are identical for

both the heated and non-heated secondary air. The similar trend was observed

with the unused of EGR. Figure 5.47(b) shows carbon dioxide for heated and

non-heated supplied secondary air with and without the EGR. For the case where

both the heated secondary air and the EGR being used and where the secondary

air is non-heated and the EGR is not used, carbon dioxide is slightly increased

with the higher secondary air supply by a factor of 1.3 %. When either the

heated secondary air or the EGR is used, carbon dioxide is increased from the

low to the high secondary air supply by a factor of 4.02 %. Generally, carbon

dioxide is slightly increased with the increase of the secondary air supply and not

significantly affected by the heated secondary air and EGR.
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(a) 11.8 L/min (b) 23.6 L/min

(c) 35.4 L/min (d) 47.2 L/min

Figure 5.43: Effect of secondary air (without preheating) and EGR to chamber

temperature at different flow rates.

Figure 5.48(a) shows the oxygen mole fraction downstream where the EGR is

mixed with the secondary air supply, calculated from the mean of the downstream

of all four EGR pipes. The oxygen mole fraction is almost constant for all air

flows when the EGR vent damper is closed (EGR flow is zero). When the EGR

vent damper is open, the oxygen mole fraction is increased from about 14.0% to

16.5 %. For the higher secondary air supply, the excess oxygen in the combustion

flowed together with the EGR and increased the oxygen mole fraction downstream

of the EGR. The heating and non-heating of the secondary air does not affect the

oxygen mole fraction at the downstream of the EGR. Figure 5.48(b) shows the

water vapour measured at the same location as Figure 5.48(a). The EGR flow

does not give significant effect to the water vapour content in the downstream of

the EGR pipes. Similar to the oxygen mole fraction, the heating and non-heating

of the secondary air does not affect the water vapour in the EGR pipe. There

is only a small effect when the heater is used to preheat the secondary air: the

water vapour slightly reduced compared to non-heated secondary air.
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(a) 11.8 L/min (b) 23.6 L/min

(c) 35.4 L/min (d) 47.2 L/min

Figure 5.44: Effect of secondary air (without preheating) to chamber temperature

(without EGR) at different flow rates.

(a) Flame temperature (b) Exhaust temperature

Figure 5.45: Effect of heated and non-heated secondary air with and without EGR.

5.11 Comparison of Experimental and Numeri-

cal Results

In this section, the results obtained from the numerical work are compared and

validated with the results from the in-furnace measurements from the experimen-

tal work. The numerical modelling is an attractive and cost-effective option to

predict the behaviour of combustion (Charest et al., 2010). However, part of

the numerical modelling must be validated by experimental results to ensure the

models are accurate and acceptable. In this work, the same furnace and burner
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(a) Downstream of the EGR pipe (b) Mixing cone

Figure 5.46: Effect of heated and non-heated secondary air with and without EGR.

(a) NOx (b) CO2

Figure 5.47: Effect of heated and non-heated secondary air with and without EGR

on exhaust gas compositions.

(a) Oxygen mole fraction (b) Water vapour content

Figure 5.48: Effect of heated and non-heated secondary air with and without EGR

on exhaust gas compositions.

design for both methane and biogas flames were used and compared for validation

between the experimental and the numerical works. A sample case of the exper-

imental and numerical work for the methane and biogas at 10.82 L/min (10 kPa)

were used with the λ values of 3.42 and 3.87 respectively.
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5.11.1 Methane Flame

Figure 5.49 shows the comparison for the experimental and numerical tempera-

ture results for the partially-premixed methane at 10.82 L/min (10 kPa) with λ

of 3.42. The figures for each chamber’s cross-section at x/Di of 5.2 (A-A), 16.9

(B-B), 28.5 (C-C) and 33.8 (D-D) are individually separated and can be seen in

Figure 5.50. The computed static temperature from the numerical work is in fair

agreement with the experimental results, especially on the centreline of the flame

front from upstream to downstream of the flame. The numerical modelling for

the MILD combustion is mostly based on the Reynolds–Averaged Navier–Stokes

(RANS) equations using the standard as well as realisable k–ε models (Orsino

et al., 2001; Christo and Dally, 2005; Danon et al., 2010). RANS is a reasonably

accurate model to predict the temperature and combustion products. In this

case, the results of the simulation slightly over-predict the flame temperatures

by about 2 %. Hosseini and Wahid (2014) in the study of flameless combustion

confirmed that the numerical solution has about 5 % prediction error compared

to the experimental results. These discrepancies could be attributed to errors

related to the measurement equipment (Hosseini and Wahid, 2014).

For the numerical modelling for the centreline of the flame, the temperature is

1,432 K and it over-predicted compared to the experimental temperature, recorded

at 1,409 K, by 1.6 %. Along the flame centreline, the predicted local flame tem-

perature at x/Di of 16.9 (B-B), 28.5 (C-C) and further downstream of 33.8 (D-D),

the over-prediction is about 1 % to 3 % and this is good agreement between the

experimental and numerical work. At the distances of 100 mm and 200 mm from

Figure 5.49: Comparison of experimental and numerical results for the partially-

premixed methane at 10.82 L/min (10 kPa) with the λ = 3.42.
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(a) x/Di = 5.2 (A-A) (b) x/Di = 16.9 (B-B)

(c) x/Di = 28.5 (C-C) (d) x/Di = 33.8 (D-D)

Figure 5.50: Comparison of experimental and numerical results for Figure 5.49.

the flame centreline, the numerical results under-predict by 5 % to 18 % from

upstream to downstream of the flame. This is due to the deficiencies of the radia-

tion model in the numerical modelling, thereby under-predicting the temperature

of the flow field. In the experimental work, the lower-temperature regions are

warmed due to the radiation process from the heat of the flame. Charest et al.

(2010) in the numerical modelling for laminar flame found that the local tem-

perature is under-predicted by about 9.5 % to 19 %. Similar agreement between

experimental and numerical results were also reported by Smooke et al. (1999).

To improve the prediction, Smooke et al. (1999) increased the inlet temperatures

and methane was consumed at a slower rate and reached further downstream in

the calculations. This under-predicted behaviour for the methane concentrations

may also be a result of uncertainties at the fuel inlet boundary. The accuracy

of the wall temperature comparison is < 1.0 % where it under-predicted at x/Di

of 5.2 (A-A), 16.9 (B-B), 28.5 (C-C) and over-predicted at x/Di of 33.8 (D-D)

(Figure 5.50).

Figure 5.51 shows the comparison between an experimental and a numerical anal-

ysis for the partially-premixed methane. The experimental and the numerical

analysis were both run for 3.31 < λ < 3.81. The experiments were run with the

primary and secondary air supply and λ was measured at the exhaust outlet.

The primary air supply induced at the fuel jet nozzle upstream of the fuel supply

and the volume flow rate cannot be controlled. For the secondary air, however,
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the supply can be controlled and adjusted to the small variants of λ from 3.31 to

3.81. The flame temperature is increased in-line with the increase of the λ due

to the location the x/Di of 5.2 (A-A) and the height of the flame where the ther-

mocouple was installed. The highest gap of over-prediction for the temperature

between the numerical and experimental results is 41 K (2.9 %) at λ = 3.31. The

over-prediction reduces when the λ is increased.

The combustion products are presented in Figure 5.52. Figure 5.52(a) and (b)

shows oxygen and carbon dioxide at the exhaust and the EGR for the combustion

of methane. The oxygen is in good agreement both downstream of the EGR

pipes and at the exhaust pipe. For the carbon dioxide that was measured at the

downstream of the EGR pipe, the numerical result is under-predicted at lower λ

compared to the experiment. At this point, the difference is about 19 % but moves

toward good agreement with the experiment when λ increased. To summarise, for

the oxygen and carbon dioxide, the oxygen is over-predicted by 0.02 % to 0.17 %

and the carbon dioxide by 0.5 % to 19 %. The measurement equipment could have

contributed to these discrepancies (Arghode, 2011; Hosseini and Wahid, 2014).

From Figure 5.51, when λ is 3.31, the temperature is over-predicted by 2.1 %

(numerical prediction is 1,405 K and experiment is 1,375 K).

The water vapour for methane combustion only plotted for the numerical mod-

elling at λ = 3.81 is about 4.45 % and 1.74 % for the exhaust pipe and EGR

pipe respectively (Figure 5.52(c)). The water vapour at the downstream of the

EGR pipe is diluted by incoming fresh supply secondary air and it reduced from

4.45 % at the upstream of the EGR pipe to 1.74 % at the downstream of the EGR

pipe. At the downstream of the EGR pipe, the combustion produced the same

amount of water vapour at the lower λ due to the limit of water vapour from the

hydrogen atom in the methane fuel. However for the exhaust pipe, at the lower

λ, the water vapour is slightly increased to 5.33 % due to the lower diluent from

the lower supply of secondary air.

Figure 5.51: Comparison of experimental and numerical results for the partially-

premixed methane flame temperature at x/Di of 5.2 (A-A).

.



5.11 Comparison of Experimental and Numerical Results 149

(a) O2 (b) CO2

(c) H2O (d) NOx

Figure 5.52: Various species at the exhaust and the EGR for the combustion of

methane.

Figure 5.52(c) and (d) shows the water vapour and NOx at the exhaust pipe and

the downstream of the EGR pipes for the combustion of the partially-premixed

methane. The experimental NOx for both locations is essentially identical. The

experimental NOx is under-predicted at the exhaust pipe; the numerical study

predicted 1 ppm but the experiment detected NOx at 3 ppm to 5 ppm depending

on the λ. The NOx is 5 ppm at lower λ and reduced to 3 ppm at higher λ.

The NOx results are in line with the earlier experimental work with 20 kW heat

input using natural gas; the NOx is about 3 ppm (Colorado et al., 2010). These

measurement errors between the experimental and numerical modelling are within

the acceptable limits where for the NOx measurement the gas analyser has the

accuracy of ±3.0 % (Table 4.9) for the detection ranges of 0–4,000 ppm. In the

gas fire furnace and consumer cars and light trucks (European regulation), the

level of NOx must be below 5 ppm.

The numerical modelling results for 10.82 L/min (10 kPa) of partially-premixed

methane with λ of 3.42 is shown in Figures 5.53 to 5.56. Figure 5.53 shows the

temperature for the full range and the restricted range of 300 K to 550 K for the

combustion chamber including EGR, secondary air supply and fuel supply pipe.

The flame temperature is 1,432 K and the wall temperature is 321 K. Figure 5.54

shows the various species mole fractions, where Figure 5.54(a) shows unburned

hydrocarbon that is excess from the combustion. The contour shows that almost
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(a) Full range (b) 300 to 550 K

Figure 5.53: Temperature contour for combustion of 10.82 L/min (10 kPa) methane

at λ = 3.42 with oxygen 21 % in oxidant supply.

zero unburned hydrocarbon is released from the combustion. It shows that all

the methane is consumed and left no trace of unburned hydrocarbon released

through the exhaust or circulated through the EGR stream. Figure 5.54(b) shows

the oxygen mole fraction for the whole combustion chamber. The oxygen mole

fraction for the secondary air supply is 21 % and the mole fraction is reduced to

15.5 % when it is diluted by the EGR. This is because the oxygen mole fraction in

the EGR is 9.5 %, which is lower than the oxygen mole fraction in the secondary

air supply. The oxygen mole fraction at the combustion (flame) zone is almost

zero due to it being consumed by the combustion process in the chemical reaction

with the methane.

Figure 5.54(c) shows the contour of the water vapour for the combustion chamber.

The water vapour mole fraction of 16.3 % is very high at the combustion (flame)

zone due to the intense chemical reaction that continuously produces the water

vapour. It is diluted and reduced to about 8.16 % at the other areas in the

combustion chamber including the upstream and middle-stream of the EGR pipes.

At the downstream of the EGR pipes and mixing cone, the water vapour is diluted

by the fresh secondary air supply and further reduced to 3.63 %. Figure 5.54(d)

shows the contour of the NOx for the combustion chamber. The contour shows

that the NOx is high (27 ppm) at the flame area due to the chemical reaction still

being incomplete. When the chemical reaction is completed, the NOx is detected

as 1.0 ppm at the exhaust and the EGR pipes.

Figure 5.54(e) shows the contour of the carbon dioxide, which has the same

behaviour as the water vapour. The carbon dioxide shows the same trend with

the NOx where it is high (8.5 %) at the flame area and detected at a lower amount

(4.5 %) for other areas including the combustion chamber and EGR pipes. This

is because the carbon dioxide is distributed throughout the combustion chamber

and reduces the concentration. Figure 5.54(f) shows the contour of the carbon

monoxide, which is only detected at the flame area. This carbon monoxide was
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(a) CH4 (b) O2 (c) H2O

(d) NOx (e) CO2 (f) CO

Figure 5.54: Species mole fraction for combustion of 10.82 L/min (10 kPa) methane

at λ = 3.42 with oxygen 21 % in oxidant supply.

detected during the continuous chemical reactions (combustion process), but the

reactions were quickly completed to produce carbon dioxide as a combustion by-

product.

A sample of combustion products was selected to study the profile along the

centreline of the flame zone. Figure 5.55 shows the carbon monoxide profile for

the methane flame centreline of the combustion chamber, including the flame

front. The highest carbon monoxide is at the downstream distance from injec-

tion locations, x/Db=23.3 and reaches almost zero (below detection limits with

the apparatus used) at x/Db=80.0. In the previous experiment using natural

gas (97 % methane), carbon monoxide reached its minimum level at the down-

stream distance from the injection locations, x/Db=375.0 (Colorado et al., 2010).

Figure 5.56 shows the chamber density, the velocity magnitude and the pressure

distributions. Beside the flame and the locations where the chemical reaction

occurred, the chamber density is about 1.00–1.16 kg/m3. The density is low in

the vicinity of the chemical reaction and the high velocity zone. The pressure

distribution is uniformly distributed with a low level of pressure throughout the

combustion chamber. The pressure is slightly high at the air and fuel supply in-
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Figure 5.55: CO profile along the centreline of the combustion chamber for

10.82 L/min (10 kPa) methane with λ = 3.42. The nozzle diameter, Db=7.5 mm.

lets, as can be seen in Figure 5.56(c). The open end at the top of the combustion

chamber means the pressure is always at atmospheric pressure. More results from

the numerical modelling for the methane flames can be found in Appendix D.

(a) Density (b) Velocity magnitude (c) Pressure

Figure 5.56: Chamber density, velocity magnitude and gauge pressure distribution

for combustion of biogas at λ = 3.42 with oxygen 21 % in oxidant supply.

5.11.2 Numerical Sensitivity Test

Simulations were conducted for the methane fuel to study the sensitivity of the

secondary air supply temperature to the flame temperature and combustion prod-

ucts. The secondary air temperature was set at the range of 320 K to 667 K to

analyse the behaviour at the exhaust pipe and the downstream of the EGR pipes.

One of the MILD strategies is the preheating of the supplied combustion air to

assist in achieving MILD combustion by producing a lower temperature field in

the chamber compared to conventional combustion (Medwell, 2007). The pre-

heating of the secondary air provides a relatively small power addition compared

to the power that is gained from the methane fuel combustion (Appendix A). The

total energy input for the furnace is 6.21 kW with 6.03 kW from the combustion
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(a) Temperature (b) O2

(c) CO2 (d) H2O

Figure 5.57: Comparison of temperature and combustion products at exhaust and

downstream of EGR of 10.82 L/min (10 kPa) methane at λ = 3.42 with oxygen

21 % in oxidant supply.

of methane fuel and 0.18 kW from the air heating element. Because the density of

the heated air changes, the inlet conditions were carefully chosen to ensure that

a constant mass flow rate is applied to ensure that the same stoichiometry is sim-

ulated in all cases. At the temperature of 320.15 K and pressure of 101.325 kPa,

the air density is 1.1060 kg/m3 and the calculated mass flow rate is 1.6071 ×
10−3 kg/s.

Figure 5.57 shows the comparison of the combustion temperatures and products

for the heating of the secondary air at the range of 320 K to 667 K. Figure 5.57(a)

shows the flame temperature slightly increased when the preheating tempera-

ture was increased. The chamber temperature is 1,429.4 K and 1,448.6 K at pre-

heated secondary air of 320 K and 667 K respectively. The temperature for the

exhaust gas was not affected by the preheating temperature, it was consistently

recorded at 324.5 K for all the cases. At this location, the chemical reaction is

fully completed and the exhaust gas has experienced the cooling process. For

the downstream of the EGR pipes, the temperature is 318.8 K and 331.8 K at

preheated secondary air of 320 K and 667 K respectively. These conditions show

a small effect of preheating secondary air: the temperature is increased by 4.1 %

by the 108 % increase in secondary air supply temperature. The result is similar

to the test for the effect of the heating element on the secondary air temperature

where the heating element temperature provides a small effect on the secondary

air temperature, as summarised on Table 5.1.
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Table 5.8: Effect of wall temperature boundary conditions and oxygen mole frac-

tions on flame temperature.

Wall temperature (K)
Oxygen mole fraction

3 % 9 % 21 %

320 536.1 K 956.7 K 1,424.6 K

500 628.5 K 1,086.0 K 1,561.0 K

750 720.1 K 1,206.6 K 1,720.9 K

Figure 5.57(b) shows the excess oxygen in the exhaust gas is slightly increased

from 14.92 % to 15.12 % when the preheated temperature of secondary air in-

creased. The small increases in the chamber temperature show that the combus-

tion consumed slightly less oxygen when the secondary air was supplied with a

higher preheated temperature. For the excess oxygen at the downstream of the

EGR pipes, the oxygen mole fraction is higher than the exhaust pipe after being

mixed with the 21 % oxygen mole fraction from the secondary (atmospheric) air.

The secondary air oxygen mole fraction was diluted by the EGR to 19.24 %. The

results for the carbon dioxide (Figure 5.57(c)) are similar to the water vapour

(Figure 5.57(d)), where both reduced slightly the exhaust pipe and slightly in-

creased at the downstream of the EGR pipes when the chamber temperature was

slightly increased.

The effect of the wall temperature boundary conditions was studied using numer-

ical modelling and summarised in Table 5.8. The methane fuel supply was fixed

at 10.82 L/min (10 kPa) with λ = 2.0 used with secondary air. The variable pa-

rameters are the wall temperature of 320 K, 500 K and 750 K and supply oxygen

mole fraction of 3 %, 9 % and 21 %. The wall temperature affects the flame tem-

perature. For the case of 3 % oxygen mole fraction, when the wall temperature

boundary condition increased by 56.3 % (320 K increased to 500 K), the flame

temperature was increased by 17.2 %. For the case of 21 % oxygen mole fraction,

when the wall temperature boundary condition increased by 56.3 %, the flame

temperature is increased by 9.6 %. The effect of the wall temperature boundary

condition slightly decreased when higher temperature wall boundary conditions

were used. For the case of 3 % oxygen mole fraction, when the wall temperature

boundary condition increased 50.0 % (500 K increased to 750 K), the flame tem-

perature was increased 14.6 % (628.5 K increased to 720.1 K). From this numerical

sensitivity study, it can be seen that the flame temperature is very sensitive to

the boundary conditions (the combustion chamber wall).

5.11.3 Biogas Flame

The biogas flame comparison of the experimental and numerical work is conducted

at the same conditions as the methane flame (Figure 5.58). The figures for each

chamber’s cross-section of x/Di of 5.2 (A-A), 16.9 (B-B), 28.5 (C-C) and 33.8
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Figure 5.58: Comparison of experimental and numerical results for biogas at

10.82 L/min (10 kPa) with the λ = 3.87.

(D-D) are individually separated and can be seen in Figure 5.59. The difference

in flame temperature between the experiment and simulation results are 13 K,

which is 1 %. Further downstream of the flame, the difference between centreline

experimental and numerical results at the locations of x/Di of 5.2 (A-A), 16.9

(B-B), 28.5 (C-C) and 33.8 (D-D) are 1.03 %, 1.95 % and 2.16 % respectively.

This error is < 5 % as in the comparison of the experiments and simulations by

Hosseini and Wahid (2014) and still achieves acceptable accuracy of within 3 %

(Burke et al., 2009).

The downstream of the wall temperature prediction using the numerical mod-

elling compared to the experimental is in good agreement: <±1 % (Figure 5.59).

At 100 mm and 200 mm away from the wall and the centre of the flame, the

temperature is under-predicted by about 7 % to 19 %. The treatment of ther-

mal radiation is used to predict the temperature and species concentrations

(Vishkanta and Menguc, 1987) using the discrete ordinates model (Carlson and

Lathrop, 1968; Fiveland, 1984) to evaluate the radiation flux term. The radia-

tion model used under-predicts the temperature of the flow field. This prediction

error is similar to the previous simulation work which under-predicted the flame

temperature by 9.5 % to 19.0 % (Charest et al., 2010; Smooke et al., 1999).

The experimental work for the biogas partially-premixed flame is conducted with

primary and secondary air supplies. The λ recorded is varied by changing the

secondary air supply flow rates. The numerical modelling results are validated

with the experimental analysis at the same conditions to ensure the numerical
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(a) x/Di of 5.2 (A-A) (b) x/Di of 16.9 (B-B)

(c) x/Di of 28.5 (C-C) (d) x/Di of 33.8 (D-D)

Figure 5.59: Comparison of experimental and numerical results for Figure 5.58.

Figure 5.60: Comparison of the numerical and the experimental partially-premixed

biogas flame temperature at x/Di of 5.2 (A-A).

.

modelling results are reasonably accurate and acceptable. Figure 5.60 shows the

comparison of the partially-premixed biogas for the λ of 3.81 to 4.05. The biogas

flame temperature is reduced when the λ is reduced because of the excess air

supplied being a diluent. The comparison between experimental and numerical

results shows the numerical modelling over-predicts by about 1 % to 2 %. This

prediction error is below 3.0 % and reasonably accurate.
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The comparison of the varies species from the exhaust gas are presented in Fig-

ure 5.61. For the unburned hydrocarbon, the result for the biogas flame is iden-

tical to the case of the methane flame. For both methane and biogas fuels, this

is because when lean combustion is used, all the methane is consumed leaving

almost zero (below detection limits with the apparatus used) unburned hydro-

carbon behind. For the excess oxygen, both exhaust pipe and downstream of the

EGR pipes show similar results for the biogas and methane flames. The excess

oxygen for both fuels was compared at the λ of 3.81. For the exhaust pipe, the

excess oxygen for methane and biogas is 16.02 % and 15.70 % respectively, while

for the downstream of the EGR pipes, it is 18.70 % and 18.41 % respectively. At

both locations, the biogas flame leaves higher excess oxygen compared to methane

due to higher λ for biogas combustion giving higher supply of oxygen mole frac-

tion and higher oxygen consumed when the combustion of methane will reduce

the oxygen mole fraction for methane flame. For the oxygen mole fraction, the

error between the experimental and numerical results is about 2.5 % for both the

exhaust pipe and the downstream of the EGR pipes. The oxygen mole fraction

at the downstream of the EGR pipes is higher than at the exhaust pipe. This

behaviour occurred because the fresh oxygen mole fraction supply from the sec-

ondary air supply diluted the exhaust gas and, as a result, increased the oxygen

mole fraction at the downstream of the EGR pipes. However, for the carbon diox-

ide, the error between the experimental and numerical results is higher (about

12 %) for the EGR pipe at the λ of 3.81. The difference is reduced to 0.5 %

when the λ is increased to 4.05. For the exhaust pipe, the numerical modelling is

under-predicted by about 2.0 % to 5.0 %. The biogas measurement error for the

oxygen and carbon dioxide shows a similar trend with methane. The measure-

ment equipment could contribute to these discrepancies (Arghode, 2011; Hosseini

and Wahid, 2014).

The NOx and water vapour at the exhaust pipe and the downstream of the EGR

pipes for the combustion of partially premixed biogas are shown in Figure 5.61(c)

and (d). For the case of water vapour, it is a similar condition to the methane

combustion. Only the numerical result is reported here. The trend for the water

vapour is identical to the methane combustion where at λ of 3.81, the water

vapour is about 3.45 % and 0.86 % for the exhaust pipe and EGR pipe respectively.

The water vapour at the downstream of the EGR pipe is diluted by the incoming

fresh supply secondary air. The water vapour for the biogas is lower than the

methane combustion because of its lower calorific value. Similar to the case of

methane fuel, the experimental NOx for the exhaust pipe and the downstream

of the EGR pipes are essentially identical. The NOx is under-predicted at both

locations: the numerical modelling predicted almost zero ppm of NOx but the

experimental results show that the NOx is 4 ppm at the lower λ and it reduced to

2 ppm at the higher λ. These measurement difference are within acceptable limits

where the exhaust gas analyser has the accuracy of ±3.0 % (Table 4.9) for the

NOx detection ranges of 0–4,000 ppm. The biogas produced lower NOx compared
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(a) O2 (b) CO2

(c) H2O (d) NOx

Figure 5.61: Various species at the exhaust and the EGR for the combustion of

biogas.

to the methane flames. These results are in line with the experimental results

by Colorado et al. (2010) using biogas and natural gas. In their experiments,

biogas produced 2 ppm of NOx whereas for the natural gas, it produced 3 ppm of

NOx. Similar results for the experiment of biogas produced about 2 ppm of NOx

(Hosseini and Wahid, 2013).

The numerical modelling results for 10.82 L/min (10 kPa) of a partially-premixed

biogas with the λ of 3.87 is shown in Figures 5.62 to 5.65. Figure 5.62 shows

the temperature for a full range and a restricted range of 300 K to 550 K for the

combustion chamber including the EGR, secondary air supply and fuel supply

pipe. The flame temperature is 1,361 K and the wall temperature is about 319 K.

The flame temperature is slightly over-predicted (0.96 %) compared to experi-

mental result (1,348 K). This shows good agreement between the experimental

and numerical modelling as the prediction error is < 1 %. The biogas flame tem-

perature is lower than the methane flame temperature (1,432 K) by 5.0 % and the

wall temperature is lower than the methane wall temperature (321 K) by 0.62 %.

Figure 5.63 shows various species mole fractions for the combustion chamber

where almost zero unburned hydrocarbon is released through the exhaust pipe

or recirculated through the EGR stream (Figure 5.63(a)). Figure 5.63(b) shows

the excess oxygen mole fraction for the combustion chamber. The secondary air

supply consists of 21 % oxygen mole fraction and it diluted to 15.8 % after being
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(a) Full range (b) 300 to 550 K

Figure 5.62: Temperature contour for combustion of 10.82 L/min (10 kPa) biogas

at λ = 3.87 with oxygen 3 % in oxidant supply.

mixed with the EGR. The oxygen mole fraction at the combustion zone is almost

zero due to it being where the fuel stream enters the combustion chamber, so

that region is very rich (and it consumes any oxygen that is there).

(a) CH4 (b) O2 (c) H2O

(d) NOx (e) CO2 (f) CO

Figure 5.63: Combustion products for combustion of 10.82 L/min (10 kPa) biogas

at λ = 3.87 with oxygen 3 % in oxidant supply.
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Figure 5.64: CO profile along the centreline of the combustion chamber for

10.82 L/min (10 kPa) biogas with λ = 3.87. The nozzle diameter, Db=7.5 mm.

Figure 5.63(c) shows the distribution of the water vapour for the combustion

chamber. The water vapour is 7.5 % throughout the whole combustion chamber

and EGR pipes except for the combustion (flame) zone, where it is 16.7 %. Similar

to the methane flame, the water vapour is high at the flame area due to the intense

chemical reaction that produces the water vapour. It is then distributed to other

areas in the combustion chamber. Figure 5.63(d) shows the contour of the NOx

for the combustion chamber. The contour shows that the NOx is high (29 ppm)

at the flame area due to the chemical reaction still being incomplete. When the

chemical reaction is completed, the NOx is detected as 2.0 ppm at the exhaust

and the EGR pipes. Figure 5.63(e) shows the contour of the carbon dioxide,

which has the same behaviour as the water vapour because it is produced in the

same mode. The carbon dioxide shows the same trend as the NOx where it is

high (14.2 %) at the flame area and lower (5.8 %) for other areas including the

combustion chamber and EGR pipes. This is due to the carbon dioxide being

dissociated throughout the combustion chamber and reducing the concentration.

Figure 5.63(f) shows the contour of the carbon monoxide which is only detected

at the flame area. This carbon monoxide was detected during the continuous

chemical reactions (combustion process), but the reactions are quickly completed

to produce carbon dioxide as a combustion by-product.

Similar to methane, the biogas combustion product of carbon monoxide was stud-

ied at the profile along the centreline of the flame zone. Figure 5.64 shows the

carbon monoxide profile for the biogas flame centreline of the combustion chamber

at the flame front. The highest carbon monoxide is at the downstream distance

from the injection locations, x/Db= 30.0 and reaches almost zero at x/Db= 63.3.

In the experiment using biogas (50 % methane), carbon monoxide reached its

minimum at the downstream distance from the injection locations, x/Db=375.0

(Colorado et al., 2010).

Figure 5.65 shows the chamber density, the velocity magnitude of the flow field

and the pressure distributions. Apart from the flame area where the chemical
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(a) Density (b) Velocity magnitude (c) Pressure

Figure 5.65: Chamber density, velocity magnitude and gauge pressure distribution

for the combustion of biogas at λ = 3.87 with oxygen 21 % in oxidant supply.

reaction occurred, the chamber density is about 1.01–1.16 kg/m3. The density

is low in the vicinity of the chemical reaction and the high velocity zone in the

combustion chamber. The trend is equivalent to the case of the methane flame:

the maximum velocity of 13.80 m/s occurred at the air/fuel nozzle burner due to

the small nozzle size for both air and fuel. The other higher velocity area is after

the secondary air inlet at each side of the EGR pipes and within the primary jet

stream through the combustion chamber. Other than these zones, the velocity

is very low throughout the combustion chamber. The pressure distribution is

uniformly distributed with a low level of pressure throughout the combustion

chamber. The pressure is slightly high at the air and fuel supply inlets, as can

be seen in Figure 5.56(c). The open end at the top of the combustion chamber

causes the pressure to always be at atmospheric pressure.

5.12 Numerical Modelling of MILD Combustion

The numerical modelling for the same geometry as an experiment is carried out.

These studies used a lower oxygen mole fraction in the oxidant supply to the

chamber. The conditions were set to achieve a MILD combustion regime. The

wall boundary condition is kept at 500 K to help the chemical reaction in the flow

field and the region near the wall.

5.12.1 Methane Flame

The temperature contour for the numerical modelling of the methane is shown

in Figure 5.66. The maximum temperature in the combustion chamber is 715 K

and the chamber average temperature is about 500 K. The intervals of the con-

tour lines for the temperature profile in Figure 5.66(a) and (b) are 22 K and 13 K

respectively. That shows the chamber temperature distribution is uniformly dis-
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(a) Full range (b) From 300 to 550 K

Figure 5.66: Temperature contour for combustion of 10.82 L/min (10 kPa) methane

at λ = 1.0 with oxygen 3 % in oxidant supply.

tributed with the homogeneous temperature profile. This homogeneous condition

meets one of the important requirement of MILD conditions where the temper-

ature uniformity ratio is less than 20 % (Tsuji et al., 2003). The temperature

uniformity ratio is the highest to average temperature divided by the average

temperature.

Figure 5.67 shows important species for the numerical modelling of methane with

the oxygen mole fraction of 3 % and the λ was set at 1.0. Figure 5.67(a) shows

almost zero unburned hydrocarbon is released from the combustion because all

methane is consumed by the combustion. Figure 5.67(b) shows the oxygen mole

fraction for the combustion chambers. The oxygen mole fraction for the secondary

air supply was 3.0 % and the mole fraction was reduced to 2.2 % when it was

diluted by the EGR at the downstream of the EGR pipes. This is due to the

oxygen mole fraction in the EGR pipes at the upstream and middle-stream of the

EGR pipes being 0.75 %, which is much lower than the oxygen mole fraction in the

secondary air supply. The oxygen mole fraction at the combustion (flame) zone is

almost zero due to it being consumed by the combustion process in the chemical

reaction with the methane. Figure 5.67(c) shows the contour of water vapour for

the combustion chamber. The water vapour at the flame area was 1.92 % and

increased to 2.96 % far downstream of the flame due to the chemical reaction

being fully completed at the downstream of the flame. The water vapour at the

EGR pipes was 2.22 % and diluted to 0.59 % after it mixed with the secondary

air supply.

Figure 5.67(d) shows the contour of the NOx for the combustion chamber. The

contour shows that the NOx is almost zero ppm within numerical precision for the

whole combustion chamber and the EGR pipes, including the flame and chemical

reaction area. Figure 5.67(e) shows the contour of the carbon dioxide, which has

the same behaviour as the water vapour because it is produced in the same mode.

The carbon dioxide was detected at its highest (1.78 %) at the flame area and
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(a) CH4 (b) O2 (c) H2O

(d) NOx (e) CO2 (f) CO

Figure 5.67: Combustion products for combustion of 10.82 L/min (10 kPa) methane

at λ = 1.0 with oxygen 3 % in oxidant supply.

detected at a reduced level (1.07 %) at the other areas, including the combus-

tion chamber and EGR pipes. This is because the carbon dioxide was distributed

throughout the combustion chamber and reduced the concentrations. It was later

diluted to 0.27 % at the downstream of the EGR pipes. Figure 5.67(f) shows the

carbon monoxide mole fraction where only detected at the continuous chemical

reactions (flame area). It later re-formed to carbon dioxide after reacting with

the oxygen. The numerical modelling was repeated for the same conditions as

the previous case except for the higher λ of 3.30. The temperature results (Fig-

ure 5.68) shows a similar trend to the case of λ = 1.0 (Figure 5.66). Compared

to the previous case, the maximum temperature in the combustion chamber is

slightly higher (731 K) and the average chamber temperature is slightly lower

(487 K). This is due to the excess oxygen from the higher λ becoming the dilu-

ent and reducing the average chamber temperature. The chamber temperature

distribution is uniformly distributed and becomes a homogeneous temperature

profile.

Figure 5.69 shows the combustion products for the numerical modelling of methane

with the oxygen mole fraction of 3 % and the λ set at 3.30. Similar to the
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(a) Full range (b) From 300 to 550 K

Figure 5.68: Temperature contour for combustion of 10.82 L/min (10 kPa) methane

at λ = 3.30 with oxygen 3 % in oxidant supply.

methane case of λ = 1.0, Figure 5.69(a) shows zero unburned hydrocarbon since

the methane was consumed by the combustion. Figure 5.69(b) shows the oxygen

mole fraction for the combustion chambers. The oxygen mole fraction for the sec-

ondary air supply was 3.0 % and the mole fraction was reduced to 2.85 % when

it was diluted by the EGR at the downstream of the EGR pipes. This is because

the oxygen mole fraction in the EGR pipes at the upstream and middle-stream

of the EGR pipes are 2.25 % which is lower than the oxygen mole fraction in the

secondary air supply. This is higher than the case of the λ = 1.0 because the

higher λ means higher excess oxygen in the secondary air supply. Figure 5.69(c)

shows the water vapour for the combustion chamber at the flame area was 2.79 %

and reduced to 0.84 % far downstream of the flame. The water vapour at the

EGR pipes was 0.70 % and diluted to 0.14 % after it was mixed by the supplied

secondary air.

Figure 5.69(d) shows the contour of the NOx for the combustion chamber. A

miniscule amount (0.06 ppm) is produced in the flame due to excess oxygen, but

it is quickly dissociated. Figure 5.69(e) shows the contour of the carbon dioxide,

which has the same behaviour as the water vapour because it is produced in the

same manner. The carbon dioxide is highest (1.74 %) at the flame area and lowest

(0.35 %) at the other areas, including the combustion chamber and EGR pipes.

This is because the carbon dioxide is distributed throughout the combustion

chamber and reduced the concentrations. It was later measured at almost zero

at the downstream of the EGR pipes. Figure 5.69(f) shows the contour of the

carbon monoxide, which is almost zero throughout the combustion chamber and

the EGR pipes. This condition is similar to other cases of λ = 1.0 and 3.0.
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(a) CH4 (b) O2 (c) H2O

(d) NOx (e) CO2 (f) CO

Figure 5.69: Combustion products for combustion of 10.82 L/min (10 kPa) methane

at λ = 3.30 with oxygen 3 % in oxidant supply.

5.12.2 Biogas Flame

The numerical modelling for the biogas case is shown in Figure 5.70. The oxygen

mole fraction used is 3 % at the stoichiometric λ. The maximum temperature

in the combustion chamber is 691 K and the chamber average temperature is

about 500 K. The intervals of the contour lines for the temperature profile in

Figure 5.70(a) and (b) are 20 K and 13 K respectively. That shows the chamber

temperature distribution is uniformly distributed with the homogeneous temper-

ature profile (Tsuji et al., 2003). Figure 5.71 shows the unburned hydrocarbon

and combustion products for the biogas with the oxygen mole fraction of 3 % at

the stoichiometric λ. Figure 5.71(a) shows almost zero unburned hydrocarbon

that is excess from the combustion. Similarly to the previous cases, the methane

is consumed by the combustion. Figure 5.71(b) shows the oxygen mole fraction

for the combustion chambers. The oxygen mole fraction behaviour is similar to

the methane flame case where the secondary air supply was 3.0 % and the mole

fraction was reduced to 2.4 % when it was diluted by the EGR at the downstream

of the EGR pipes. The oxygen mole fraction in the combustion chamber is 0.15 %

because almost all the oxygen was consumed by the combustion. Figure 5.71(c)

shows the contour of water vapour for the combustion chamber: the behaviour is

similar to the methane case.
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(a) Full range (b) From 300 to 550 K

Figure 5.70: Temperature contour for combustion of 10.82 L/min (10 kPa) biogas

at λ = 1.0 with oxygen 3 % in oxidant supply.

(a) CH4 (b) O2 (c) H2O

(d) NOx (e) CO2 (f) CO

Figure 5.71: Species mole fraction for combustion of 10.82 L/min (10 kPa) biogas

at λ = 1.0 with oxygen 3 % in oxidant supply.

Figure 5.71(d) shows the contour of the NOx for the combustion chamber. In

a similar trend to the other cases, the contour shows that the NOx is almost

zero ppm for the whole combustion chamber and the EGR pipes. Figure 5.71(e)

shows the contour of the carbon dioxide, which was detected at about 2.0 %
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throughout the combustion chamber and EGR pipes. This is higher than the

methane case because the carbon dioxide content in the biogas fuel was not in-

volved in the combustion reaction and exhaust out through the exhaust pipe and

EGR pipes. It was later diluted to 0.27 % at the downstream of the EGR pipes.

Figure 5.71(f) shows the contour of the carbon monoxide, which is almost zero

and similar to other cases except for the flame area. The carbon monoxide is

detected at a very low measurement of 0.03 %. Figure 5.72 shows the numerical

study with MILD regime conditions is repeated for a higher λ of 3.30. The max-

imum temperature in the combustion chamber is 721 K and the average chamber

temperature is about 500 K. The intervals of the contour lines for the temperature

profile in both Figure 5.72(a) and (b) are 21 and 13 K respectively. Similar to

the other cases, it shows that the chamber temperature distribution is uniformly

distributed and is a homogeneous temperature profile.

Figure 5.73 shows the combustion products for the numerical modelling of biogas

with the oxygen mole fraction used being 3 % and the λ being 3.30. Similar

to the case of methane with the λ = 3.30, Figure 5.73(a) shows almost zero

unburned hydrocarbon, since the methane was consumed by the combustion. For

the oxygen mole fraction, there was a similar trend to the methane case of λ =

3.30. Figure 5.73(b) shows the oxygen mole fraction for the secondary air supply

was 3.0 % and the mole fraction was reduced to 2.85 % when it is diluted by the

EGR at the downstream of the EGR pipes. This is because the oxygen mole

fraction in the EGR pipes at the upstream and middle-stream of the EGR pipes

is 2.10 %. For the water vapour (Figure 5.73(c)), the results are similar to the

methane for the case of λ = 3.3 (Figure 5.69(c)). The water vapour at the flame

area was 2.73 % and reduced to 0.84 % far downstream of the flame. The water

vapour at the EGR pipes was 0.70 % and diluted to 0.13 % after mixed with the

supplied secondary air. In the other areas of the chamber, the water vapour was

0.68 %.

(a) Full range (b) From 300 to 550 K

Figure 5.72: Temperature contour for combustion of 10.82 L/min (10 kPa) biogas

at λ = 3.30 with oxygen 3 % in oxidant supply.
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(a) CH4 (b) O2 (c) H2O

(d) NOx (e) CO2 (f) CO

Figure 5.73: Combustion products for combustion of 10.82 L/min (10 kPa) biogas

at λ = 3.30 with oxygen 3 % in oxidant supply.

Figure 5.73(d) shows the contour of the NOx for the combustion chamber. In a

similar trend to the other methane and biogas case, the contour shows that the

NOx is almost zero ppm for the whole combustion chamber and the EGR pipes.

Figure 5.73(e) shows the contour of the carbon dioxide which is 2.0 % throughout

the combustion chamber and the EGR pipes. This is similar to the case of biogas

with λ = 1.0. Figure 5.73(f) shows the contour of the carbon monoxide, which

is almost zero throughout the combustion chamber and the EGR pipes. This

condition is similar to the case of biogas with λ = 1.0 and 3.3. Figure 5.71(f)

shows the contour of the carbon monoxide, which is almost zero throughout the

combustion chamber and the EGR pipes and it is similar to other cases except

for the flame area, where the carbon monoxide is detected at the very low level

of 0.02 %. This is because at the flame area, the continuous chemical reactions

produce carbon monoxide, and later it reacts with the oxygen to form the carbon

dioxide.
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5.13 Experimental Limitation for MILD Com-

bustion

The overall combustion chamber, fuel supply and air supply systems were newly

developed for this study. The furnace structure and fuel supply system create

the boundary of the limitation to the experimental parameters, especially fuel

supply flow rates. The standard nozzle used limited the operational gas supply

to a maximum of 50 kPa, which limited methane fuel flow rates up to 24.2 L/min.

The limitations of the experimental setup that reduce the potential to achieve

MILD combustion are listed below:

(i) The furnace commissioning and ignition testing by a certified gas fitter found

that the 1 mm nozzle bluff-body was not successfully igniting the reactants.

It was suggested to replace it with a 12.7 mm standard industrial premixed

nozzle. The level of premixed reached an optimal level when the flame was

most stable (Baudoin, 2010). The test for the ignition was successful and

the maximum gas supply pressure for the new standard 12.7 mm nozzle

is 100 kPa. For safety reasons, during the testing and commissioning it

was advised that the maximum gas supply pressure be limited to 50 kPa

(Aylward, 2014).

(ii) The furnace has a very low fuel supply only giving 6.21 kW furnace power,

including the 0.18 kW thermal input from the electric air heating element.

With the furnace total volume of 0.33 m3, the thermal intensity is 18.8 kW/m3

atm. This value of thermal energy is below the minimum required to achieve

and maintain a MILD combustion threshold condition in the combustion

chamber. The minimum thermal input for the furnace is about 0.1 MW/m3

atm.

(iii) A low fuel jet velocity resulted in a low Reynolds number. With a 24.2 L/min

fuel flow rate, the air-fuel mixture jet Reynolds number at the burner is 303

and 551 for methane and biogas respectively. A Reynolds number of above

4,000 is required for the fuel jet to be turbulent and promote the turbulent

reactant mixing thereby sustaining the flame propagation.

(iv) The MILD regime temperature is about 1,100 K to 1,600 K. The current in-

furnace measurement system and instrument cabling surrounding the com-

bustion chamber can only withstand a maximum temperature of 378 K and

the majority of the K-type thermocouples used for in-furnace measurement

are limited to 1,373 K.

MILD combustion can be achieved by a combustor with higher thermal intensity.

Examples of high thermal intensity MILD combustors are: a FLOX combustor

with a thermal intensity of 68.0 MW/m3 at the Institute of Combustion Technol-

ogy, Stuttgart, Germany (Lammel et al., 2010); a 36.7 kW small combustor with

a thermal intensity of 12.2 MW/m3 at the Chinese Academy of Sciences, Beijing,
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China (Huang et al., 2014); a small laboratory scale 6.25 kW combustor with a

very high thermal intensity in the range of 5.0 MW/m3 atm to 453.0 MW/m3 atm

(Arghode and Gupta, 2011b). In their paper, Arghode and Gupta (2013) sum-

marised 14 other combustors (laboratory and industrial) worlwide that have suc-

cessfully demonstrated and realised the MILD technology for furnace applications.

These 14 all had a thermal intensity of about 0.1 MW/m3 atm to 1.0 MW/m3 atm.

All the laboratory and industrial furnaces, thermal inputs show that a minimum

of 0.1 MW/m3 atm is required to achieve and sustain MILD combustion.

5.14 Summary

In this chapter, the experimental results were discussed and compared with the

numerical modelling results. The computed static temperature is in fair agree-

ment with the experimental results, with the numerical sensitivity test to study

the chamber wall temperature boundary condition affecting the flame tempera-

ture. The development of a combustion burner to achieve the MILD condition

can be performed using CFD rather than using costly experimental trial and er-

ror. Biogas is better than methane due to its lower peak temperature making the

combustion chamber and burner last longer and be more operationally econom-

ical. The temperature of the biogas is reduced due to it being a lower calorific

value fuel. The ignition process was discussed, with the fuel self-ignition tem-

perature for methane being 873 K and for the biogas being 923 K. The ignition

tests were conducted for the methane non-premixed flame, methane partially-

premixed flame, methane premixed flame and biogas non-premixed flame. The

quickest ignition occurred for the case of the methane partially-premixed flame

with the preheated secondary air supply. The comparison of methane and biogas

flames showed clear differences. The biogas flame height is about half that of

the methane flame. The cases of no flame with the exhaust extraction and with-

out the exhaust extraction were conducted to study the effect of the exhaust fan

on the chamber temperature. The exhaust extraction fan does not significantly

affect the chamber or EGR temperatures.

The effect of the preheated and non-preheated secondary air on the exhaust gas

was studied. Both methane and biogas premixed flames produced NOx of 2 ppm

for all flow rates, whereas for carbon monoxide, biogas produced about 10 ppm at

an early stage of the combustion, but it reduced to almost zero (below detection

limits with the apparatus used) after 20 minutes of steady flame. The effect of

the EGR and heated secondary air on the chamber temperature and combustion

product was studied. The mixing cone temperature is almost identical to the

downstream of the EGR temperature. The temperatures for both downstream of

the EGR and the mixing cone are increased with the increase of the secondary

air supply at each side of the EGR pipes. The non-premixed, partially-premixed

and premixed flames were studied with methane fuel. Unburned hydrocarbon is

almost zero (below detection limits with the apparatus used) for all cases and this
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condition is in line with excess oxygen in the exhaust gas due to lean combustion.

This excess oxygen supply also had an effect on the flame temperature. For the

premixed flame, the temperature is lower than for the partially-premixed flame.

Further numerical modelling for the experimental furnace shows that when the

oxygen dilution and the oxidant preheating were applied, the model can achieve

MILD combustion. The limitation of the developed furnace was discussed with

the minimum thermal input of 0.1 MW/m3 atm being required to achieve and

sustain the MILD combustion regime.
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Chapter 6

Numerical Results and

Discussion

The chamber temperature distributions and exhaust gas species were numeri-

cally analysed for the newly developed air/fuel nozzle. The bluff-body burner

was studied to achieve homogeneous temperature distribution toward the MILD

combustion regime. This chapter presents the further numerical modelling results

for the various parameters on the oxygen mole fraction and volume flow rate for

the secondary air supply, fuel flow rate and exhaust gas opening for the flue gas

outlet.

6.1 Introduction

Further numerical modelling was conducted to study the performance of a newly

developed air/fuel bluff-body burner with a 1.0 mm fuel nozzle. All numerical

modelling in this chapter used this bluff-body burner. The other furnace geome-

tries are similar to the developed combustion chamber and the CFD detailed setup

and configurations as described in Chapter 3. The furnace configuration used in

this chapter provides well defined inlets for the oxidant and fuel supply, bound-

ary conditions and outlet of the exhaust gas. The CFD models were developed

to evaluate the the air-fuel equivalence ratio and the exhaust damper opening

to achieve the MILD combustion regime. The temperatures were measured at

various locations of the combustion chamber, the exhaust pipe, the EGR pipes

and the mixing cone. The exhaust gas concentrations (UHC, NOx, CO, H2O

and CO2) were measured at the exhaust pipe and the downstream of the EGR

pipes. The configurations of the bluff-body air/fuel nozzle and supply inlets are

summarised in Table 6.1.
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Table 6.1: Typical data for bluff-body burner and reactant supply inlets in Fig-

ure 6.1.

Item Symbol Dimensions

Fuel supply Fs 10 mm diameter × 1 inlet

Fuel nozzle Fn 1 mm diameter centre of burner

Air supply As 10 mm diameter × 4 inlets

Bluff-body diameter Db 40 mm annulus

Air nozzle outer diameter An 60 mm

6.2 Air/Fuel Bluff-body Burner

The simulations were conducted for the non-premixed combustion with a smaller

fuel nozzle compared to the previous simulations and experimental nozzle. Fig-

ure 6.1 shows the schematic diagram for the air/fuel bluff-body burner. One of

the functions of the bluff-body burner is to stabilise the flame propagation in

order to avoid flame extinction. The bluff-body nozzle is an obstacle in a flow

field causing the turbulence field with a resulting recirculation zone used for the

flame stabilisation (Lackner et al., 2010). Balachandran (2005) used the ram-

jet combustor design guideline by Zelinski et al. (1960) to design his bluff-body

burner. It has been found that the nozzle geometry and the blockage ratio af-

fects the flame stabilisation process. The flame structures were influenced by the

characteristics of the recirculation zone affected by the blockage ratio. Increasing

the blockage ratio would increase the recirculation zone length.

Figure 6.1: Schematic diagram for air/fuel bluff-body burner (all dimensions in

mm).
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Similarly, the increase in the bluff-body cone angle would lead to an increase in

the intensity of the recirculation in the bluff-body wake (Esquiva et al., 2001).

The air/fuel nozzle was designed to ensure the proper mixing process of the fuel

and oxidant through the recirculation process in the mixing zone. In addition to

being an efficient mixing process, the motivation of this design was to ensure a

stable flame propagation. In this numerical modelling, the fuel nozzle is at the

centre of the burner and the annular air nozzle surrounded the fuel nozzle.

6.3 Combustion Characteristics

The flame temperatures are one of the main results and the most important cri-

teria to prove that the MILD combustion regime was achieved. The simulation

results for the temperature distributions are shown in Figures 6.2 and 6.3. The

temperature contour for synthetic air with 7 % oxygen mole fraction and atmo-

spheric air with exhaust opening of 95 % are compared in Figure 6.2(a) and (b).

The chamber average temperature for the combustion of biogas and synthetic air

with a reduced oxygen mole fraction is lower (842 K) compared to the normal at-

mospheric oxygen level (1,175 K). A similar comparison for the exhaust opening

of 5 % is shown in Figure 6.2(c) and (d). The chamber average temperature for

the combustion of biogas with synthetic air with a reduced oxygen mole fraction

is lower (848 K) compared to the normal atmospheric oxygen level (1,185 K).

The maximum chamber temperature was achieved near stoichiometric conditions

and was reduced approximately by half when synthetic air with a 7 % oxygen

mole fraction was used instead of atmospheric air. This is a consequence of the

extra thermal load caused by the inert nitrogen. Figure 6.3(a) and (b) shows

the combustion chamber contour of average temperatures for exhaust openings

of 95 % and 5 % for small temperature ranges of 820 K to 870 K and 1,150 K

to 1,230 K respectively. The majority of both domains is close to the average

temperature of the combustion chamber: for synthetic air with a 7 % oxygen, the

displayed temperature range is between 820 K and 870 K and for the atmospheric

air, the temperature range is between 1,160 K and 1,220 K. Figure 6.3(c) and

(d) show the equivalent results to Figure 6.3(a) and (b) for exhaust openings

of 5 %. The majority of both domains is close to the average temperature of

the combustion chamber: for synthetic air with a 7 % oxygen, the displayed

temperature range is between 825 K and 870 K and for the atmospheric air, the

temperature range is between 1,150 K and 1,230 K. This result signifies that the

chamber average temperature is identical for both 5 % and 95 % exhaust opening,

so the EGR is effective even for small amounts.

6.3.1 Chamber Temperature Profile

The temperature profiles for the combustion chamber at the axial locations as

per Figure 6.4 are presented. Figures 6.5, 6.6 and 6.7 show the temperature
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(a) synthetic air, 7 % O2 (b) atmospheric air, 21 % O2

(c) synthetic air, 7 % O2 (d) atmospheric air, 21 % O2

Figure 6.2: Combustion temperature (K) for the exhaust opening of 95 % for (a)

and (b) and 5 % for (c) and (d).

distributions for the inlet velocities of 8 m/s, 10 m/s and 15 m/s respectively with

the λ range of 0.20 to 2.50 (all three figures use the same scale). Figure 6.4 shows

the axial location for the various stations where temperatures were measured.

There are six axial locations selected downstream from the injection location.

The value of x/Db at each location is: station A-A = 2.8, B-B = 8.9, C-C =

15.0, D-D = 17.8, E-E = 20.3, F-F = 22.8. The oxygen mole fractions for the

secondary oxidant supply were set at 3 %, 7 %, 9 %, 12 %, 15 % and 21 %. The

mixing ratio for the oxygen-nitrogen was varied to produce the desired level of

oxygen mole fractions. In the previous experimental and numerical studies for

MILD combustion, 3 % and 9 % oxygen mole fractions were used to study the

flame speed, temperature, extinction (Medwell et al., 2007; Medwell et al., 2008)

and flame temperature and behaviour (Colorado et al., 2009). In the experiment

for lifted methane-air jet flames in a vitiated co-flow by Cabra et al. (2005), a

12 % oxygen mole fraction was used.

The difference between the maximum and average temperatures with various

supply oxygen mole fractions is due to the lack of uniformity near the bluff-body
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(a) synthetic air, 7 % O2 (b) atmospheric air, 21 %

O2

(c) synthetic air, 7 % O2 (d) atmospheric air, 21 % O2

Figure 6.3: As per Figure 6.2 showing limited temperature ranges.

burner. For the 3 % oxygen mole fraction, while there is a significant difference,

the extra load of nitrogen keeps the temperature rise along the fuel jet to a

minimum. Note that this is still MILD conditions. Table 6.2 summarises the

uniformity ratio (the difference between the maximum and the minimum divided

by the maximum temperature) for the case of the 15 m/s air flow rate. A similar

trend is seen for the case of the combustion with air flow rates of 8 m/s and

10 m/s. The small temperature distribution range proves that MILD combustion

was achieved for the simulation for synthetic air with oxygen mole fractions of 3 %

to 21 %. For 21 % oxygen, the uniformity ratio was the highest, which is caused

by the temperature rise almost exclusively being contained within r/Db ≤ 2.

In this study, the wall temperature was set at room temperature, so the tem-

perature profiles are not as uniform as for a higher wall temperature of 1,300 K

(Graca et al., 2013), with the largest variations occurring near the bluff-body

(station A-A). The lower the oxygen mole fraction in the supply air, the lower

the flame temperature. This is because the more oxygen supplied, the more fuel

can be involved in the reaction and produces more heat that increases the flame
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Figure 6.4: Temperature profile axial location for bluff-body diameter, Db=40 mm.

Downstream distance from injection locations, x/Db: Station A-A = 2.8, B-B =

8.9, C-C = 15.0, D-D = 17.8, E-E = 20.3, F-F = 22.8.

Table 6.2: The oxygen mole fraction in air supply and MILD condition for Fig-

ure 6.7 at the λ of 0.35 to 2.47. The uniformity ratio is the difference between the

maximum and the minimum divided by the maximum temperature.

Oxygen mole fraction 3 % 7 % 9 % 12 % 15 % 21 %

Uniformity ratio < 2.3 % < 3.8 % < 4.1 % < 4.2 % < 4.3 % < 4.4 %

MILD condition Yes Yes Yes Yes Yes Yes

temperature. The air stream velocity was kept constant. At the reactant mix-

ing area slightly above the air/fuel nozzle, the equivalence ratio is very small

and it is near the rich flammability limits. The effect of air supply velocity on

the flame temperature was very clear. For the 12 % oxygen mole fraction of the

secondary air supply, the flame station A-A temperature is 1,043 K, 1,094 K and

1,168 K for the case of λ of 0.75, 0.94 and 1.41 respectively. A similar trend was

observed for the other oxygen mole fractions in Figures 6.5, 6.6 and 6.7. The

higher the supplied air volume to the combustion chamber, the higher the flame

temperature.

6.3.2 Chamber Average and Maximum Temperature

The temperature distributions in Figure 6.2 show that the hottest zone is slightly

above the fuel nozzle where the streams first reacted. Figure 6.8 shows the max-

imum and average temperatures for the combustion chamber and the air mixing

temperature (the downstream of the EGR) with the exhaust openings of 5 % and

95 %. The average chamber temperature for both exhaust openings of 5 % and
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(a) 3 % oxygen, λ = 0.20 (b) 7 % oxygen, λ = 0.44

(c) 9 % oxygen, λ = 0.56 (d) 12 % oxygen, λ = 0.75

(e) 15 % oxygen, λ = 0.94 (f) 21 % oxygen, λ = 1.32

Figure 6.5: Temperature profile of the axial location for 8 m/s air inlet velocity

with different oxygen mole fractions (y-axis shows a change of 170 K from bottom

to top).

95 % are below 1,300 K. The average and maximum chamber temperatures were

almost identical at 3 % inlet oxygen mole fraction and the differences were slightly

increase with the increased of the inlet oxygen mole fraction. The simulations

were conducted for the case of 21 % oxygen mole fraction (atmospheric air) with

the λ of 1.0. Figure 6.9 shows the maximum and average chamber temperatures

and air mixing temperature for different air inlet velocities. The result shows
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(a) 3 % oxygen, λ = 0.25 (b) 7 % oxygen, λ = 0.55

(c) 9 % oxygen, λ = 0.70 (d) 12 % oxygen, λ = 0.94

(e) 15 % oxygen, λ = 1.17 (f) 21 % oxygen, λ = 1.64

Figure 6.6: As per Figure 6.5 for air inlet velocity of 10 m/s.

that the effect of air inlet velocity is negligible on the chamber temperature but

it is significantly affected by the exhaust opening. All the maximum and average

chamber temperatures and air mixing temperatures are nearly identical for the

air inlet velocity of 7 m/s to 15 m/s. A very small increase of the temperature can

be seen for the case of 7 m/s to 15 m/s. The average maximum temperature for

the exhaust openings of 95 % and 5 % are about 1,800 K and 950 K for the inlet

velocity of 7 m/s to 15 m/s. A similar trend is observed for the case of average

chamber temperature and air mixing temperature.
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(a) 3 % oxygen, λ = 0.35 (b) 7 % oxygen, λ = 0.82

(c) 9 % oxygen, λ = 1.06 (d) 12 % oxygen, λ = 1.41

(e) 15 % oxygen, λ = 1.76 (f) 21 % oxygen, λ = 2.47

Figure 6.7: As per Figure 6.5 for air inlet velocity of 15 m/s.

6.4 Oxygen Dilution

Oxygen dilution is very important to achieve the MILD combustion regime: the

oxygen mole fraction must be in the range of 3–13 % (Li et al., 2011). Oxygen

dilution can be determined by measuring the EGR mass flow rate, fuel mass flow

rate, and fresh air mass flow rate. The dilution ratio (Kv) can be calculated

using Equation 2.2 (Wünning and Wünning, 1997). Figure 6.10 shows biogas

combustion with λ of 1.0 and air inlet velocity of 10 m/s. The supply oxygen
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Figure 6.8: Maximum and average chamber and mixing temperatures for biogas (λ

= 1.0 and air inlet velocity of 10 m/s.) Exhaust opening 5 %, –; Exhaust opening

95 %, - -.

Figure 6.9: Effect of air inlet velocity on chamber and mixing temperatures for

biogas (with λ = 1.0 and 21 % oxygen mole fraction).

mole fraction is the oxygen mole fraction in the secondary air supply. The fuel

flow rate is varied based on the oxygen mole fraction in the secondary air so λ is

1.0. For the 21 % oxygen mole fraction, the oxygen is diluted to 12.6 %. There

is a similar trend with the other oxygen mole fractions from 3 % to 21 %. There

are very small differences between the exhaust openings of 5 % and 95 %. In this

case, the exhaust opening does not significantly affect the oxygen mole fraction

dilutions.

Figure 6.11 shows the corresponding reduction for the data in Figure 6.10. The

diluted oxygen mole fractions were measured after the supplied air had mixed

with the EGR at the downstream of the EGR pipes. For the 21 % inlet oxygen
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mole fraction, the ratio of diluted oxygen mole fraction is 40 %, where the oxidant

is reduced from 21.0 % to 12.6 %. The ratio was increased monotonically with the

increase in the oxygen mole fraction. The result for both exhaust openings of 5 %

and 95 % is nearly identical. This result shows that the exhaust opening does not

have a significant effect on the EGR flow rate. This is because of the design at

the top part of the chamber to ensure the exhaust gas was trapped and utilised

as EGR. The exhaust pipe at the centre of the furnace was purposely lowered to

create an annulus exhaust gas trap. Figure 6.12 shows the contour of the oxygen

mole fraction for the combustion chamber and EGR pipes. The secondary air

velocity is 10 m/s and the λ is 1.0. Oxygen dilution occurred downstream of the

EGR. The stoichiometric combustion consumes almost all the oxygen. When the

exhaust gas with zero oxygen mole fraction is mixed with the fresh air with 3 %

and 12 % oxygen, it is diluted to 2.4 % and 9.6 % respectively.

6.5 Combustion Product

The exhaust gas composition of the MILD combustion fuelled with gas is the

same as for the traditional combustion. The exhaust gas includes carbon dioxide,

water vapour, carbon monoxide, oxides of nitrogen and unburned hydrocarbon.

Each of the exhaust gases is discussed in the subsections below. Figure 6.13

shows the biogas combustion temperatures for the 7 % oxygen mole fraction with

the same air inlet (8 m/s) for three different fuel inlet velocities: low at 2.2 m/s

(λ = 1.06), medium at 3.0 m/s (λ = 0.78) and high at 6.7 m/s (λ = 0.35). The

maximum chamber temperatures for the λ of 1.06, 0.78 and 0.35 are 1,000 K,

955 K and 927 K respectively. The chamber’s maximum temperature increased

as stoichiometry was approached.

Figure 6.10: Diluted oxygen mole fraction entering chamber compared to inlet mole

fraction for biogas combustion (λ = 1.0).
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Figure 6.11: The reduction of oxygen mole fraction due to dilution of the inlet

oxidant.

(a) 3 % oxygen (b) 12 % oxygen

Figure 6.12: The oxygen dilution for the air inlet of 3 % and 12 % oxygen mole

fraction (λ = 1.0.).

The highest temperature is observed slightly above the wake of the bluff-body

since this is the primary mixing zone for the fuel and oxidiser. The mixture

at this region is close to stoichiometric conditions, so it is inevitable that it is

relatively hot. Also, this is adjacent to the recirculation region of the fuel with

some of the oxidiser stream, so the increased residence time with reduced dilution

causes the higher temperature. Once this mixture is further diluted with the rest

of the oxidiser stream, the MILD condition is able to dominate and reduce the

temperature to the almost constant levels detected further downstream. When

there are sufficiently high inlet velocities and diluted oxygen, MILD conditions

are developed in the chamber and the primary mixing zone is small, thereby

releasing only a fraction of the total heat. Figure 6.14 shows the results from

Figure 6.13 with the range of temperature being 45 K in each. The uniformity
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ratios for these cases are 5.4 %, 5.5 % and 5.6 % respectively. This uniformity

ratio is similar to that defined earlier except it is the difference between the

maximum and the average temperature divided by the average temperature (Yang

and Blasiak, 2006; Colorado et al., 2010).

The remainder of this section presents the results of further simulations conducted

for the synthetic air of 7 % and 21 % oxygen mole fractions with air supply rates

of 8 m/s, 10 m/s and 15 m/s. The fuel supplies were varied to meet the λ values

of 0.35, 0.78, 1.06, 2.0, 3.5 and 5.0. The purpose of the simulations is to discuss

the performances of the biogas combustion. Section 6.5.1, Figure 6.15 shows the

chamber temperature for the cases when the air inlet has 7 % and 21 % oxygen

mole fractions. The atmospheric air produces higher combustion temperatures

compared to the synthetic air with 7 % oxygen mole fraction. The same trend

appeared where the maximum temperature was achieved near stoichiometric con-

ditions and the temperature reduced as the mixture became more lean or rich.

The reduction in the temperature as the mixture becomes more lean is because

the higher the λ, the higher the oxidant supply, and it cools down the combustion

temperature (Quaak et al., 1999; Saanum et al., 2007). This is because the higher

nitrogen in the 7 % synthetic oxidant and excess oxygen from the high oxidant

supply acted as diluents to the flame temperature. The homogeneous tempera-

tures were achieved for the cases of both 7 % and 21 % oxygen mole fractions. The

majority of the chamber temperatures (λ = 1.06) for the cases of 7 % and 21 %

oxygen mole fractions are 835 K to 880 K and 1,160 K to 1,220 K respectively.

The uniformity ratio for the 7 % and 21 % oxygen mole fractions are 5.4 % and

5.2 %.

6.5.1 Unburned Hydrocarbon

Unburned hydrocarbon occurred when the combustion conditions were too rich

(too much fuel or insufficient oxygen to complete the reactions). Figure 6.16

demonstrates the effects of unburned hydrocarbon levels in the current system.

(a) λ of 1.06 (b) λ of 0.78 (c) λ of 0.35

Figure 6.13: Chamber temperature for 7 % oxygen mole fraction and 8 m/s air

supply.
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(a) λ of 1.06 (b) λ of 0.78 (c) λ of 0.35

Figure 6.14: As per Figure 6.13 showing limited temperature ranges.

(a) 7 % oxygen (b) 21 % oxygen

Figure 6.15: Chamber temperature for the air inlet of 7 % and 21 % oxygen mole

fractions.

In Figure 6.16(a), the mixing of the air supply with the EGR produces unwanted

chemical reactions in the EGR pipes prior to the combustion chamber. Fig-

ure 6.16(b) shows a desirable operating condition with homogeneous temperature

causing the mixing of EGR and air to merely preheat the air. The combustion

process achieves the MILD combustion state: the majority of the domain’s tem-

perature distribution is from 822 K to 844 K, which is a variation of 2.7 % and

there is only the small region near the bluff-body that is hotter. The ranges are

considered to be uniformly small. This is in agreement with the condition that

the MILD combustion regime is achieved when the temperature uniformity ratio

is less than 23 % (Tsuji et al., 2003). Figures 6.17 and 6.18 show that the combus-

tion consumes all the oxygen at lower λ, leaving unburned hydrocarbons, while a

significant amount of oxygen remains at lean conditions, consuming all the fuels.

This greater consumption of methane produces the higher flame temperatures.

At the rich fuel combustion, the chemical reaction leaves unburned hydrocarbon

for both 7 % and 21 % oxygen mole fractions (Figure 6.17).

The secondary air supply of 8 m/s gives a slightly higher unburned hydrocarbon

compared to the secondary air of 10 m/s and 15 m/s. This is due to being the
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(a) unwanted burning (b) proper burning

Figure 6.16: Temperature contours for (a) unwanted burning at downstream of

EGR pipes for 21 % oxygen mole fraction with 10.0 m/s air inlet and λ of 0.78. (b)

proper burning for 7 % oxygen mole fraction with 10.0 m/s air inlet and λ of 1.06.

(a) 7 % oxygen (b) 21 % oxygen

Figure 6.17: Unburned hydrocarbon in exhaust for the air inlet of 7 % and 21 %

oxygen mole fractions.

most fuel rich case, which is the same fuel flow rate with the lowest secondary

air supply flow rate giving the richest mixture. A similar trend is shown in the

case of the secondary air supply with 21 % oxygen mole fraction with the λ of

0.78. For the case of the 21 % oxygen mole fraction, the unburned hydrocarbon

mole fraction reduces almost to zero and the λ increases from 0.35 to 0.78. Later,

when the λ is higher than 1.0 (lean combustion), the unburned hydrocarbon mole

fraction is zero. Similar results occurred for the secondary air supply with 7 %

oxygen mole fraction.

6.5.2 Oxygen

Figure 6.18 shows the excess oxygen for the case of secondary air supply with

7 % and 21 % oxygen mole fractions. The excess oxygen was zero at the lowest

λ because the rich fuel mixtures consumed all the oxygen in the oxidant sup-
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(a) 7 % oxygen (b) 21 % oxygen

Figure 6.18: Excess oxygen in exhaust for the air inlet of 7 % and 21 % oxygen

mole fractions.

ply, resulting in the unburned hydrocarbon. The excess oxygen logarithmically

increased as λ increased. The rapid rise in the rich region from zero is caused

as more of the hydrocarbons are consumed (Figure 6.17), then all the carbon

monoxide is converted to carbon dioxide as stoichiometric conditions are reached

(Figure 6.26). The rate of increase decreases with λ as this is just the oxygen

that is remaining in lean conditions.

6.5.3 Oxides of Nitrogen

Oxides of nitrogen (NOx) was the pollutant that produced from the combustion

and it is harmful to the environment. Figure 6.19(a), (b) and (c) shows the mole

fraction of NOx and Figure 6.19(d), (e) and (f) shows the rate of production of

NOx. It is almost identical for all the cases at the λ of 1.06, 0.78 and 0.43 with

all values zero, considering numerical precision. Figure 6.20 shows the oxides of

nitrogen, where significant amounts were only formed for the richest case with

21 % oxygen. Despite the higher concentration of nitrogen in the 7 % oxygen case,

the temperature was below 1,000 K and therefore far from the temperature that

is favourable for NOx formation (Scheele et al., 2008).

The reacting mixture was diluted by the products that enter the chamber and

this dilution reduced the flame temperature and simultaneously reduced creation

of thermal NOx formation. For the fuel rich combustion, the dilution process is

low because of the low oxidant supply. Under lean conditions, the atmospheric

air produced approximately 0.1 ppm NOx, while the 7 % oxygen mole fraction

produced zero oxides of nitrogen within numerical precision. This shows that the

configuration can produce negligible pollutants without the expense of separating

out N2 before the combustion chamber. The rate of thermal NOx production for

the for 7 % oxygen mole fraction and 8 m/s air supply with the low, medium and

high fuel supply were compared in Figure 6.21. These values are essentially zero

to numerical precision, which corresponds to the very low concentrations that are

produced.
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(a) λ = 1.06 (b) λ = 0.78 (c) λ = 0.35

(d) λ = 1.06 (e) λ = 0.78 (f) λ = 0.35

Figure 6.19: (a) to (c) for mole fraction of NOx with 8 m/s air supply with 7 %

oxygen mole fraction and (d) to (f) for the rate of NOx.

(a) 7 % oxygen (b) 21 % oxygen

Figure 6.20: Pollutant NOx in exhaust for the air inlet of 7 % and 21 % oxygen

mole fractions.

6.5.4 Carbon Dioxide

Figure 6.22 shows the carbon dioxide mole fraction for the combustion of 7 % and

21 % oxygen mole fractions in the oxidant stream. The higher air-fuel equivalence

ratio gave lower carbon dioxide in the combustion chamber because it was diluted

by the excess air. The trend continues for all values of λ (Figure 6.23). The trend

is identical for the case of 21 % oxygen mole fraction (Figure 6.22(d) to (f)). The

higher fuel supply cause the higher level of carbon dioxide to be released through



190 Numerical Results and Discussion

(a) λ = 1.06 (b) λ = 0.78 (c) λ = 0.35

Figure 6.21: Rate of thermal nitrogen oxide production for 8 m/s air supply with

7 % oxygen mole fraction.

the exhaust pipe. This is because the fuel composition is 60 % methane and 40 %

carbon dioxide. The higher the fuel supply, the more carbon dioxide injected to

the combustion process. The carbon dioxide released for the case of 21 % oxygen

mole fraction is higher than the case of 7 % oxygen mole fraction because of the

lower dilution by nitrogen. Figure 6.24 shows the carbon dioxide mole fraction

normalised by the oxygen mole fraction in the oxidant stream. These show how

much carbon dioxide is produced for each mole of oxygen (filtering out the effects

of the extra nitrogen). For this normalised condition, the case of 7 % oxygen mole

fraction produces more carbon dioxide than 21 %: more complete combustion

occurs, so the combustion efficiency is higher and pollutants are reduced.

6.5.5 Carbon Monoxide

Carbon monoxide is a product of incomplete combustion due to insufficient oxy-

gen to enable complete oxidation to form of carbon dioxide. Carbon monoxide is

only produced when there is no excess oxygen (Figure 6.18). Because of its haz-

ardous nature, its production should be minimised. Figure 6.25 shows the carbon

monoxide with 7 % and 21 % of oxygen mole fractions in the oxidant stream. For

both synthetic air and atmospheric air, the carbon monoxide is essentially zero

for stoichiometric conditions, but is produced for rich conditions. The higher the

fuel supply injected to the combustion chamber, the higher the carbon monox-

ide released as a combustion product to the atmosphere. At rich fuel condition,

the carbon monoxide mole fraction decreases with the increase of λ. The high

temperature combustion for the 21 % oxygen mole fraction produces more car-

bon monoxide (Dally et al., 2010; Wünning, 1991) than the 7 % oxygen mole

fraction (Figure 6.26). Under lean conditions, the pollutants carbon monoxide

and unburned hydrocarbon are effectively almost zero; this proves that the pro-

posed configuration is viable for clean combustion. Figure 6.27 shows the carbon

monoxide mole fraction normalised by the oxygen mole fraction in the oxidant

stream. These show how much carbon monoxide is produced for each mole of

oxygen (filtering out the effects of the extra nitrogen). The result is similar to
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(a) λ = 1.06 (b) λ = 0.78 (c) λ = 0.35

(d) λ = 1.06 (e) λ = 0.78 (f) λ = 0.43

Figure 6.22: Carbon dioxide mole fraction for 10 m/s air supply with 7 % ((a) to

(c)) and 21 % ((d) to (f)) oxygen mole fractions.

(a) 7 % oxygen (b) 21 % oxygen

Figure 6.23: Carbon dioxide mole fraction in exhaust for the air inlet of 7 % and

21 % oxygen mole fractions.

carbon dioxide where for this normalised condition, the case of 7 % oxygen mole

fraction produces less carbon monoxide than 21 %: more complete combustion

occurs, so the combustion efficiency is higher and pollutants are reduced.

6.5.6 Water Vapour

Figure 6.28 shows the water vapour for the combustion of 7 % and 21 % oxygen

mole fractions. The amount of water vapour produced decreases with λ. This is

because the higher supply of the nitrogen in the oxidiser stream acts as a diluent
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(a) 7 % oxygen (b) 21 % oxygen

Figure 6.24: Carbon dioxide mole fraction in the exhaust normalised by the oxygen

mole fraction in the secondary air stream.

(a) λ = 1.06 (b) λ = 0.78 (c) λ = 0.35

(d) λ = 1.06 (e) λ = 0.78 (f) λ = 0.43

Figure 6.25: Carbon monoxide mole fraction for 10 m/s air supply with 7 % ((a)

to (c)) and 21 % ((d) to (f)) oxygen mole fractions.

to reduce the water vapour mole fraction. The water vapour in the exhaust gas

for the 21 % oxygen mole fraction is higher than for the 7 % oxygen mole fraction.

This is because there is less nitrogen to act as a diluent.

6.6 Summary

The biogas combustion temperature distributions and the combustion products

including the exhaust gas emissions of a MILD combustion burner system were
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(a) 7 % oxygen (b) 21 % oxygen

Figure 6.26: Pollutant carbon monoxide in exhaust for the air inlet of 7 % and 21 %

oxygen mole fractions.

(a) 7 % oxygen (b) 21 % oxygen

Figure 6.27: Carbon monoxide mole fraction in the exhaust normalised by the

oxygen mole fraction in the secondary air stream.

numerically investigated. In the present chapter, the air/fuel nozzle was modified

from the standard industrial nozzle used in the previous chapter for experimental

and numerical modelling. The bluff-body air/fuel nozzle was used to promote

the turbulent flow at the area of the air and fuel mixing. The mole fractions of

the unburned hydrocarbon, oxygen, oxides of nitrogen, carbon dioxide, carbon

monoxide and water vapour were reported for various λ. The higher the air sup-

ply volume to the combustion chamber, the higher the flame temperature until it

reaches stoichiometric combustion. The chamber temperature distributions were

found to be in a small range: between 820 K and 870 K for the synthetic air with

7 % oxygen mole fraction and between 1,150 K and 1,230 K for atmospheric air.

The air inlet velocity has no effect on the chamber and air mixing temperatures.

The numerical analysis has met the purpose of the study and the final result for

the chamber’s temperature distribution shows that the objective of MILD com-

bustion was numerically achieved. The rich fuel combustion (λ < 1.0) resulted

in the chemical reaction leaving some amount of unburned hydrocarbon and con-

sumed almost all the oxygen mole fractions. For both 7 % and 21 % oxygen mole

fractions, when the λ increased from 1.0 to 5.0 (lean combustion), the unburned
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(a) λ = 1.06 (b) λ = 0.78 (c) λ = 0.35

(d) λ = 1.06 (e) λ = 0.78 (f) λ = 0.43

Figure 6.28: Water vapour mole fraction for 10 m/s air supply with 7 % ((a) to (c))

and 21 % ((d) to (f)) oxygen mole fractions.

(a) 7 % oxygen (b) 21 % oxygen

Figure 6.29: Water vapour in exhaust for the air inlet of 7 % and 21 % oxygen mole

fractions.

hydrocarbon, NOx, carbon dioxide, water vapour and carbon monoxide were all

reduced. Only the excess oxygen is increased due to there being insufficient fuel

to consume the supplied oxygen. For both the 7 % and 21 % oxygen mole frac-

tions, when the carbon dioxide mole fraction is normalised by the oxygen mole

fraction in the oxidant stream, it shows how much carbon dioxide is produced for

each mole of oxygen (filtering out the effects of the extra nitrogen). The case of

the 7 % oxygen mole fraction produces more carbon dioxide than the 21 %: more

complete combustion occurs, so the combustion efficiency is higher and pollutants
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are reduced. The use of the synthetic air with a lower oxygen mole fraction gives

the additional advantage that it is easier to achieve the MILD combustion regime.

This is because oxygen dilution by mixing with the products stream is not nec-

essary if it is already below 13 % oxygen mole fraction in the oxidant stream.

The synthetic air also reduced the flame temperature and this lower operational

temperature will possibly make the burner last longer.
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Chapter 7

Conclusions

Experiments and numerical modelling have been used in this thesis to investigate

MILD combustion flame characteristics and the performance of the combustion

in an open-end furnace using methane and biogas. The open-end furnace is open

at one end with enclosed walls to capture and utilise the heat from the flame

and the volume of exhaust gas to be utilised as EGR. The CFD technique was

utilised to carry out the parametric studies to design and optimise the combustion

chamber. The summary of findings is presented in the following sections along

with the recommendations for future work.

7.1 Introduction

MILD combustion for furnaces has been in the combustion research mainstream

for many years with significant contributions continuing to be made using both

experiments and numerical modelling. Most of the previous MILD combustion

research had focused on the closed furnace with internal or external oxygen di-

lutions and oxidant preheating. The fundamentals of MILD combustion are not

fully understood because only limited number of experimental and simulation

studies have been conducted in this field. In this study, the development of the

experimental test rig was begun using CFD to design and optimise the furnace

geometry and air–fuel equivalence ratio. The numerical modelling was conducted

using the commercial software ANSYS Fluent. The combustion chamber devel-

opment started with a basic enclosed wall and open top combustion chamber.

Then four external EGR pipes were added. The final model was to improve the

top part of the chamber design to ensure it collected the exhaust gas to be utilised

as EGR. This model was then fabricated for the experimental testing and also

for further numerical modelling with a bluff-body air-fuel nozzle.
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7.2 Summary of Findings

The MILD combustion for an open furnace was studied experimentally as well

as numerically. The parameters were the fuel composition (methane and biogas),

the air–fuel equivalence ratio and the air-fuel nozzle geometry. In this thesis,

numerical modelling and an experimental apparatus were developed to study

the MILD combustion in an open-end furnace with an enclosed chamber and

external EGR to preheat and dilute the secondary supply air. For the case of

15 kPa partially-premixed methane combustion, the preheating temperature is

25 K. After the numerical model was validated by the experimental results, fur-

ther numerical modelling was conducted for the standard industrial burner and

the new bluff-body burner. Both burners were numerically operated in MILD

combustion.

7.2.1 Experimental Work

A laboratory scale open-end furnace combustion chamber with external EGR and

in-furnace measurement apparatus was designed and fabricated to conduct the ex-

periments and to validate the numerical models. The experimental investigation

of the ignition characteristics and the flame behaviour of non-premixed, partially-

premixed and premixed combustion were conducted. Each ignition test was re-

peated at least three times. The ignition studies for non-premixed, partially-

premixed and premixed combustion were important to ensure the flames were

successfully ignited before the further study of the flame behaviour. The flame

and exhaust gas temperatures, exhaust gas species concentrations and chamber

wall temperatures were measured. There was no modification required for the

furnace to be flexible enough to use either methane or biogas (lower calorific

value gas) as its fuel. The methane flow rate was kept constant for both methane

and biogas; for biogas, carbon dioxide was added to produce 60% methane and

40% carbon dioxide based on volume. Tests for the ignition were conducted for

the methane non-premixed flame, methane partially-premixed flame, methane

premixed flame and biogas non-premixed flame. The methane partially-premixed

flame with the preheated secondary air supply showed the quickest flame ignition.

The biogas is harder to ignite compared to methane which ignited 0.67 seconds

after the spark started. Biogas ignited at 3.33 seconds after the spark started.

The chamber temperatures for the case of no combustion process with the exhaust

extraction and without the exhaust extraction were measured to study the effect

of the exhaust fan on the chamber temperature. The exhaust extraction fan does

not significantly affect the chamber and EGR temperatures. The experiment

for open and closed observation window number 1 was conducted and found

that for the case of window number 1 open, the flame reached a steady state

more quickly than with all observation windows closed. The experiments to

compare the methane and biogas partially premixed flames were conducted at

lean conditions. The flame height for methane and biogas fuel is 34.7 and 18.7 jet
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diameters downstream of the jet exit respectively. The methane flame is bigger

and brighter compared to the biogas flame, while the biogas flame has very low

luminosity, is weak and easily reaches flame blow-off. The biogas flame shows only

one combustion zone compared to two in methane combustion. The combustion

is completed with zero unburned hydrocarbons detected and excess oxygen was

recorded for both the exhaust pipe and the downstream of the EGR pipes. The

exhaust gas composition at the exhaust pipe consists of a lower oxygen mole

fraction compared to the downstream of the EGR pipes. The NOx emissions for

methane and biogas are very low (< 3 ppm) for both locations. The partially-

premixed methane flame temperature is 1,483 K which is 8.6 % higher than the

biogas flame temperature.

The methane non-premixed, partially-premixed and premixed combustion were

conducted and the flame temperature for partially-premixed is the highest. In

all cases, the EGR temperature decreased with distance along the EGR pipe,

while the highest recorded wall temperature was at the top of the chamber. The

temperatures for both downstream of the EGR and the mixing cone are increased

with the increase of the secondary air supply. The effect of the EGR and the

heated secondary air on the chamber temperature and exhaust gas was studied.

The mixing cone temperature is almost identical compared to the downstream

of the EGR. The temperatures for the mixing cone and the downstream of the

EGR are increased with the increase of the secondary air supply at each side of

the EGR pipes. Unburned hydrocarbon is zero for all cases and it is in line with

excess oxygen in the exhaust gas due to lean combustion. The carbon dioxide

and NOx is slightly higher for partially-premixed and almost the same level for

the other cases. NOx is slightly higher for partially-premixed due to the flame

being hotter than in the other cases. Carbon monoxide is zero for all the cases.

7.2.2 Numerical Modelling Work

In addition to the experimental work, the three-dimensional CFD for the MILD

combustion has been extensively conducted by many researchers for various burn-

ers and combustion chambers. In this study, the commercial software ANSYS

Fluent (version 14.5) was utilised to develop and optimise the furnace geometry

and air-fuel supply ratio. The numerical sensitivity test was conducted and the

result shows that the flame temperatures are very sensitive to the combustion

chamber wall boundary conditions. In this research, the results of the numerical

modelling are slightly over-predicted (2 %) with regards to the flame temperatures

compared to the experimental results. Overall, the experimental temperatures

and exhaust gas species are in good agreement with the numerical modelling

results.

The numerical modelling for the same furnace geometry with the experimental

setup shows both methane and biogas fuel achieved the MILD regime when the

appropriate parameters were used. Similar results were obtained when further
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numerical modelling for the experimental furnace with a bluff-body air-fuel nozzle

was conducted. The recirculation of the reactant mixing can be achieved by the

bluff-body nozzle design. When appropriate oxygen dilution and the oxidant

preheating temperature are applied, the open-end furnace can achieve the MILD

combustion regime. For the oxygen mole fraction of 21 %, the bluff-body burner

can achieve homogeneous temperature in the chamber but the standard industrial

burner cannot. The main difference is the bluff-body burner gives the turbulent

mixing of the reactants due to the recirculation process. The results obtained from

the numerical work are compared and validated with the in-furnace measurements

results from the experimental work. Both methane and biogas fuel achieved

the desired results. The flame temperature for the numerical modelling for the

methane and biogas were over-predicted by 1.13 % and 0.73 % respectively, which

is good agreement.

7.3 Contribution of the Study

This research has established new hardware and enhancement of a body of knowl-

edge which advances the understanding of MILD combustion. The open furnace

with the effect of external EGR to preheat and dilute the oxidant was studied.

The open-end furnace with the enclosed chamber was numerically operated in

the MILD combustion regime for both the standard industrial burner and the

new bluff-body burner. The chamber temperature distributions were numerically

homogeneous. The results of the study are summarised below:

(i) Successfully used the commercial CFD package (ANSYS Fluent version

14.5) to design and optimise the open-end furnace.

(ii) Developed, constructed and commissioned the experimental test rig that has

relatively low operating costs. The total volume for the combustion chamber

being 0.33 m3. The gas supplies are methane, carbon dioxide, oxygen and

nitrogen and can be mixed to re-produce the low calorific value gas (biogas)

and low oxygen mole fraction oxidant (synthetic air).

(iii) Conducted the experimental work for the methane and biogas using various

air-fuel equivalence ratios.

(iv) Compared and validated the numerical model with the experimental results.

Both chamber temperatures and exhaust gas compositions were in good

agreement.

(v) Carried out further numerical modelling using the same furnace geometry

except using a bluff-body burner, which successfully achieved the MILD

combustion.

Application of the MILD combustion mode to furnace and industrial burners is

still in the early stages, thus it is imperative to further study it for industrial
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applications. The disadvantage of the EGR system is the external recirculation

of exhaust gas will required additional external infrastructure to make the EGR

system work as required. This external infrastructure will incur a small additional

cost but it is believed the overall cost is lower compared to the closed furnace.

This is because the thick furnace wall insulation result in higher overall structural

cost. The outcomes for this project are:

(i) The combustion of methane and biogas with high thermal efficiency and

low environmental pollutants in open furnace MILD combustion has higher

advantages compared to it disadvantages. One of the advantages is the

EGR that is used to preheat the reactant. Thus the amount of energy

that is required to externally preheat the reactants is dramatically reduced,

thereby saving on energy costs and increasing the efficiency of the system.

(ii) The fuel can be changed (methane or biogas) without needing any modifica-

tion of the combustion chamber, burner or gas supply system. This results

in a cheaper operational cost and allows flexible operational with respect to

the fuel.

(iii) More understanding is required of the requirements for an open-end MILD

combustion furnace, the flame behaviours and exhaust gas emissions pro-

duced from the methane and biogas combustion.

(iv) The industrial applications for the MILD combustion technique in an open

furnace has high potential to reduce industrial heating costs and directly

affects the cost of the consumer’s end products.

(v) Biogas has an advantage over methane because its lower peak temperature

will make the combustion chamber and the burner last longer and be more

economical to operate. This is balanced against the weakness of the biogas

where it has a lower calorific value.

7.4 Recommendations For Future Work

The MILD regime is a relatively new combustion technology and needs further

research before it can be fully utilised in industrial heating. There is still scope for

further study to make the open-end furnace MILD combustion more dependable

and usable and to present a better understanding of the process considering all the

independent parameters that affect the combustion performance characteristics.

This section describes some of the proposed issues identified for further research:

(i) The experimental and numerical modelling could be exploited for differ-

ent air and fuel flow configurations, burner and nozzle geometries and fuel

compositions.
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(ii) The experimental apparatus can also be used to investigate the flame be-

haviour of different fuels with EGR without any furnace modification.

(iii) Adding the insulation layer to the chamber wall using refractory bricks to

reduce heat losses to the atmosphere and a heating system of the exhaust

gases recirculated to increase the temperature of the inlet gases. These

two modifications will lead to a large increase of the furnace temperature

towards the MILD combustion region.

(iv) The experimental work for a one-inch burner or a bigger size burner would

produce higher thermal intensity that could be experimentally tested.

(v) The new range of 2 mm to 10 mm fuel nozzles could be modelled and tested

numerically. In addition to the total heat released, the main effect of the

nozzle size is the turbulent mixing of air/fuel injected to the combustion

chamber.

(vi) The preheating of the secondary oxidant to a higher temperature and anal-

ysis of the effect on the combustion performance.

(vii) The experimental and numerical modelling could be carried out for various

EGR flow rate to study the effect to the combustion performance.

(viii) To investigate also MILD combustion at least two modifications must be

designed and implemented: a substantial internal insulation of the furnace

(for example using refractory bricks) and a heating system of the exhaust

gases recirculated. While the first will reduce both the furnace volume

and the heat loss, the second will increase the temperature of the inlet

gases; these two modifications will lead to a large increase in the furnace

temperature towards the MILD combustion region.

(ix) The ignition optimisation could be undertaken by the various parameters

including the voltage supply, the ignition rod size, the air-fuel equivalence

ratio and the air flow through operation.

(x) The instantaneous measurements for the gas velocity and flow field in the

combustion chamber using advanced and precise non-intrusive measurement

methods. The laser technique is proposed including Laser Doppler Anemom-

etry.

(xi) The feasibility study of systems with a high level of fuel preheating and

the possibility to adjust “more independently” the external and internal

recirculation.
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Szegö, G. G. 2010, ‘Experiment and Numerical Investigation on a Parallel Jet
MILD Combustion Burner System in a Lab Scale Furnace’, PhD thesis,
University of Adelaide, Australia.
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Appendix A

Chemical Reaction and Gas

Properties

This appendix consists of a discussion of chemical reactions, gas properties, gas

heating values, fuel and oxidant supply rates and the calculations for furnace

power.

A.1 Chemical Reactions

Chemical reactions are fundamental to the combustion process (Heywood, 1988;

Turns, 2006). Understanding the combustion chemistry is essential to differen-

tiate the process between global and elementary reactions. The global scale is

the reaction of fuel and oxidant with the release of combustion products such as

CO2, H2O and heat. The combustion process can be written in general hydrocar-

bon stoichiometric combustion equation as shown in Equation A.1. The global

reaction for the methane and air combustion can be seen in Equation A.2:

CnHm + (n +
m

4
)(O2 + 3.76N2) → nCO2 +

m

2
H20 + 3.76(n +

m

4
)N2(A.1)

CH4 + 2O2 + 7.52N2 → CO2 + 2H2O + 7.52N2 (A.2)

A description of methane and air combustion that involved 279 steps of ele-

mentary reactions and 49 species has been identified (Turns, 2006). A reduced

chemical reaction for methane combustion developed in 1986 consists of 16 differ-

ent species and 46 reactions (Smooke and Giovangigli, 1991). The new Arrhenius

equation (Equation A.3) modified from the original Arrhenius equation (Equation

A.4) is normally used for the chemical reaction.

k = AT n
(
exp

(
− E

RT

))
(A.3)

where A is a constant (k/mols m3 K), T is temperature (K), n is constant, E

is activation energy (J/kmol) and R is universal gas constant with the value of

8.3145 J/mol K. The chemical reaction rate coefficient depends on the reaction
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temperature and activation energy. The original Arrhenius equation is as Equa-

tion A.4.

k = B

(
exp

(
− E

RT

))
(A.4)

whereB is the pre-exponential frequency factor. The Arrhenius equation has been

modified to include the temperature dependence of the pre-exponential factor

(Nakamura et al., 1989).

A.2 Gas Properties

The properties of carbon dioxide, nitrogen, oxygen, water vapour and methane

at 273 K and 1 atm are displayed in Table A.1.

Table A.1: Properties of carbon dioxide, nitrogen, oxygen, water vapour and

methane at 273 K and 1 atm (Turns, 2006; NIST, 2009).

Properties CO2 N2 O2 H2O CH4

Density (kg/m3) 1.98 1.25 1.43 0.83 0.67

Volumetric heat capacity (kJ/(m3 K) 1.62 1.30 1.32 1.49 1.55

Kinematic viscosity ×106 (m2/s) 7.09 13.3 13.6 10.1 14.5

Thermal conductivity (W/mK) 137 249 250 162 302

Mass diffusivity in air ×105 (m2/s) 1.38 − 1.78 2.2 1.96

The fuel heating values are normally used to quantify the maximum amount of

heat generated by combustion with air at 298 K and 101.3 kPa. The amount of

thermal heat released from fuel combustion will depend on the phase of water in

the products (McAllister et al., 2011). A lower heating value is measured when

additional energy is extracted when water vapour is condensed to liquid and when

the water is in its gas phase. No additional energy can be extracted and the total

energy is called higher heating value.

Methane thermal properties include internal energy, enthalpy, specific heat and

heating value. The fuels’ heating value in J/mole or J/kg used to measure the

maximum amount of heat can be generated by combustion with air at 25◦C and

101.325 kPa. Table A.2 shows the heating value for methane and compares it

with other fuel and gases. The highest heating value is hydrogen, and methane

is the highest among the hydrocarbon fuels.

A.3 Fuel and Oxidant Supply Rate

For methane with the density of 0.6688 kg/m3 the higher heating value is 55.50 MJ/kg

and lower heating value is 50.02 MJ/kg. For propane with the density of 1.882 kg/m3

the higher heating value is 50.30 MJ/kg and lower heating value is 46.36 MJ/kg.

The burner standard capacity per hour was rated for propane.
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Table A.2: Heat values of various fuels (McAllister et al., 2011; Demirel, 2012).

Fuel g/mol MJ/kg MJ/L BTU/Ib kg/m3

Hydrogen H2 2.01 141.8 0.0127 61,100 0.0899

Methane CH4 16.04 50.0 0.0371 23,900 0.6680

Propane C3H8 44.09 46.4 0.0947 21,700 1.8820

Natural gas − 18.14 50.0 0.0400 21,600 0.8000

Biogas − 27.23 33.3 0.0400 14,352 1.2000

Gasoline CnH1.87n 100–110 47.3 34.042 20,400 719.70

Diesel CnH1.75n 170–200 44.4 36.941 19,300 832.00

Coal − − 21 17.404 11,000 828.75

Wood − − 15 9.7637 6,500 650.91

A.3.1 Gas Supply Flow Rate

The gas flow rate is calculated based on the maximum allowable gas operating

pressure. For the experimental setup, the standard commercial premixed air

inspirator type gas burner was installed having a maximum gas supply of 100 kPa

for open air burner without enclosed wall (ASC, 2013). After the testing and

commissioning by expert gas fitters, a limiter was applied and the gas supply had

to be reduced to a maximum of 50 kPa (Aylward, 2014). This was due to the

combination of a few factors including burner with enclosed chamber, exhaust

gas extraction system, primary and secondary oxidant supply, gas supply safety

interlock and solenoid valve installed in the gas supply line. The fuel flow rate

for the experiment and CFD work is summarised in Table A.3.

Table A.3: The conversion table of fuel supply flow rate for the 12.7 mm fuel supply

inlet.

Gas pressure (kPa) Gas flow (m/s)

20 2.84

10 1.42

A.3.2 Primary Air Supply Flow Rate

Air was induced together with fuel through the fuel nozzle. To calculate the

air supply flow rate, the λ value was used. For the experimental test run using

10.82 L/min air flow rate, the λ reading is 2.65.

λ =
AFRact

AFRstoi

=
Mair/Mfuel

AFRstoi

(A.5)
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Table A.4: The conversion table of air supply flow rate for the 10.0 mm oxidant

supply inlet. The compressed air pressure was set at 500 kPa and the flow rate was

controlled by the flow meter.

Experimental work CFD

Air flow meter (SCFH) Air flow rate (m/s)

400 10.00

200 5.00

50 1.25

The mass flow rate for air when 10.82 L/min (10 kPa) of fuel was injected to the

burner can be calculated as below:

Mair = λ×Mfuel × AFRstoi

= λ× Vfuel × ρ× AFRstoi

= 2.65× 10.82L/min× 0.6688 kg/m3 × 1m3

1000L
× 60min

1hr
× 9.52

= 10.95 kg/hr (A.6)

From the mass flow rate, the volume flow rate for air is:

Vair = 10.95 kg/hr × 1

1.2041 kg/m3
× 1000L

1m3
× 1hr

60min

= 151.62L/min (A.7)

A.3.3 Secondary Air Supply Flow Rate

The maximum air supply through the four sides of the EGR pipe is 400 SCFH

(47.20 L/min). Each air supply pipe is 10 mm in diameter and will take 100 SCFH.

This maximum experimental air supply can be calculated for CFD air supply as

below:

Air supply = 100SCFH × 1hr

3600 s
× 1m3

35.315 ft3
× 1

7.85× 10−5m2

= 10.0m/s (A.8)

The air flow rate was summarised in Table A.4.

A.4 Furnace Power Calculation

The furnace power or total heating value has been calculated by using the methane

heating value which is 50.02 MJ/kg. Assume pure methane gas was injected at

10.82 L/min (1.52 m/s) through a 12.7 mm diameter fuel supply pipe. The area

(A) of the fuel supply pipe is 1.27× 10−4m2. Total volume flow rate is:

V̇ = 10.82L/min× m3

1L
× 1min

60 s
= 1.803× 10−4m3/s (A.9)
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The mass flow rate depends on the density of the fluid. The density of methane

gas is 0.6688 kg/m3 (at 293 K and 101.325 kPa), thus mass flow rate (ṁ) is

ṁ = ρV̇

= 0.6688 kg/m3 × (1.803× 10−4m3/s)

= 1.206× 10−4 kg/s (A.10)

Heat release by the combustion (∆H) of methane can be calculated as below.

q = ṁ∆H

= (1.206× 10−4 kg/s)× 50.02MJ/kg

= 6.03 kW (A.11)

The power of the furnace is 6.0 kW based on 10.82 L/min of methane volume flow

rate. The energy input through the air heating element must be counted as the

furnace input power. Thermal power provided by the air heating element can be

calculated as below:

Q = ṁCp∆T

= (1.205× 3.93× 10−4)× 1.005× (673− 293)

= 0.18 kW (A.12)

where ṁ is the air mass flow rate (kg/s) calculated at the volume flow rate of

23.6 L/min, Cp is the air specific heat (kJ/(kg K)) at 293 K and ∆T is the air

temperature difference (K) between the inlet and outlet of the heating element.

Equation A.12 shows the calculation for the energy input from the air heating

element. The total energy input for the furnace is 6.21 kW with 6.03 kW from

the combustion of methane fuel and 0.18 kW from the air heating element. The

energy intensity for the combustion chamber is 18.81 kW/m3.
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Appendix B

Thermocouples and Other

Instrumentations

This appendix consists of the detail about thermocouples, data acquisition sys-

tem, gas analysers specification, high temperature glass window, half inch burner,

secondary oxidant heating element, gas supply flow meter, pressure transducers

calibration, calculation of EGR flow rate, ignition system with gas safety interlock

and sample weather report.

B.1 Data Acquisition System

Figure B.1 shows the LabVIEW data acquisition system diagram.

B.2 Gas Analysers Specification

Two gas analysers were used to measure the exhaust gas composition and residual

oxygen in the exhaust gas. A CODA gas analyser was used to measure the exhaust

gas emissions (CODA, 2012) and a MOTEC lambda sensor was used to measure

the excess oxygen level in the exhaust gas (MoTeC, 2013).

B.2.1 CODA Gas Analyser

The CODA gas analyser specification can be found in Figure B.2. The accuracy

of the measurement is between ±3 % and ±5 % (CODA, 2012).

B.2.2 MOTEC Lambda Sensor

The MoTEC PLM (Profesional Lambda Meter) measures λ or Air Fuel Ratio

(AFR) with a very fast response time and in a wide range of mixtures. The

sensor specifications can be found in Figure B.3. With the accuracy of ±1.5 %,
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Figure B.1: LabVIEW data acquisition system diagram.

this factory calibrated lambda sensor can detect oxygen and λ in the range of

0–22 % (by volume) and 0.7–32 respectively.

B.3 Thermocouples

The main data measurement in this research is temperature distribution. The

thermocouples were used to measure the temperature at various locations.

B.3.1 Thermocouples Installation

A total of 42 thermocouples were installed to measure the temperature at various

locations. The TC Direct thermocouples with Standardised Letter Designation

(SLD) of K and R were used in this research (TCDirect, 2012). The thermocouple

summary and installation location can be found in Table B.1.
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Figure B.2: CODA gas analyser specification (CODA, 2012).

POWER SUPPLY
Input Voltage Range 7 to 16Volts
Input current - 60mA Typical with backlight off

- 110mA Typical with backlight on
- Plus sensor heater current

Protection Reverse polarity protected
Load Dump Clamp Max 40V at 100 Amp 100msec

SENSORS
Sensors 1
Compatible Types Bosch LSU / NTK UEGO
Calibration Methods - Automatic using sensor’s built in

calibration resistor
- Manual Table Entry
- Known Oxygen Environment
- Calibration Constant

Type Detection Manual or Automatic (using
sensor’s built in calibration resistor)

MEASUREMENTS
Lambda 0.7 to 32.0
02 0 to 22%
A/F Ratio Fuel dependant (see lambda range)
Accuracy +/-1.5% (sensor specific)

SENSOR HEATER
Outputs 1
Current Max 8 Amp
Control - Bosch - Digital PID

- NTK - Constant Voltage
(Requires  11V supply for optimal operation)

OUTPUTS
Analogue 1 x 0 to 5V DC, User Programmable
Output Type Differential
Differential Range - 4.8 to 5.0 Volts

INPUTS
Digital 2 x User Programmable as RPM or 

PLM Enable (Operate)

COMMUNICATIONS
Serial - CAN @ up to 1Mbit

- RS232

DISPLAY
Type LCD 3.5 Digit
Digit Height 12.7mm
Lighting Green LED Back Light

PROCESSOR
CPU Motorola 68HC908AZ60
Speed 8MHz
Code Memory 60K Flash
Configuration Memory 1K EEPROM - Field updateable

GENERAL
Connectors 2 x 9 Pin Dsub
Temperature Range -10 to 70 Deg C
Dimensions(WxHxD) 105x41x25 mm (Excluding Connector)
Weight 135grams

The MoTeC PLM configuration determines exactly how it operates. The initial configuration will allow the MoTeC PLM to be
connected to a power supply and sensor, displaying Lambda values without any modification to the configuration. Changes can
be made to the configuration to alter various aspects of the MoTeC PLM. This includes the display parameter (eg: to A/F ratio),
display formats, analogue output scaling, sensor type, sensor calibration, backlight intensity, etc. Standard configuration
templates for most common preferences are included. The user can manually select the sensor used as Bosch LSU or NTK
UEGO. Selecting ‘Auto’ allows the MoTeC PLM to determine the type of sensor being used. The sensor can be user calibrated
to compensate for sensor aging and contamination.

The two prime applications for this device are for the development and tuning of emission controlled vehicles and for use in
motorsport. The highly competitive motorsport environment requires that all aspects of the vehicle are optimally calibrated and
perhaps no area is more critical than the engine.  

The engine will normally give best performance at only one mixture strength and the MoTeC PLM lets you accurately determine
the direction and magnitude of adjustments that need to be made to acheive this. The MoTeC PLM can be used equally
effectively on fuel injected and carburetted vehicles. The versatility and practicality of the MoTeC PLM makes it perfect for a
wide range of applications, from garages to motorsport and OEM calibration professionals.

PLM Specifications

MoTeC Research Centre
121 Merrindale Drive
Croydon South, 3136

Victoria, Australia
Tel: 61 3 9761 5050
Fax: 61 3 9761 5051

MoTeC Europe Ltd
Unit 14, Twyford Mill Industrial Estate
Oxford Road, Adderbury, Nr Banbury

Oxon, UK OX17 3HJ
Tel: 44 8700 119 100
Fax: 44 8700 111 922

MoTeC Systems USA
5355 Industrial Drive

Huntington Beach
California, 92649 U.S.A
Tel: 1 714 895 7001
Fax: 1 714 897 8782 

AUSTRALIA  EUROPE  USA  ASIA  Over 40 countries
www.motec.com.au

Professional Lambda Meter

Specifications are subject to change without notification.  © MoTeC Australia Pty Ltd 2001

Figure B.3: MoTec Profesional Lambda Meter (PLM) technical data and specifi-

cation (MoTeC, 2013).
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Table B.1: The summary of 42 thermocouples installation with Standardised Letter

Designation (SLD).

Area Location SLD (Type) Quantity
Size (mm)

Diameter Length

Chamber

Main chamber
K 11 3.0 300

R 1 1.5 500

Top chamber K 4 3.0 300

Outer wall K 5 3.0 100

EGR

Upstream K 4 3.0 100

Middle K 4 3.0 100

Downstream K 4 3.0 100

EGR4 (P1–P2) K 2 3.0 100

Exhaust K 3 3.0 100

Mixing cone K 1 3.0 100

Air heating element K 2 3.0 100

Room temperature K 1 3.0 100

B.3.2 Standard Thermocouple

A standard thermocouples table was constructed with Standardised Letter Des-

ignation (SLD), popular names, materials with colour code, typical temperature

ranges and thermopowers at 373 K. In this thesis, an R-type thermocouple has

been used to measure the flame temperatures and a K-type thermocouple to

measure the temperatures for the combustion chamber, chamber wall, exhaust

gas, EGR and oxidant mixing. Details about the standard thermocouples can be

found in Table B.2.

B.4 High Temperature Glass Window

The furnace needed a window for the observation of flame propagation and image

capturing. The specification for the fused silica is summarised in Table B.3. These

high temperature glass is optically flat, clear and features excellent resistance to

abrasion and high durability, with a low coefficient of thermal expansion and

suitable for harsh environments (Edmund, 2012).

B.5 Secondary Oxidant Heating Element

A Tutco-Farnam air flow heater was used to pre-heat the air supply. The FT200

technical data can be found in Figure B.4. The maximum heated air flow rate is

115 SCFM (3,256 L/min) and maximum heated air temperature is 900 ◦F (755 K).

The model code for the heater is FT200-2000-240-1-1 1/4F-1 1/4F-TF2. The

code denotes the heater specification: the heater model-wattage-voltage-phase-

inlet fitting-exhaust fitting-thermocouple (Farnam, 2012).
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Table B.3: High temperature glass window made of fused silica (Edmund, 2012).

Item Specifications

Diameter (inches) 4.00 ±0.04

Thickness (inches) 0.75 ±0.06

Surface Accuracy (λ) 1/4 @ 632.8 nm

Index of Refraction 1.458

Coefficient of Thermal Expansion 0.55×10−6/◦C

Young’s Modulus (GPa) 72.7
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• The Flow Torch™ 200 is a 2” diameter stainless 
steel air heater designed for high flow rates at low 
pressure drops.   

 
• The Flow Torch™ 200 is capable of operation 

with airflows of up to 115 SCFM and up to 120 
psig. 

Shown with and without optional thermocouples 

Wattage Dim. A 
0.5kW-2.5kW 9.81” 

3.0kW-6.0kW 14.81” 

™ 

www.farnam-custom.com 
Ph:  (828) 684-3766     Fax:  (828) 684-3768 

FT200 500 120 NF NF (XXX) 
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Part Number Key 

Airflow 
(SCFM) 

Pressure 
Drop  
(H2O) 

40 1.1 

45 1.4 

50 1.7 

55 2.1 

60 2.5 

65 3.0 

70 3.4 

75 3.9 

80 4.5 

 
Short Version:   
120V, single phase, 0.5kW-2.5kW 
240V, single phase, 0.5kW-2.5kW 
240V, three phase, 1.0kW-2.5kW 
480V, three phase, 2.0kW-2.5kW 
 
Long Version: 
240V, single phase, 3.0kW-6kW 
240V, three phase, 3.0kW-6kW 
480V, three phase, 3.0kW-6kW 
 

 Specifications 
 

 Category:    Open Coil Heaters,  
   Inline Heaters, Process Heaters 
 Max. wattage:   5.5kW 
 Max. exhaust air temp.:    900°F 
 Max. inlet air temp.:  250°F 
 (consult factory for higher inlet temp.) 
 Max. SCFM:  115 
 Pressure Rating:  120 psig 
 Mounting:   Horizontal/Vertical 
 Heater Body:  Stainless Steel 
 Inlet Fitting:   Stain less Steel
 Exhaust Fitting:  Stainless Steel 

Fitting Options Wattage & Voltage Options 

 
 
 
 
 

 
 
 

Thermocouple Fitting 
Thermocouple 
Heat Shield 
Mounting Bracket 
 

Other Options 

 
 
 
 
 

 
 
 

Inlet Fitting: 
1 1/4F-  1 1/4” FNPT 
NF-  No Fitting (2” O.D.) 
 
Exhaust Fitting: 
1 1/4F-  1 1/4” FNPT 
NF-  No Fitting (2” O.D.) 

 
Wattage 

Min. 
SCFM 
Req. 

5kW 19.1 

10kW 38.2 

Figure B.4: Air heater specifications (Farnam, 2012).

The air heating element needed to be connected to the control panel, also called

the control cube. The wiring diagram can be found in Figure B.5.

B.6 Gas Supply Flow Meter

Gas and oxidant volume flow rate was controlled and monitored by flowmeters

(rotameters) made by Dwyers Industries (Dwyer, 2013). The models used are

RMA-21-SSV for CH4, CO2 and O2 and RMB-55-SSV for air and nitrogen. The

specification for the flow meters can be found in Figure B.6.

The other flow meter is a hand-held type that was used to measure the exhaust

fume suction flow rate. The specifications for the Testo 417 large vane anemome-

ter (Testo, 2012) can be found in Figure B.7.

B.7 EGR Flow Rate Calculation

The EGR flow rate was determined using two point pressure and temperature

differences. The temperature difference between the two points is very small

(about 1 %), hence to simplify the calculation of the experimental gas flow rate,

the exhaust gas flow is assumed to be an incompressible flow. The EGR volume

flow rate can be determined using the pressure drop between the two points in

the EGR pipe. The diameter of the pipe is constant throughout the flow and the
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Figure B.5: Wiring diagram for air heating element and control cube (Farnam,

2012).
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Model RMA-2˝ Scale Model RMB-5˝ Scale Model RMC-10˝ Scale

Range

SCFH Air

.05-.5

.1-1

.2-2

.5-5

1-10

2-20

5-50

10-100

15-150

20-200

CC Air/min.

5-50

10-100

30-240

50-500

100-1000

200-2500

LPM Air

.5-5

1-10

2-25

5-50  

5-70

10-100

CC Water/min.

5-50

10-110

20-300

Gal.Water/hr

1-11

2-24

4-34

5-50

Range

No.

1

2

3

4

5

6

7

8

9

10

151*

150*

11

12

13

14

26

21

22

23

24

25

32

33

34

42

43

44

45

Range

SCFH Air

.5-5

1-10

3-20

4-50

10-100

20-200

40-400

50-500

60-600

Gal. Water 

per hour

1-12

1-20

4-40

10-100

SCFH & LPM

Air

1.2-10/0.6-5

3-20/1.5-9.5

4-50/2-23

10-100/5-50

20-200/5-95

GPH & LPM

Water

1-12/0.06-0.76

1-20/0.065-1.25

10-100/0.8-6.2

Range

No.

49+

50

51

52

53

54

55

56

57

82

83

84

85

50D

51D

52D

53D

54D

82D

83D

85D

Range

SCFH Air

5-50

10-100

20-200

40-400

60-600

100-1000

120-1200

200-1800

SCFM Air

1-10

2-20

4-30

Gal. Water

per hour

2-20

8-90

Gal.Water

per minute

.1-1

.2-2.2

.4-4

.8-7

1.2-10

Range

No.

101

102

103

104

105

106

107

108

121

122

123

134

135

141

142

143

144

145

CAUTION

Dwyer® Rate-Master® flowmeters are designed to  provide satisfactory

long term service when used with air, water, or other compatible media.

Refer to factory for information on questionable gases or liquids. Caustic

solutions, anti-freeze (ethylene glycol) and aromatic solvents should

definitely not be used.

Top Mounted Metering Valves – Same

precision construction for vacuum applications.

RMA models only.

Specials – Special ranges, scales, mounting

arrangements, etc., are available on special

order, or in OEM quantities.

SPECIFICATIONS

Service: Compatible gases and liquids.

Wetted Materials: Body: Polycarbonate; O-ring: Neoprene and Buna-N;

Metal parts: SS (except for optional brass valve); Float: SS, black glass,

aluminum, K monel, tungsten carbide depending on range.

Temperature Limit: 130°F (54°C).

Pressure Limit: 100 psi (6.9 bar).

Accuracy: RMA: 4%; RMB: 3%; RMC: 2% of full-scale.

Process Connection: RMA: 1/8˝; RMB: 1/4˝; RMC: 1/2˝ female NPT.

Weight: RMA: 4 oz (113.4 g); RMB: 13 oz (368.5 g); RMC: 39 oz

(1105.6 g).

Adjustable pointer flags – Red lined pointer

flags provide quick visual  reference to a

required flow level. Of clear plastic, they snap

into place inside bezel and slide to desired level. 

OPTIONS & ACCESSORIES

How To Order

Series-Range No.(“X”)-Valve-Option

Example: RMA-2-SSV

Series RMA with .1-1 SCFH Air Range & Stainless Steel Valve 

Popular Ranges

OPTION

-NIST, NIST traceable calibration certificate

CONTACT US |   U.S. 219/879-8000  |   U.K. (+44) (0)1494-461707 |  A.U. (+61) (0) 2 4272 2055 |  China +852-23181007

*Accuracy ±8%

+Accuracy ±5%

Model RMA 

Model RMA-X, Standard RMA

Model RMA-X-BV, RMA with Brass Valve

Model RMA-X-SSV, RMA with Stainless Steel Valve

Model RMA-X-TMV, RMA with Top Mounted Valve

Model RMB 

Model RMB-X, Standard RMB

Model RMB-X-BV, RMB with Brass Valve

Model RMB-X-SSV, RMB with Stainless Steel Valve

Model RMC 

Model RMC-X, Standard RMC

Model RMC-X-BV, RMC with Brass Valve

Model RMC-X-SSV, RMC with Stainless Steel Valve

Model RMA-X-APF, Adjustable Pointer Flag for RMA Series

Model RMB-X-BPF, Adjustable Pointer Flag for RMB Series

Model RMC-X-CPF, Adjustable Pointer Flag for RMC Series

Model RKA, Regulator Kit for RMA Series

Model RK-RMB, Regulator Kit for RMB Series

165_Layout 2  7/11/12  9:24 AM  Page 165

Figure B.6: Dwyer flow meter technical data (Dwyer, 2013).
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Figure B.7: Testo 417 technical data (Testo, 2012).

flow rate can be calculated using Bernoulli’s equation as below:

P1

ρ
+ 0.5V 2

1 + gH1 + hA − hE − hL =
P2

ρ
+ 0.5V 2

2 + gH2 (B.1)

where P is the pressure, ρ is the fluid density, V is the fluid flow velocity, g is the

gravitational acceleration (9.81 m/s), H is the elevation above a reference point,

hA is the energy added to the system, hE is the energy removed from the system

and hL is the energy losses from the system. In this case hA and hE are assumed

to be zero since there is no energy added or removed from the system. For hL,

the friction losses were considered. The pressures P1 and P2 were measured at

the EGR pipe with the distance (H1 −H2) of 1.1 m.

V 2
2 − V 2

1 =
2

ρ
(P1 − P2) + 2g(H1 −H2)− 2hL

= 2.22(P1 − P2) + 21.58− 2hL (B.2)

The speeds V1 and V2 are assumed to be the same due to the continuity equation

for incompressible fluids in constant-area flow. From Equation B.2, hL can be

determined from:

hL = 1.11(P1 − P2) + 10.79 (B.3)

For the incompressible turbulent flow, from the Darcy-Weisbach equation the

relation between friction loss and velocity can be written as below:

hL = f
L

D

V 2

2
(B.4)

where L is pipe length (H1 − H2), D is is the hydraulic diameter of the pipe

(50 mm) and V is the average velocity of the fluid flow. Equations B.3 and B.4
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can be used to solve for V :

V 2 =
2DhL

f(H1 −H2)

=
2(0.05)(1.06(P1 − P2) + 10.79)

f(H1 −H2)

=
0.111(P1 − P2) + 1.079

1.1f

V =

√
0.111(P1 − P2) + 1.079

1.05
√
f

(B.5)

Because f is a function of V , Equation B.5 must be solved through iteration. The

friction factor was solved iteratively using the Colebrook equation (Colebrook,

1939) as below:

1√
f

= −2 log

(
e

3.7D
+

2.51

Re
√
f

)
(B.6)

where e is the pipe absolute surface roughness. For the coated cast iron, the value

for e is 1.28 × 10−4 m (Lamont, 1981). For the initial estimate of the friction

factor, an approximation of the implicit Colebrook-White equation (Haaland,

1983) was used as below:

1√
f

= −1.8 log

(( e

3.7D

)1.11
+

6.9

Re

)
(B.7)

The Reynolds number (Re) is:

Re =
ρV D

µ
(B.8)

where µ is the dynamic viscosity of the exhaust gas. Both the density and dynamic

viscosity for the exhaust gas of methane combustion (see Equation A.2) can be

calculated using the exhaust gas composition. The exhaust gas consist of a mole

of carbon dioxide for every two moles of water vapour and 7.52 moles of nitrogen.

Using a mass-weighted average, the dynamic viscosity of the exhaust gas can be

calculated as below:

µ =
44(1.841× 10−5)

290.6
+

36(1.265× 10−5)

290.6
+

210.6(2.094× 10−5)

290.6
= 1.953× 10−5Pa.s (B.9)

The density of the exhaust gas can be calculated as below:

Pmix =
ρmixRT

MWmix

(B.10)

Pi =
ρiRT

MWi

(B.11)

Pmix =
∑
i

XiPi (B.12)
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where i ≡ species, R is the universal gas constant, MW ≡ mean molecular weight

and X ≡mole fraction. Substituting Equations B.10 and B.11 into Equation B.12

yields:

ρmix = MWmix

∑
i

Xi

MWi

ρi (B.13)

MATLAB code was written to solve Equations B.5, B.8, B.6 and B.7 simulta-

neously. The code was used to calculate the exhaust gas flow rate in the EGR

pipe.

B.8 Ignition System with Gas Safety Interlock

For ignition timing and repetition control, a Techrite AGA6953 model (Techrite,

2014) was used as shown in Figure B.8. The ignition system (Techrite AGA6953)

used in this furnace ignition system was equipped with a flame detection system.

When a methane flame was burned, the flame detection was intermittent and

gave under-voltage intermittent detection to the flame detection probe. This

condition triggered the need for an under-voltage detection system. The Siemens

Landis Gyr model LGB21 350(A27) (Siemens, 2014) is capable of detecting under-

voltage from the flame to assist the flame detection system. The flame detection

system also acted as safety gas interlock system. If the flame detection system

did not detect the flame, the gas supply was shut off. The specification for the

Techrite AGA6953 and Siemens Landis Gyr model LGB21 350(A27) can be found

in Figures B.9 and B.10 respectively.

 

 

 

 

 

Air, oxygen 

and nitrogen 

supply 

Air heating 

element 

Gas supply line 

Secondary 

oxidant supply 

Flow meter 

Mixing plenum 

Thermocouples 

Distribution 

plenum 

EGR pipe 

Transformer 

Flame detection 

controller 

Ignition 

controller 

(a) overall control system (b) flame detection controller

Figure B.8: Detail of ignition control system.

B.9 Sample Weather Report

A sample weather report from the USQ internal weather station recorded by

The Department of Biological and Physical Sciences, USQ Toowoomba Campus

is shown in Figure B.11. The pressure, the relative humidity and the ambient

temperature were recorded from sensors on the CODA gas analyser.
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•	 Nominal	Voltage	 	 	 220	–	240	VAC	-15%	to	+10%
•	 Frequency	 	 	 	 50Hz
•	 Reset	 	 	 	 	 o	 By	Power	Off	/	On
	 	 	 	 	 	 o	 Reset	Button
•	 Circuit	Protection	 	 	 Internal	Fuse	5A
•	 Switching	Capacity	 	 	 o	 Pilot	Gas	Valve	1A
	 	 	 	 	 	 o	 Main	Gas	Valve	1A
•	 Start-up	Time	 	 	 2	Seconds*
•	 Safety	Shut-Down	 	 	 Less	than	1	Second*
•	 Blower	Motor		 	 	 240V	AC	/	2A
•	 Spark	and	Sensor	Rod	 	 Off	Main	Connector
•	 Ionisation	Current	 	 	 >	3µA
•	 Ignition	Voltage	 	 	 15kV	(Approximate)
•	 Ignition	Attempts	 	 	 1	or	3*
•	 Trial	for	Ignition	 	 	 5	Seconds	or	10	Seconds*
•	 Ignition	Wire	Length		 	 1	Metre	Maximum
•	 Spark	Frequency	 	 	 15	Per	Second	(Approximate)
•	 Purge		 	 	 	 Pre,	post	and	inter	purge	functions*
•	 Diagnostic	LED	Indicator	 	 o	 Power	On	/	Operation	Mode
	 	 	 	 	 	 o	 Pressure	Switch	/	Combustion		
	 	 	 	 	 	 	 Fan	Fault
	 	 	 	 	 	 o	 Flame	Sensor	Fault
	 	 	 	 	 	 o	 Hardware	Fault
•	 Pressure	Switch	Compatible	 Yes
•	 Combustion	Fan	Compatible	 Yes
•	 Room	Air	Fan	Compatible	 	 Yes	(Low,	Medium,	High	Contacts		
	 	 	 	 	 	 Avail.)
•	 Connection	Type	 	 	 Molex
•	 Degree	of	Protection	 	 IP	20	–	IP	40
•	 Ambient	Temperature	Range	 0º	-	60	ºC
•	 Physical	Size	(LxWxH)	 	 126	x	123	x	40.5	Millimetres
•	 Flame	Sensor	Wire	Length		 1	Metre	Maximum
•	 •	 Standards	 	 	 	 o	 EN298	

	 	 	 	 	 	 o	 AS4625
•	 Distance	between	electrodes	 3mm	to	4mm
•	 Spark	Connection	 	 	 6.3	mm	x	0.8	mm^
•	 Sense	Connection	 	 	 4.8	mm	x	0.8	mm^

* DEPENDING ON MODEL
^ INTRODUCED OCTOBER 2012

TECHRITE TAIS SERIES CONTROLLER SPECIFICATIONS

Page 	 3

Figure B.9: Techrite AGA6953 ignition system technical specifications (Techrite,

2014).

Landis & Staefa CC1N7435E June 10, 1997 13/18

Mains voltage 220 V -15 %...240 V +10 % Mains frequency 50 Hz -6 %...60 Hz +6 %
Power consumption 4.5 VA Radio interference protection N to VDE0875
Degree of protection IP40 Mounting prosition optional

Perm. ambient temperatures Weight approx. 140 g
- During operation -20...+60 °C - QRA2...; QRA2M... 60 g
- During transport and storage -40...+70 °C - QRA10..., QRA10M... 450 g

Max. perm. lenght of detector cable 20 m Max. perm. length of connecting cable 20 m
(use separate cable for connecting the UV detector AGQ1... to LGB...
QRA... to the AGQ1...)

Detector voltage with no load on the QRA... at mains voltage UN:
220 V 240 V

- Up to the end of «t10» and after controlled shutdown DC 620 V DC 675 V
- From the start of «t1» DC 300 V DC 300 V

Detector voltage (load by DC measuring instrument, Ri > 10 MΩ)
- Up to the end of «t10» and after controlled shutdown DC 500 V DC 550 V
- From the start of «t1» DC 280 V DC 280 V

DC current detector signals with UV detector QRA...
- a: measurement on LGB... 3 µA 15 µA
- b: measurement on UV detector 200 µA 500 µA

C electrolytic capacitor 100...470 µF; DC 10...25 V
M microammeter Ri 5000 Ω max.
bl blue
gr grey
sw black

Technical data

Measurement circuit
with UV detector QRA...
and auxiliary unit
AGQ1...

Figure B.10: flame detection controller Siemens Landis Gyr model LGB21

350(A27) technical specifications (Siemens, 2014).
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Figure B.11: Sample USQ weather report (USQ, 2013).



Appendix C

Experimental Setup and Ignition

Testing

This appendix summarises more information about the combustion chamber

setup and ignition testing. The ignition testing consisted of methane premixed

combustion, methane non-premixed combustion and biogas combustion.

C.1 Overall Experimental Setup

The overall experimental setup consisting of a gas control panel, a combustion

chamber and a data acquisition and measurement system can be seen in Fig-

ure C.1. It includes the data acquisition and measurement system control panel

and data visual display for the real time monitoring for the thermocouples, pres-

sure transducers, oxidant heating element and lambda sensor. The furnace gas

supply piping was installed by a certified gas fitter.

C.2 Ignition Trial

In the experimental work, it was a great challenge to ignite and sustain the

ignition for non-premixed, partially premixed and premixed flames. With the

suction power of the exhaust extraction, the flow speed exceeded the blow-off

velocity, therefore flame stabilisation could not occur. In this furnace system,

when the flame ignited, the flame interlock system must sense the flame to provide

feedback to the system that the flame was ignited properly. Otherwise the fuel

gas supply will be shut off and the flame will blow-off immediately. All the

ignition testing was repeated at least three times for each test condition to ensure

the collected data were statistically stable. The ignition data for non-premixed,

partially premixed and premixed flames are summarised in Table C.1.
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Figure C.1: Overall experimental setup with gas control panel, combustion cham-

ber, data acquisition and measurement system.

.

Table C.1: Summary of ignition started for 15.30 L/min (20 kPa) methane with

non-premixed, partially premixed and premixed flames (HY is pre-heating, HN is

without preheating and SAN is without secondary air).

Case NPF HN NPF HY PPF HN PPF HY PF SAN

Frame number 28 24 26 19 25

Ignited (sec) 0.93 0.80 0.87 0.63 0.83

C.2.1 Ignition of Non-Premixed Flame

The ignition for the non-premixed flame (NPF) is conducted for non-heated and

heated 23.6 L/min secondary air. The non-premixed setting is when the pri-

mary air supply is totally closed and only fuel is injected through the central

burner pipe. There is a methane supply of 15.30 L/min (20 kPa), zero primary

air and 23.6 L/min of non heated secondary air (Figure C.2). The flame ig-

nited at 0.93 seconds after the spark started (frame 28) and was fully steady at

30 seconds after spark started (frame 900). The highest flame height is 241.1 mm

at 2.0 seconds after the spark started (frame 60) and the steady flame height at

30 seconds after the spark started (frame 900) is 198.2 mm. The flame experienced

rich conditions at 3.0 seconds after the spark started (frame 90) and 5.0 seconds

after the spark started (frame 150), the flame height was 192.9 and 208.9 mm

respectively. The flame temperature for the steady flame was 1,616.7 K.
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(a) 0.67 (b) 0.77 (c) 0.87 (d) 1.07 (e) 1.47 (f) 2.0 (g) 2.33

(h) 3.0 (i) 5.0 (j) 7.0 (k) 9.0 (l) 11.0 (m) 15.0 (n) 30.0

Figure C.2: Time (seconds) from the beginning of the test for 15.30 L/min (20 kPa)

methane non-premixed flame with 23.6 L/min non-heated secondary air without

primary air supply with 30 fps recording rate (image size is 100 mm × 300 mm).

The ignition for the non-premixed flame was tested for the methane supply of

15.30 L/min (20 kPa) and 23.6 L/min of heated secondary air flow rate (Fig-

ure C.3). Ignition started at 0.77 seconds after the spark started (frame 23)

and was fully steady at 30 seconds of combustion (frame 900). As in the previous

case, the yellow sooty flame occurred at 3.0 seconds (frame 90) and 5.0 seconds

after the spark started (frame 150) when the combustion experienced the rich

fuel condition. The highest flame height occurred at 3.0 seconds after the spark

started (frame 90) with a height of 278.6 mm. the fully steady flame height at

30.0 seconds after the spark started (frame 900) was 192.8 mm.

The shortest flame height occurred at a similar time of 7.0 seconds after the spark

ignited. The ignition of NPF with heated secondary air is quicker than NPF with

non-heated secondary air. After the ignition process, during the flame propaga-

tion at 3.0 and 5.0 seconds after the spark started, the yellow sooty diffusion flame

occurred at the locations where the mixture was rich. This condition occurred

for both NPF with non-heated secondary air (Figure C.2) and NPF with heated
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(a) 0.67 (b) 0.77 (c) 0.87 (d) 1.07 (e) 1.47 (f) 2.0 (g) 2.33

(h) 3.0 (i) 5.0 (j) 7.0 (k) 9.0 (l) 11.0 (m) 15.0 (n) 900

Figure C.3: Time (seconds) from the beginning of the test for 15.30 L/min (20 kPa)

methane non-premixed flame with 23.6 L/min heated secondary air without pri-

mary air supply with 30 fps recording rate (image size is 100 mm × 300 mm).

secondary air (Figure C.3). Occurrence of the yellow sooty flame of NPF with

heated secondary air is quicker than NPF with non-heated secondary air which

was at 3.0 seconds and 5.0 seconds respectively.

C.2.2 Ignition of Partially Premixed Flame

The ignition for the partially premixed flame (PPF) was conducted for non-heated

and heated secondary air and reported in the subsection below. The partially pre-

mixed setting means that the fuel and primary air are injected downstream of

the fuel nozzle. The mixture was again mixed with secondary air at the burner

nozzle just before the flame ignited. Methane at 15.30 L/min (20 kPa) was par-

tially premixed with atmospheric air downstream of the fuel nozzle and mixed

with non-heated secondary air at 23.6 L/min (Figure C.4). The flame was fully

steady after 30 seconds of the ignition. The highest flame during the unstable

flame propagation after the ignition was at 3.0 seconds after the spark ignited
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(frame 90) which is 241.1 mm. At 5.0 seconds (frame 150) and 7.0 seconds after

the spark started (frame 210), the flame experienced the flame cut and lift-off.

The fully steady flame at 45 seconds after the spark started (frame 1,350) is di-

vided into two zones. The flame height for the primary zone is 42.9 mm and the

secondary flame zone including the flame brush is 128.6 mm.

(a) 0.67 (b) 0.77 (c) 0.87 (d) 1.07 (e) 1.47 (f) 2.0 (g) 2.33

(h) 3.0 (i) 5.0 (j) 7.0 (k) 9.0 (l) 11.0 (m) 15.0 (n) 900

Figure C.4: Time (seconds) from the beginning of the test for 15.30 L/min (20 kPa)

methane partially premixed flame with 23.6 L/min heated secondary air with 30 fps

recording rate (image size is 100 mm × 300 mm).

Methane at 15.30 L/min (20 kPa) was partially premixed with atmospheric air

downstream of the fuel nozzle and then mixed with secondary air at 47.2 L/min

heated to 673 K (Figure C.5). The flame ignited at 0.63 seconds after the spark

started (frame 19), was nearly steady at 30 seconds after the spark started (frame

900) and fully steady at 45 seconds after the spark started (frame 1,350). At

2.3 seconds (frame 70) and 5.0 seconds after the spark started (frame 150), the

flame reached the fuel rich condition and created a yellow sooty flame. The

highest flame occurred at 2.3 seconds after the spark started (frame 70) with

a height of 262.5 mm. The steady flame had two zones with a blue cone and

diffusion flame zone with height of 91.1 mm and 192.9 mm respectively.
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(a) 0.67 (b) 0.77 (c) 0.87 (d) 1.07 (e) 1.47 (f) 2.0 (g) 2.33

(h) 3.0 (i) 5.0 (j) 7.0 (k) 9.0 (l) 11.0 (m) 15.0 (n) 45.0

Figure C.5: Time (seconds) from beginning of the test for 15.30 L/min (20 kPa)

methane partially premixed flame with 23.6 L/min heated secondary air with 30 fps

recording rate (image size is 100 mm × 300 mm).

C.2.3 Ignition of Premixed Flame

The premixed flame (PF) ignition with step by step flame image can be seen in

Figure C.6. Methane at 15.30 L/min (20 kPa) was premixed with atmospheric

air downstream of the fuel nozzle without secondary air. The flame ignited

0.83 seconds after the spark started (frame 25) and was fully steady after 30 seconds

of ignition. The highest flame during the unstable flame propagation after the ig-

nition was at 2.0 seconds after the spark started (frame 60) which was 267.9 mm.

The steady flame at 30 seconds after the flame ignited was divided into two zones.

The flame height for the primary zone was 53.6 mm and the secondary flame zone

including the flame brush was 91.1 mm. In the premixed flame, a yellow sooty

flame did not occur because the mixture cannot become fuel rich.
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(a) 0.67 (b) 0.77 (c) 0.87 (d) 1.07 (e) 1.47 (f) 2.0 (g) 2.33

(h) 3.0 (i) 5.0 (j) 7.0 (k) 9.0 (l) 11.0 (m) 15.0 (n) 30.0

Figure C.6: Time (seconds) from beginning of the test for 15.30 L/min (20 kPa)

methane premixed flame without secondary air with 30 fps recording rate (image

size is 100 mm × 300 mm).

C.2.4 Ignition of Biogas Flame

The ignition of biogas is much harder than methane and it is easier to blow-off

after the ignition spark is deactivated. Figure C.7 shows an example case of

biogas ignition at 0.97 seconds after the spark started (frame 29) and blow-off at

4.87 seconds after the spark started (frame 146). This blow-off occurred due to

the presence of carbon dioxide in the fuel stream. A second ignition trial was

successful and is reported in Figure 5.14.

C.2.5 Ignition Without Exhaust Extraction Fan

The ignition test was conducted for the non-premixed flame without an exhaust

fan. The exhaust fan gives the extraction pressure of 13.7 Pa in normal mode

function. In addition, the extraction power from the exhaust fan helps to induce

the air from the primary air supply. When this exhaust fan is in off mode and

the primary air valve is closed the combustion depends on its air supply from
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(a) 1.07 (b) 1.47 (c) 2.0 (d) 2.33 (e) 3.0 (f) 3.33

(g) 3.67 (h) 4.0 (i) 4.33 (j) 4.66 (k) 4.77 (l) 4.87

Figure C.7: Time (seconds) from beginning of the test for 15.30 L/min (20 kPa)

Biogas non-premixed flame with 23.6 L/min secondary air with 30 fps recording

rate (image size is 100 mm × 300 mm).

the secondary air. The ignition test was conducted with a methane supply at

10.82 L/min (10 kPa) with 11.8 L/min non heated secondary air. The ignition

started at 2.7 seconds after the spark started (frame 80) and the flame blew out

at 4.17 seconds after the spark started (frame 125) (Figure C.8). From frame 105

onward, the yellow sooty flame can be seen due to rich conditions and lack of

oxygen to complete the combustion.

C.2.6 Unsuccessful Ignition

The ignition for non-premixed conditions was tested for the methane supply of

40 kPa and various air flow rates (Figure C.9). These tests were run consecutively

with all the settings fixed and the air and fuel flow rates were stable after a

few tests. The tests were repeated more than three times for all cases. The

location of the igniter was fixed and the exhaust gas was purged and sucked-out
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(a) 2.50 (b) 2.67 (c) 2.83 (d) 3.0 (e) 3.17 (f) 3.33

(g) 3.50 (h) 3.67 (i) 3.83 (j) 4.0 (k) 4.17 (l) 4.33

Figure C.8: Time (seconds) from beginning of the test for 10.82 L/min (10 kPa)

methane non-premixed flame with 11.8 L/min non-heated secondary air without

primary air supply and exhaust fan off with 30 fps recording rate (image size is

100 mm × 300 mm).

after each test. The air flow rates tested ranged from 35.4 L/min to 70.8 L/min.

Figure C.9(a) shows the chamber’s temperature recorded for the ignition testing

and the flame ignition duration for all four air flow rates. The result shows that

for the air flow rates of 70.8 L/min and 35.4 L/min, the flame ignited for 5 seconds

but then was blown-off. These cases were unsuccessful because the ignited flame

was blown-off by the supplied air, possibly due to an unstable air flow rate at the

beginning of the test. After a few attempts, the ignited flames were sustained.

For the air flow rates of 47.2 L/min and 59.0 L/min, the flame was ignited and

blown-off after 36 and 40 seconds respectively. Further testing was done for the

air supply in the range of 48.3 L/min to 141.5 L/min. The ignition was successful

and sustained the flame for air supply of 35.4 L/min and 44.8 L/min for durations

of 38 and 37 seconds respectively. The temperature record for the test can be

seen in Figure C.9(b).
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NPC Flame Temperature for 1.75 L/min Fuel Flow Rate 
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Air 47.2 L/min 
Flame 40 Sec 

Air 35.4 L/min 
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Air 59.0 L/min 
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Air 70.9 L/min 
Flame 4 Sec 

Air 42.5 L/min 
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Air 28.3 L/min 
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Flame 4 Sec 

(a) First test.
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(b) Second test.

Figure C.9: Ignition testing for non-premixed flame for 24.2 L/min of methane flow

rate.

.



Appendix D

Additional Numerical Results

This appendix summarises additional numerical results for methane and biogas

flames. Both fuels were simulated at 10.82 L/min (10 kPa) with λ = 3.81. The

details of the chamber temperature and exhaust combustion product are shown

in the figures below.

D.1 Methane Flame

The numerical results for methane-air with λ of 3.81 are shown in Figures D.1

to D.3. The chamber temperature at full range and restricted range of 299 K

to 500 K can be seen in Figure D.1. The flame temperature is 1,495 K and the

wall temperature is about 320 K. Figure D.2 shows the combustion product of

unburned hydrocarbon, oxygen, water vapour, oxide of nitrogen, carbon dioxide

and carbon monoxide. The methane distribution in Figure D.2(a) shows that all

fuel is consumed and left no trace of unburned hydrocarbon in the exhaust and

EGR pipe. For oxygen in Figure D.2 (b), the excess oxygen in the exhaust pipe is

8.41 % and in the downstream of the EGR is 16.61 %. The oxygen in the supply

air is diluted by the EGR by a factor of 20.94 %: from 21.01 % to 16.61 %. This is

because the oxygen mole fraction in the EGR is much lower than the oxygen mole

fraction in the secondary air supply. The oxygen mole fraction at the combustion

(flame) zone is almost zero due to it being consumed by the combustion process

in the chemical reaction with the methane.

Figure D.2(c) shows the contour of the water vapour for the combustion chamber.

Except for the flame zone, the water vapour is in low concentration throughout

the entire combustion chamber and EGR pipes. The water vapour is high at the

flame area due to the intense chemical reaction that produces the water vapour.

It is then distributed to other areas in the combustion chamber. Figure D.2(d)

shows that the NOx of the combustion chamber is high at the flame area due

to the chemical reaction still being incomplete. When it is completed, the NOx

is detected as 1.0 ppm at the exhaust and EGR pipes. Figure D.2(e) shows the
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(a) Full range (b) 299–500K

Figure D.1: Temperature contour for combustion of 10.82 L/min (10 kPa) methane

at λ 3.81.

(a) CH4 (b) O2 (c) H2O

(d) NOx (e) CO2 (f) CO

Figure D.2: Combustion products for combustion of 10.82 L/min (10 kPa) methane

at λ = 3.81.
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contour of the carbon dioxide which has the same behaviour as the water vapour

because it is produced in the same manner. Figure D.2(f) shows the contour

of the carbon monoxide which is only detected at the flame area. This carbon

monoxide was detected during the continuous chemical reactions (combustion

process), but the reactions are quickly completed to produce carbon dioxide as a

combustion product.

Figure D.3 shows the chamber density, velocity magnitude and pressure. Beside

the flame and the location where the chemical reaction occurred, the chamber den-

sity is about 1.02–1.16 kg/m3. The density is low at the location of the chemical

reaction and high velocity stream. The maximum velocity of 22.33 m/s occurred

at the air/fuel nozzle burner. The pressure distribution is uniformly distributed

with a low level of pressure through out the combustion chamber. The pressure

is slightly high at the air and fuel supply inlets, as can be seen in Figure D.3(c).

(a) Density (b) Velocity magnitude (c) Pressure

Figure D.3: Chamber density, velocity magnitude and gauge pressure for combus-

tion of methane at λ = 3.81.

D.2 Biogas Flame

The numerical results for biogas-air with λ of 3.81 are shown in Figures D.4

to D.6. The chamber temperature at full range and restricted range of 299–

500 K can be seen in Figure D.4. The flame temperature is 1,375 K and the

wall temperature is about 319 K. Figure D.5 shows the species distribution for

the numerical simulation. The methane distribution in Figure D.5(a) shows a

similar result to methane (Figure D.2(a)). For oxygen in Figure D.5(b), the

excess oxygen in the exhaust pipe is 9.80 % and in the downstream of the EGR

is 16.60 %. The oxygen in the supply air is diluted by the EGR by a factor of

20.99 %: from 21.01 % to 16.60 %. Similar to the methane flame, the oxygen mole

fraction in EGR is much lower than the oxygen mole fraction in the secondary air

supply. The oxygen mole fraction at the flame zone is almost zero due to it being

consumed by the combustion process in the chemical reaction with the methane.
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(a) Full range (b) 299–500K

Figure D.4: Temperature contour for combustion of biogas at λ = 3.81.

(a) CH4 (b) O2 (c) H2O

(d) NOx (e) CO2 (f) CO

Figure D.5: Combustion products for combustion of 10.82 L/min (10 kPa) biogas

at λ = 3.81.

Figure D.5 shows the contour of unburned methane, excess oxygen, water vapour,

oxide of nitrogen, carbon dioxide and carbon monoxide for the combustion cham-

ber. Except for the carbon dioxide, all other contours show the a similar trend to
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(a) Density (b) Velocity magnitude (c) Pressure

Figure D.6: Chamber density, velocity magnitude and gauge pressure for combus-

tion of biogas at λ = 3.81.

the methane flame (Figure D.2). The carbon dioxide shows a higher concentra-

tion in the exhaust gas due to its presence in the biogas fuel, unlike the methane

fuel. The carbon dioxide in the biogas fuel is not involved in the combustion and

is released together with the exhaust gas. Figure D.6 shows the chamber density,

velocity magnitude and pressure. Beside the flame and the location where the

chemical reaction occurred, the chamber density is about 1.03–1.17 kg/m3. The

density is low at the location of the chemical reaction and high velocity stream.

The maximum velocity of 13.60 m/s occurred at the air/fuel nozzle burner. The

pressure distribution is uniformly distributed with a low level of pressure through

out the combustion chamber. The pressure is slightly high at the air and fuel

supply inlets, as can be seen in Figure D.6(c).
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Appendix E

Detailed Experimental Work

Procedure and Safety

This appendix discusses details about safety measures and standard operating

procedures for the experimental work. The safety system includes a gas detection

system, gas interlock system and room air ventilation. Step by step work pro-

cedures are detailed for pre-start-up procedure, combustion chamber air purging

procedure, normal start-up and operating procedure, normal shut down proce-

dure and emergency shut down procedure.

E.1 Commissioning of Test Equipment

Prior to experimental work procedures, all equipments and instrumentation was

tested. The pre-startup procedure was carried out to initialise and start the

equipment to be properly prepared for the experimental work. Before the flame

temperature was recorded, the thermocouples were checked by reading at room

temperature and were compared with an external thermometer. Room tempera-

ture was also monitored simultaneously throughout the experimental work using

a K-type thermocouple (Table 4.6). The flame was ignited with spark ignition

and reached a steady state before any measurement was taken. Before the mea-

surement was started, the burner was run at low gas injection (1.0 m/s) for around

five minutes to reach a steady state combustion flame. These practices are crucial

to ensure the data collected was reliable at the stable flame propagations. Then

all the measurements were for two minutes and monitored for readings stabil-

ity. Immediately after this procedure was completed, the test procedures were

executed.

E.2 Safety Measures

Safety measures include a gas detection system, automatic burner safety shut-off

system, burner safety cover and experimental room air ventilation as listed below.
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E.2.1 Gas Detection System

A gas leak from the pipe line or too much unburned gas from the burner itself

is a hazard for unwanted burning at inappropriate locations outside the burner.

Therefore a gas detection system was installed in the combustion laboratory (Fig-

ure E.1). The gas detection system will trigger and cut the gas supply from the

gas cylinder when leaked gas is detected by the wall gas sensors (Figure E.1(a))

or the water drain gas detector (Figure E.1(b)). The gas supply will be cut off

at the outside pipeline near to the gas cylinder.

(a) (b) (c)

Figure E.1: Gas detection system (a) wall gas detection sensor (b)water drain gas

detector (c) gas detection system control panel.

The combustion laboratory was equipped with an air ventilation system to suck

the air out of the room and replace it with fresh air. The room ventilation also

acts as a safety measure: any combustible gases will be sucked out together with

the air from the room.

E.2.2 Automatic Burner Safety Shut-off System

Solenoid valves were installed to cut the gas supply if the ignition failed to ignite

the burner. The flame detection probe detected the flame (Figure 4.11).

E.3 Standard Operating Procedure

Safety is critical to the experimental work. A Standard Operating Procedure

(SOP) for startup, normal operation, normal shut down and emergency shut down

is summarised in the below subsections. In case of emergency, the emergency

button is used to stop the gas supply.

E.3.1 Pre-Start-up Procedure

The start-up process must be carried out every time to start the experimental

work to ensure it us safe. The Standard Operating Procedure (SOP) is as follows:
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Step 1 Notify others as required (supervisor, lab manager or other students/researchers)

prior to running the burner.

Step 2 Do not operate the burner after hours except with supervisor, other re-

searcher or laboratory manager.

Step 3 Check the status of gas detection alarm (Figure E.1). Ensure the gas

alarm is in normal mode.

Step 4 Turn ON air ventilation system and exhaust gas extraction fan, with the

switches located in the Control Room. Confirm that they are running.

Step 5 Ensure the exhaust fan and room ventilation is ON. Both fans will give

some air flow noise sound.

Step 6 Turn ON the secondary air supply, turn ON the air heating element (Fig-

ure 4.14) and check the air supply temperature to reach the desired level.

Step 7 Put on Personal Protective Equipment (PPE) (boots and eye protection

glasses).

Step 8 Perform safety and pre-system checks on burner.

Step 9 Check gas control panel – all gas isolator valves must be CLOSED and

ensure all gas flow-meters show zero flow rates.

Step 10 Combustion chamber – start purging to ensure no methane gas in the

chamber. See procedure for Combustion Chamber Purging with Air.

Step 11 Confirm all needed guards are in places.

Step 12 Confirm there are no entanglement risks (sensor cabling is appropriately

tied back).

Step 13 Ensure that 240 V AC power supply to the Igniter/Flame-out interlock

is switched OFF.

Step 14 Turn ON the DAQ system and all power supply switches. Ensure all

sensors in ready mode.

E.3.2 Combustion Chamber Air Purging Procedure

The purging process is important to ensure that there are no combustion products

or unburned fuel remaining inside the combustion chamber. The purging process

has to be done after every experiment and again at the end of the experiment

before the burner shut-down.

Step 1 Check and ensure all gas isolator valves are CLOSED and all gas flow-

meters shows zero flow rate.

Step 2 Conduct a visual inspection outside and inside the chamber to check any

abnormalities.

Step 3 Adjust air pressure regulator (Figure E.2) to 6 bar.

Step 4 Start the air purge process by turning ON the air flow to maximum at

the air flow-meter.

Step 5 Continue to purge for 15 seconds.
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Figure E.2: Compressed air supply valves and flow-meter.

E.3.3 Normal Start-up and Operating Procedure

The experimental work will normally use this procedure and it will be repeated

until the experimental work is completed for the day.

Step 1 Ensure that DAQ is ready to collect data.

Step 2 Turn ON gas isolator valves as shown in Figure 4.5.

Step 3 Set the flow rates of each gas (Figure 4.5) as required. This is to be done

by adjusting the flow-meters for each gas. Methane flow rate to be adjusted last

prior to light-up.

Step 4 Press the ignition power ON (power supply on the wall beside the gas

interlock and ignition control box to start the combustion (Figure 4.11(a)).

Step 5 If the ignition has not occurred within a certain period, the ignition probe

(Figure 4.11(b)) will send the signal to the control box and the gas interlock

solenoid valve will automatically switch OFF the methane gas supply. Carry-

out the combustion chamber air purging procedure to purge all the gas from the

ignition chamber and repeat steps 2, 3 and 4.

Step 6 Let the burner run for about two to three minutes to warm up to operating

temperature.

Step 7 Conduct data collection.

E.3.4 Normal Shutdown Procedure

After completing the experiment work, the normal shutdown process will take

place. The purging process must be done to blow out the balance of combustion

product or UHC from the combustion chamber.

Step 1 Turn OFF all the gas supplies by turning OFF all the gas isolator valves,

beginning with methane.

Step 2 Switch OFF the 240 V AC power to the Igniter/Flame-out interlock (Fig-

ure 4.11(a)).
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Step 3 Turn OFF the DAQ system.

Step 4 Start the purging procedure as detailed in section E.3.2 (Combustion

Chamber Air Purging Procedure) to blow out the flue gas remaining in the com-

bustion chamber.

Step 5 Turn OFF the ventilation system and exhaust gas extraction fan in the

Control Room.

Step 6 Check to ensure the main power supply to the DAQ is OFF.

E.3.5 Emergency Shutdown Procedure

The emergency procedure is the preparation for the emergency stop for the ex-

periment. The stop button will cut the methane gas supply.

Step 1 Turn OFF gas supply by pressing the gas supply emergency button.

Step 2 Call security on 2222 if someone has been injured, there is a fire emergency

or there is a major escape of flammable gas or liquid posing a risk of explosion.

Step 3 If evacuation is necessary, sound the emergency alarm by air horn.

Step 4 Exit the building following the exit sign.

Step 5 Follow USQ emergency procedures.
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Appendix F

Gas and Air Supply System

This appendix gives more detail about the experimental setup technical drawing,

gas supply system, air supply system and gas control panel.

F.1 Detailed MILD Burner Drawing

The schematic drawing with detailed geometry for the combustion chamber was

shown in Figure F.1. The drawing includes side and plan view, complete with

detailed dimensions and all sensor locations. The total volume for the combustion

chamber and EGR is 0.33 m3.

F.2 Gas Control Panel Supply System

The gas supply for the experiment was from the gas cylinder installed outside the

combustion laboratory. For methane gas, the overall maximum gas cylinder pres-

sure was 13.5 MPa. The pressure regulator was set to supply the gas pressure at

125 kPa at the gas cylinder and the pressure was further reduced to 100 kPa when

the gas reached the control panel in the combustion room. In the experimental

work by He (2008) , the gas supply was reduced to 55 kPa when it reached his

combustion laboratory and further reduced to below 35 kPa for his experimental

work. He then used the pressure range of 0.7–18.7 kPa and flow through OMEGA

FL4511 rotameter to his 3.25 mm, 4.20 mm and 5.41 mm burner nozzles.

In this experiment, Dwyer RMA-21-SSV rotameters were used to measure the

methane, carbon dioxide and oxygen flow rates. The calculation of the gas flow

rate conversion factor can be seen in Figure F.2. The gas control panel designed

for this research consists of five flow meters to measure and control the gas flow

rates. Two gas plenum mounted at the bottom of the control panel were used

to mix the gases. One mixer is for the fuel which mixed methane and carbon

dioxide to produce biogas and the other mixer is for air or synthetic air (mixture

of oxygen and nitrogen at required percentage).
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Figure F.1: Detailed MILD burner schematic diagram.
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Figure F.2: Dwyer flow meter gas correction factor.

F.3 Secondary Air Supply System

Normal air for the combustion was supplied by an air compressor. The idle

air compressor shows the steady readings at gauge pressure of 700 kPa (7 bar).

Air density at 20 ◦C is 1.205 kg/m3 which produces a speed of 34.1 m/s. The

secondary air supply to the combustion chamber is split into four inlets, with

each pipe having a 10 mm diameter, providing a maximum possible air flow rate

of 14.35 m3/minute. For the experimental work, the air pressure was fixed at

500 kPa. This provides a maximum of 200 L/min, which is 0.2 m3/min.
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