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Abstract  

Low NOx burner designs for gas turbines, process heaters and domestic fires have 

been numerically and experimentally investigated. All the technologies were 

suitable for operation on hydrogen, and this was a particular theme of the work 

on domestic fires. All the designs were studied for diffusion flames (non-

premixed). Hydrogen premixed flames will always flash back, and a solution to 

this problem must be found if hydrogen is the zero-carbon fuel of the future. This 

work shows viable solutions to the problem for all the investigated applications. 

Hydrogen diffusion flame designs for domestic fires were a rather difficult design 

problem, as all current fires operate partially premixed. 

Equilibria software was used for the investigation of hydrogen operation at the 

same flame temperature conditions as for propane and natural gas for gas 

turbines and domestic fires. This showed that hydrogen has to burn leaner. 

Equilibrium modelling was also used for predicting the operating conditions with 

fuel switching for glass melting furnaces that use large diffusion flames injected 

into high velocity very high air temperature jets. The aim here was to predict 

changes in the composition of the gases above the glass melt for hydrogen 

compared with natural gas and other renewable fuels. 

Gas turbine low NOx grid plate flame stabilisers with four axial air jets were 

investigated using CFD. The fuel injection location relative to the air injection was 

studied for its influence on fuel/ air mixing, flame development, and NOx emissions 

for rapid fuel and air mixing downstream of the flame stabiliser. The geometries 

aerodynamics, mixing, combustion and NOx were studied with RANS models, 

which were compared against the mean exit plane and with axial profiles 

previously obtained experimentally on propane fuel in a design called Grid Mix. 

The CFD work was carried out at modern high firing temperature low NOx gas 

turbine flow conditions, with 100% of the combustion air passing through the 

flame stabiliser at a combustor reference Mach number of 0.047 for a heat release 

of 28MW/m2bar. Reasonable agreement was shown between experimental data 

and simulation for this very high flame stretch combustion condition. This is the 

first time CFD has been applied to these GT combustion conditions. One of the GM 

designs was investigated for hydrogen combustion, and its application on a 

commercial burner showing good agreement.  

Domestic fires for dual fuel-lean low NOx combustion operation on natural gas 

and hydrogen were investigated in new diffusion flame designs for three different 

natural draught fires. Fuel and air mixing was enhanced using impingement of 
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fuel jets on ceramic surfaces. Rich/lean combustion, internal gas recirculation 

and fuel staging were all shown to be effective in producing low NOx emissions.  
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Chapter 1. INTRODUCTION 

1.1 The Role of Hydrogen in achieving Net Zero Greenhouse Gas 
Emissions 

The Kyoto Protocol was an international treaty that extended the 1997 United 

Nations Framework Convention on Climate Change, it was adopted in 1997 to 

reduce emissions of gases that cause of global warming, mostly CO2 [1] , and 

human energy consumption is responsible for most of the increase in CO2 

emissions. The Paris Protocol in 2015 established that an increase of more than 

2°C would bring catastrophic damage. A long-term temperature goal is to keep 

the rise in temperature below that number but prefer to limit that rise to 1.5°C. 

This agreement also stated that emissions should be reduced as soon as 

possible, targeting a 50% CO2 reduction by 2030 and reaching net-zero values 

by 2050 [2] . According to the Glasgow COP26 [3] , 55 Billion metric tons of CO2 

are being released into the atmosphere every year. The agreement aims to 

reduce more than 7% of the greenhouse gases every year for the next decade.  

Figure 1-1 shows the UK's reduction in energy use and hence CO2 emissions 

since 1990.  The total final energy consumption came down 13% in 2020 

compared to 2019 due to the impact of the Covid-19 pandemic. The transport 

sector was affected 29% and the industry sector 6.2%. The overall final energy 

consumption adjusted to temperature was 11% was lower than the year before 

in 2020 [4] .  Electricity generation went down in 2019 similar to the financial 

crisis in 2010. At approximately 6300 TWh gas turbines generated 24% of the 

total global power by 2020 [5]  43% in the UK (Check DUKES 2021 numbers).   

Figure 1-1 also illustrates the significant contribution of domestic and 

industrial energy use, which are addressed in this research. Green electricity 

through hydrogen-fuelled CCGT (Chapters 5 and 6), decarbonisation of industry 

heat through process burners operated on hydrogen (Chapters 5 and 6), with 

fuel switching to hydrogen and biofuels in the Glass Futures project in Chapter 

4. Decarbonisation of domestic heat using hydrogen gas fires is the theme of 

Chapter 7.  

Figure 1-2 shows the source of fuels for electricity production, where in the UK, 

natural gas (NG) is the only significant fossil fuel used today in the combined 

cycle gas turbines (CCGT). If hydrogen is to be produced by electrolysis from 

renewables such as nuclear, wind or solar plants, fuel switching to hydrogen for 

CCGTs enables net zero to be achieved in electricity supply. The increasing 

proportion of renewable energy requires an energy source counterbalancing 
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the intermittent nature of solar and wind energies. Currently, this is NG for 

CCGT, as illustrated in  Figure 1-2. Natural gas in CCGT must continue being 

used for the grid to operate with a large proportion of intermittent wind and 

solar, as illustrated in Figure 1-3. Currently, no replacement technologies are 

being developed to balance the grid demand. Thus, if the electricity supply is to 

be zero greenhouse gas (GHG) emissions, a solution is needed to tackle this 

problem, and fuel switching to hydrogen in CCGTs is the solution. 

 

Figure 1-1. Final energy consumption from 1990-2020 [4]  

 

 

Figure 1-2. Electricity energy source variation from 1998 to 2021 [6]  
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Hydrogen also offers the possibility of energy storage by electrolysis which can 

absorb surplus renewable energy by using it to generate hydrogen for energy 

storage. 

 

Figure 1-3. Intermittent operation of NG CCGT to balance the Grid [7]  

One of the main routes to zero GHG emissions is the fuel switching to green 

hydrogen, which is part of the UK Government's strategy [8] . This fuel 

switching to hydrogen can be achieved using nuclear or renewable electricity to 

generate hydrogen by electrolysis. However, no gas turbines, process burners, 

or domestic fires operate with hydrogen currently  other than experimentally. 

The UK government is closing this gap by providing funds for demonstration 

projects, and this research is part of four BEIS funded fuel-switching 

programmes, as detailed in the acknowledgements. 

 

1.2 Considerations  for hydrogen combustion.  

The Wobbe Index (WI) is a parameter recently used to compare 

interchangeability of two different fuel blends defined as the ratio of the ground 

calorific value to the square of the specific gravity of the gas mixture. In the 

1920s the concept of heating value over square root of density was used for 

fuel interchangeability, where the Wobbe index predecessor, or the C-index 

was established [9] .   The WI is expressed in the same units as the gross 

calorific value (MJ/m3).  In the UK the WI for natural gas is kept in the range of 

47.2-51 MJ/m3 [10] . 

 If two fuels have identical Wobbe Indices, for the same pressure and valve 

setup the thermal energy input will be also the same. However, the pressure 

and WI are not the only parameters needed to achieve a successful combustion. 

Burning velocities and flame temperatures are also important [11], [12] . 
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Figure 1-4 shows the heating value and Wobbe Index variation for different 

concentrations of hydrogen in a NG blend. As observed the heating value 

follows a linear trend whereas the WI has an inflection point at 80%. Also it is 

possible to observe that the WI will be identical for a 100% H2 compared to a 

35% H2/6 5% NG blend.  

 

 

Figure 1-4. Wobbe Index and heating value variation for NG/H2 blends 

A dual fuel burner using hydrogen and natural gas is possible since the Wobbe 

Index for hydrogen is 48.5 MJ/m3 [13] .  Same burner holes for both fuels allow 

the passing of approximately the same amount of energy [14] . More detail can 

be found in Appendix H.  

'ÁÓ ÔÕÒÂÉÎÅÓ ÁÎÄ ÐÒÏÃÅÓÓ ÈÅÁÔÅÒÓ ÃÁÎȭÔ ÂÅ ÏÐÅÒÁÔÅÄ ×ÉÔÈ ÈÙÄÒÏÇÅÎ ÆÏÒ Á 

premixed flame since there is a risk of flame flashback given the reduced 

quench distance of hydrogen of 0.6mm compared to methane of 2.2mm [15], 

[16] . The flammability limit of hydrogen is 4-75%, wider to other gases such as 

methane (5-15%) [17] . Diffusion systems are usually employed for safety 

purposes given their reduced propagation speed. The burning velocity of 

hydrogen is 2.65 m/s compared to 0.4 m/s of methane for stationary gases. But 

at turbulent conditions faster velocities are achieved. And this increases the 

pressure [15] . However, hydrogen combustion is dependant on the 

concentration of hydrogen in the fuel, the burning velocities are slow for 

example if the concentration are below 8%. For a concentration above 20% 

intense combustion is achieved [18] .  

The phenomena of acoustic pressure oscillations has been a problem in the 

development of ultra low NOx gas turbine combustors. This problem is common 

in premixed systems and arises by having all the combustion air passing 
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through the stabiliser at an intense heat release above 1900K [19] , where the 

frequency of the vortex shedding triggers the resonance, making in some cases 

the flame stabiliser essentially unstable. Operating too rich in the primary zone 

is another factor that generates resonance [20] , and this is why premised 

systems usually present this problem. The solution to resonance is the 

adequate design of the flame stabiliser in order to alter the turbulence 

production, or operating at lower pressure drop, and running at lower 

equivalence ratios . However, the present work for GT is for a low NOx non-

premixed combustor at a Texit=1800K for both hydrogen and propane which is 

just under acoustic resonance.  

For the three applications: gas turbines, process burners, and domestic gas 

fires, increased NOx emissions are expected with hydrogen due to the higher 

peak flame temperature than NG (as shown in Chapter 4). A major topic of this 

research is the development of hydrogen flame stabilisers with low NOx 

emissions. Increasing the NOx emissions standards to facilitate the use of 

hydrogen for green heat and green electricity will not be permitted. This 

research's experimental and CFD parts concentrate on developing burners with 

low NOx emissions, as hydrogen is not a viable green fuel unless low NOx can be 

achieved.  

This project predicted NOx emissions for hydrogen combustion for grid plate 

type flame stabilisers that had previously been shown to have ultra-low NOx for 

gas turbine application using propane fuel. These were referred to as Grid Mix 

(GM) [21]ɀ[25]  and were similar to the hydrogen designs used by York et al. 

[26] , [27], which were well predicted in this work. The development of three 

types of domestic fires for low NOx hydrogen combustion is also presented, 

which use several low-NOx design techniques reviewed in Chapter 2. 

In the Glass Futures fuel switching BEIS project, the safe operation of a furnace 

at glass melting conditions was demonstrated on hydrogen. However, it 

showed a large increase in NOx emissions compared with NG, as the burner 

design used the same location of the fuel lances and only changed the injection 

hole diameter to achieve the same flame length [28] . This has also been 

observed by Dreizler , et al[29] . They used external EGR to reduce the NOx 

levels in their combustor. In the present work, we demonstrate burner designs 

for achieving low NOx with hydrogen that do not require the use of external 

EGR.  This thesis shows that burners can be designed to have low NOx on 

hydrogen for gas turbines, process burners and gas fires. However, simply 

operating the existing NG burner on hydrogen may result in a significant 
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increase in NOx, which the above examples indicate could be an increase in a 

factor of 2 ɀ 10, which will never be permitted. 

 

Process burners operate closer to stoichiometric to achieve the best thermal 

efficiency, which makes reducing NOx difficult due to the high mean 

temperature near stoichiometric combustion. The classic method of reducing 

NOx in these circumstances is to stage the air injection to achieve rich/lean 

combustion (as reviewed in Chapter 2). This has modest NOx reduction, and a 

better method to achieve low NOx is to use axial staged fuel injection, with the 

first stage operating very lean, as for low NOx industrial gas turbine, and thus 

the low-NOx design techniques for lean combustion can be applied. The second 

stage fuel injection occurs after completing the first stage combustion with 

axially staged fuel injection. This second stage fuel burns in the combustion 

products of the upstream lean combustion, which is effectively a method of 

achieving very high internal gas recirculation. In future work (Chapter 8), this 

design will be developed as a low NOx hydrogen burner for the zero-carbon 

operation of Whisky distilleries. Currently, there are no commercial 

applications of axially stage fuel combustion in the open literature, apart from 

that used in some gas turbine designs for lean overall combustion explained in 

2.2.3. 

Modern power generating gas turbines operate at the highest possible exit 

temperature to work at the highest possible thermal efficiency and lowest CO2. 

State of the art is the current operation at 1800K-1900K in the J class CCGT 

plants first developed by MHI in Japan[30] . These high firing temperature 

plants can only achieve Ultra-low NOx if all the combustion air passes through 

the flame stabiliser. However, in the MHI work, they could not deliver low NOx 

on natural gas at these high firing temperatures and used 35% external exhaust 

gas recirculation (EGR) into the air compressor inlet to achieve the legislated 

required NOx [30] . This illustrates the difficulty of a lean burning flame 

stabiliser design solution to low NOx emissions for high turbine entry 

temperatures.  Chapters 5 and 6 show that low NOx can be achieved at these 

high temperature operating conditions with the Grid Mix flame stabilisers using 

an internal grid plate fuelling each air hole. 

It is common to develop low NOx gas turbine combustors at atmospheric 

pressure. There is no thermal NOx generation for combustor exit temperatures 

up to 1800-1900K, resulting in no pressure influence (as reviewed in Chapter 

2). However, only successful low NOx combustors are tested at high pressure 

due to the elevated cost. Process burners for heat applications obviously 
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operate at atmospheric pressure. So the present experimental and CFD work is 

equally relevant to low NOx process burners and gas turbines. 

 

1.3 Equilibrium predi ctions  

CFD predictions of combustion should, if the combustor is long enough 

(residence time high enough), reach equilibrium. The gas composition should 

be the adiabatic equilibrium if the combustion is complete prior to any heat 

removal, as in gas turbines and the proposed process burners. Thus, knowing 

the adiabatic equilibrium flame temperature and gas composition helps 

validate CFD predictions. Also, to demonstrate that the distance to reach 

equilibrium is the flame development length, which should be shorter than the 

combustor length. 

Several pieces of equilibrium software have been developed in the past, where 

the most common are Gaseq and CEA. They have been widely used for 

combustion purposes, including gas turbines[31]ɀ[33] . However, they have not 

been used to study domestic fires or the glass melting sector.  The equilibrium 

software can predict the adiabatic flame temperature and product composition, 

including equilibrium NO emissions. 

Equilibrium programmes also predict the equilibrium NOx, which is the NOx for 

infinite residence time. Usually, combustors are not long enough to reach NOx 

equilibrium, but in glass melt ing float glass furnaces, the gas temperatures are 

so hot that equilibrium is achieved in a relatively short distance. Thus, 

equilibrium codes can predict trends in equilibrium NOx, such as the influence 

of inlet air temperature, equivalence ratio, water addition, etc. All these trends 

were explored in Chapter 4.   

In addition, equilibrium software can take an adiabatic composition in the near 

stoichiometric high-temperature region and predict the change in gas 

composition as the mixture is cooled. This feature of equilibrium codes is rarely 

investigated but was used in this work as cooling is a feature of all combustion 

systems. Additionally, operation at low excess oxygen is required for process 

heating burners for the highest thermal efficiency. In this application, cooling in 

boilers or water heaters reduces the CO due to re-association chemical 

reactions. This feature is shown in Chapter 4 to be critical in predicting the gas 

composition above the glass melt in glass melting float glass furnaces. This was 

used to predict the change in the product composition using hydrogen. A 

matter of concern was the water content of the product gases, particularly 

hydrogen, where an increase could influence the glass quality. The predictions 
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in Chapter 4 were shown to effectively predict the gas composition above the 

glass melt for natural gas and hydrogen. 

Gas turbine combustors operate at elevated air temperatures, and chemical 

equilibria are required for different air temperatures up to 800K in gas 

turbines. In addition, some process heat applications use thermal heat 

exchange between the exhaust gases and the inlet air to generate very high air 

temperatures. This is the glass melting industry situation where regenerative 

heat exchange between the outgoing burnt gases and incoming air is used to 

create air temperatures up to 1600K.  The equilibrium composition for air 

temperatures from 300 to 1600K in intervals of 100K was part of this work. 

This thesis is concerned with fuel switching from NG to hydrogen. Still, the BEIS 

fuel-switching programme includes switching to biofuels, and so in this work, 

the adiabatic flame temperature and gas composition have been predicted for 

several fuels. Fuel switching aims to operate a burner or system such as glass 

melting furnaces (Glass Futures project) using an alternative fuel at the 

equivalent flame temperature as natural gas. Higher excess oxygen is required 

for hydrogen and less for biomass fuels, as shown in Chapter 4.  

Biofuel diesel (biodiesel) offers an expensive but effective solution to reducing 

fossil fuels and decarbonisation. A generic blend of biodiesel was studied with 

the equilibria software. The Glass Futures fuel-switching programme has 

successfully operated a glass furnace on biodiesel.  

Glycerol is the cheapest biofuel available which offers a viable solution for 

decarbonizing heat. Roughly 11% of the vegetable oil used to produce biodiesel 

is rejected as crude glycerol [34] . This fuel is often overlooked and disposed of 

as a waste product. This was why it was investigated for the glass melting 

industry and is currently being investigated for applications in the distillery 

industry. As an additional contribution, this fuel was investigated for a mixture 

of water/glycerol for water removal in the Whisky distillation process.  Water 

is sometimes used for NOx reduction in combustion systems, as explained in 

2.2.6. Still, contaminated water is a big waste product in distilleries, so 

destruction in the burners is a cost-effective waste disposal method.  

Ethanol is an alternative to achieving zero carbon. It is available with 

immediate effect as it is obtained directly from biofuels for adding to gasoline. 

Currently, 10% ethanol in gasoline is requested [35] . Pure ethanol and 

ethanol/gasoline burn cleanly and make a good SI engine fuel [35] . Ethanol was 

a possible fuel switching for the glass melting industry and is a green fuel for 

use in the distillery heating process. 
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Methane and natural gas were studied as methane is not a practical fuel and 

natural gas is a complex mixture of methane with higher hydrocarbons and 

inerts. A natural gas composition provided from records at the Guardian Glass 

plant at Goole was used for the average of a month's supply. In this thesis, only 

natural gas results are presented. The methane equilibrium calculations were 

undertaken and the results obtained were very similar to those for natural gas. 

The pipeline hydrogen composition was assumed to be obtained from the 

steam methane reformer for natural gas. Whereas pure hydrogen is obtained 

from electrolysis. So pure hydrogen and pipeline hydrogen (from Hy4Heat WP2 

ɀ BEIS) were predicted. 

Finally, the CFD simulations in Chapter 6 using propane were validated with 

the equilibria software. This activity was undertaken because the experimental 

work with internal gas composition traverses was undertaken with propane.  

 

1.4 Grid plate flame stabilisers for gas turbines  

Perforated plates, also known as grid plates, are flame stabilisers used in some 

low NOx gas turbine combustors. These technologies create interacting shear 

layers that are used to rapidly mix fuel and air, with the fuel injected into each 

air hole in the grid plate, achieving low NOx emissions. Grid plate flame 

stabilisers were the first premixed system to achieve low NOx emissions[22], 

[36] . Andrews et al. [21]ɀ[25]  have demonstrated the principle of direct fuel 

injection in grid plates by fuelling the air jets passing through the stabiliser 

holes. Also, several companies have shown the use of grid plates in their 

combustion systems, and there has been a renewed interest in using these grid 

plate technologies for hydrogen combustors. The FLOX burner, originally a 

process burner, includes a grid plate with central axial fuel injection in each 

grid plate air hole [37] . The Hitachi Multicluster burner features an array of 

various grid plate airholes with a central fuel injection [38] . Some studies have 

also shown grid plates in hydrogen combustion [26], [39], [40] . Lastly, some 

process burner designs have demonstrated the use of grid plate burners. More 

detail about these technologies is provided in Chapter 2. 

The Grid Mix flame stabilisers were fuelled with two methods of injecting the 

fuel into the air: radially inward using eight fuel jets per air hole (GM1) and as 

an annulus around each hole (GM2). This was achieved using hollow grid 

plates, which acted as a fuel plenum to feed fuel into each air hole. All the air 

needed for combustion passed through the Grid Mix flame stabiliser. The 

combustion process must be carried out as lean as possible to achieve low NOx. 



- 10 - 

Also, a good lean flame stability margin is required to achieve low lean NOx. 

This was shown experimentally in previous work by Andrews and a co-worker 

[21]ɀ[25]  to have good flame stability so that operation in the lean low NOx 

region could be achieved. The GM2 design had better flame stability than the 

GM1 design but higher NOx. This was the database where the CFD prediction 

procedures were validated in Chapters 5 and 6.  

A combustor with all the airflow through the stabiliser operates at a reference 

Mach number, M1, of typically 0.05 based on the combustor flow area at the air 

inlet temperature. In Andrews's work, M was 0.047, and the heat release was 

28 MW/m2bar. Modern low NOx combustors designed for high firing 

temperatures should have a heat release of around 25 MW/m 2bar. Still, most 

low NOx combustor work has operated at conditions around 15 MW/m2bar or 

lower in many cases. 15 MW/m2bar represents 60% of the combustor airflow 

passing through the flame stabiliser. In the present work, all the combustion air 

has to pass through the flame stabiliser and operation at 28 MW/m2bar is 

necessary for 1800-1900k flame temperature operation at low NOx. This is a 

new application for CFD as no previous application of CFD has been applied to 

such high-intensity combustion for gas turbine applications.  

Axial central fuel injection on each stabiliser airhole has been experimentally 

and numerically investigated for FLOX burners [37], [41], [42] . A large central 

burnt gas recirculation zone between an annular ring of air holes has been 

demonstrated to create high IEGR.  This alternative method of fuelling each air 

hole in a grid plate has been modelled using CFD in this work, called GM3, as it 

uses the same grid geometry as for GM1 and 2. 

York et al. [43], [44]  showed the use of a grid plate flame stabiliser, similar to 

GM1 but with elongated mixing tubes, achieved ultra-low NOx levels for 

hydrogen combustion. These results were modelled in the present work using 

GM1 with the hole length extended in proportion to the geometry of York et al. 

Pressure loss is an important aspect  of low NOx gas turbine combustion that 

can influence low NOx gas turbine combustor fuel and air mixing as it controls 

the turbulent energy generated by the flow, which also controls the turbulent 

burning velocity. The burner blockage or porosity which directly affects the 

contraction coefficient of the flow through the flame stabiliser holes, it is the 

flow expansion from the vena contracta that controls the pressure loss.  

The experiments and predictions ×ÅÒÅ ÃÁÒÒÉÅÄ ÏÕÔ ÁÔ Á Ў0Ⱦ0 ÏÆ ς ÁÎÄ τϷ,  

which are the typical range used in gas turbines. Any higher pressure loss 
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deteriorates the cycle thermal efficiency and lower pressure loss lead to poor 

flame stability and poor combustion efficiency. 

Gas turbines combustors operate at high pressure, but for lean well mixed 

combustors with primary zone temperatures below about 1900K, pressure has 

little effect on NOx which is why the present experimental work was carried 

out at atmospheric pressure. This is for several reasons:  for lean mixtures 

pressure has no effect on flame temperature below about 1900K as dissociation 

is insignificant and this leads to very low levels of atomic oxygen, which is a key 

part of the thermal NOx formation. Pressure does have an influence on thermal 

NOx for richer mixtures with higher flame temperatures and experimental 

studies show that this is a square root dependence. Also, pressure reduces 

dissociation so the availability of atomic oxygen in the thermal NOx generation 

is reduced for flames with temperatures above 1900K.  Pressure will increase 

NOx if the mixing of fuel and air is poor so that even though lean mixtures with 

<1900K is used, the unmixedness creates local hot zones that give rise to a 

pressure dependence of NOx. This is why in the present work CFD predictions 

of isothermal fuel and air mixing were made, as operating a primary zone lean 

for low NOx is not sufficient, as it must also be well mixed. Hence, the work on 

isothermal mixing predictions for different methods of fuel injection into the 

same grid plate aerodynamics was undertaken. The worst fuel and air mixing 

fuelling positions were shown, by CFD and experimental measurements, to 

have the highest NOx.  

This thesis shows the use of validated CFD to parametrically investigate and 

improve existing gas turbine and process heaters designs and apply it to low 

carbon combustion such as hydrogen. The work is directed at the latest gas 

turbine's highest firing temperature conditions, which require all the air to pass 

through the grid plate. This leads to very demanding high turbulence and high-

velocity jet flames, as reviewed in Chapter 2. Experimentally , for GM1 and GM2 

no resonance was encountered, so this was not modelled with CFD. The richest 

equivalence ratio investigated by Andrews and Al Dabbagh was just at the 

onset of resonance, but these parameters are not part of the scope of this thesis. 

 

1.5 Computational fluid dynamics for low NOx combustion  

In recent years computational fluid dynamics (CFD) has been widely used by 

academia and industry to improve combustion systems and understand the 

flame structure in low NOx flame stabilisers. For example, CFD has been able to 

predict temperatures and NOx formation. Additionally, it has allowed the 

prediction of fuel and air mixing, which is very useful given that the flame 
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unmixedness is usually the problem of high NOx emission. So once correct 

prediction of the mixing, it is possible to predict the flame temperature and NOx 

emissions. 

Using different combustion models, various researchers have successfully 

investigated turbulent combustion for premixed [32ɀ36] and non-premixed 

combustion [37ɀ39]. NOx modelling is strongly dependent on temperature 

prediction and mixing quality. Phil King studied combustion and NOx prediction 

for non-premixed combustion radial swirlers with radial vane passage fuel 

injection [45]ɀ[47]  at a Mach number 0.03, 40% less than the conditions 

studied in this thesis. Figure 1-5 compares the CFD prediction for flame 

temperature with experimental measurements from gas composition 

measurements using radial gas sample traverses at different axial distances. 

The bottom of each diagram is the combustor centre-line and the top the 

combustor wall. 

 

Figure 1-5. CFD output for temperature prediction (a) compared with 
measurements (b) from King et al. [46]  

One of the main contributions of this thesis is the achievement of predicting 

combustion at high combustion intensities of 28 MW/m2bar for low lean NOx at 

high turbine entry temperatures, which has not been done previously. 

 

1.6 Innovative domestic fires for dual fuel applications  

Domestic fires are the lowest cost domestic heating appliance with a capital 

cost of around £300 and simple user heat controls. Because of their low price, 

they are used by the poorest in society. Unless these can be developed to work 
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on hydrogen, low-cost decarbonised heat will be unavailable, increasing fuel 

poverty and deaths due to hypothermia. 

By 2022 the estimated UK domestic space heating market was worth £338 

million, with gas space heating having a 33% share, supported by an ever-

increasing number of UK homes on the gas grid [48] . In terms of Units for Fuel 

Effect fires, this means some 230,000 per year [49] , but with the diversity in 

product specifications and prices, this needs treating with caution, though the 

overall position is one of consistent growth. The market size for domestic space 

heating has been growing at a steady 3% per annum which is expected to 

continue [50] . Fuel Effect Fires account for around 44% of the space heating 

market, supported by product innovation and higher value aspirational designs 

[51] . 

The BEIS Hy4Heat project was developed by a group of companies led by Arup 

LTD commissioned by the Department for Business, Energy and Industrial 

Strategy (BEIS) to demonstrate the safe use of hydrogen for heating in UK 

households. The main goal was to establish whether it was possible to replace 

the natural gas supply with  hydrogen for homes and gas appliances. Nine work 

packages were developed to do so, starting from the technical management to 

the demonstration of the technologies. One funded area ×ÁÓ ȬÃÏÁÌ-ÅÆÆÅÃÔȭ ÆÉÒÅÓ, 

with a contract for three fires awarded to a consortium led by Clean 

Combustion System (CBS) Ltd with the University of Leeds leading on the 

technology. Chapter 7 of this thesis is the results of this research. 

Three types of "coal effect" gas fires were investigated in this work: open fires, 

glass-fronted fires and flame effect innovative fires. 

1.6.1 Open fires.  

Open fires are the cheapest domestic heating and are designed to look like coal 

fires with ceramic 'coals' heated by premixed gas/air flames, giving glowing 

ceramics and some post ceramic gas flames. The ceramics do not get consumed 

by the fire. The air supply to the premixed flame is controlled by an orifice in 

the base of the fire. Open fires have the front of the fire open to external air 

from the room and entrain large amounts of air above the fire zone so that the 

oxygen level in the flue is at 19-20%. These fires are rich lean in their operation 

with axially stage air with rich premixed combustion below the fire and lean air 

admission above the fire. These fires can leak CO into the room, which would 

not happen with a hydrogen flame as CO cannot be produced. This is a 

significant advantage of hydrogen fires, as many more people die of CO 

poisoning from gas heating than gas explosions [52] . 
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The industrial link for this fire was with Focal Point using their appliance as the 

fire to be demonstrated on hydrogen. The model used was the Focalpoint 

Blenheim Slimline fire with a heat output of 3.2kW and 1.8kW on low heat. This 

is one of the UK's top-selling open gas fires (70,000 units sold since 2011)[53] . 

The NOx emissions are 128 mg/kWh at high heat, which is below the EU 

Ecodesign requirement for these fires of 130 mg/kWh [54] .  

 

 

1.6.2 Glass fronted coal effect fires.  

Glass-fronted coal-effect fires have the air supply to the fire controlled by the 

size of an air inlet below the fire, and the front of the fire is sealed with a glass 

door so that there is no entrainment of air above the firebase. These operate at 

flue gas oxygen levels in the 8-10% region. The use of ceramic coals is similar to 

the glass-fronted fire but manufactured of different shapes.  

The Legend fires Evora balanced flue fire was the reference appliance, one of 

the UK's top-selling glass-fronted gas fires, currently selling 1000 units per year 

[55] .  

This appliance is available with Class 1 brick built chimneys, Class 2 twin wall 

systems and concentric balanced flue. The fire fits in a standard 16"x22" 

opening. The fire heat output is 3.8kW, and the heat input is 4.5kW gross and 

4.1 kW net. This gives thermal efficiencies of 84% gross and 93% net, one of the 

best efficiencies for this type of fire. This appliance has been designed, tested 

and manufactured to BS EN613:2001 +A1: +C1:2008 relating to balanced flue 

appliances. Ignition is carried out by a piezo spark.  Legend has currently sold 

7500 units in the UK alone, making this award-winning fire one of the UK's 

best-selling glass fronted fires[55] .  This reference fire was suitable for 

developing a dual fuel hydrogen/NG appliance with a standard burner and fuel 

system, where hydrogen burned over a broader range of equivalence ratios (Ø) 

than NG. Hence, power turndown was not a problem for hydrogen.  

1.6.3 Flame effect or Innovative Fire  

The BEIS funding awarded for this work was for a hydrogen fire with 

innovative features, and the CBS consortia funding was for a fire that did not 

use ceramic coal effects. However, ceramics could be used for heating without 

having a coal-like effect. A class of NG fires uses visible diffusion flames that 

flicker in a relatively large volume. The present work presents this appliance 

for a diffusion flame against a near-vertical ceramic wall to generate an 

attractive flame. At the time, BEIS advice [56]  was that this would be impossible 
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as hydrogen flames had poor visibility. Hydrogen diffusion flames are non-

luminous, given the lack of soot radiation but not invisible. One of the oldest 

references on hydrogen diffusion flames [57]  reported the visible flame length, 

confirmed in more recent work [58] . The consultants who advised BEIS were 

clearly unaware of this [56] . They advocated that BEIS should fund a 

programme on making hydrogen flames visible and stated that the lack of flame 

visibility could make hydrogen use impossible for domestic applications, 

including cookers and fires.  

The innovative aspect of the work in Chapter 7 was that the fire compartment 

was made so the air supply was as far as possible from the fuel injection holes 

to give the best rich/lean combustion for low NOx and with internal reverse 

flow so that the diffusion flames burnt in a reduced oxygen atmosphere which 

reduced the NOx emissions further giving enhanced colour to the flame. NOx 

reduction for hydrogen flames was at the heart of the burner design process. 

 

1.7 Combustion pollution and its effects  

NOx emissions are the critical factor in hydrogen burners, given the severe 

health and environmental effects NOx emissions cause. NO2 impairs lung 

function, forms ozone with volatile organic compounds (VOC) emissions, 

sunlight  [59]  [60]  and heat creating acid rain [61] , which deteriorates plant 

and tree growth.  

After diffusion to the stratosphere, it also causes ozone depletion, increasing 

skin cancer from increased 56 ÒÅÁÃÈÉÎÇ ÔÈÅ ÅÁÒÔÈȭÓ ÓÕÒÆÁÃÅȢ 4ÈÉÓ ÉÓ ×ÈÙ 

hydrogen will not be allowed to be operated unless the burners meet current 

and future NOx standards. It was shown in s.1.2 that all current hydrogen 

burners increase NOx relative to the equivalent NG burner by a factor of 3 or 

more. A significant achievement of this research is to design hydrogen-fuelled 

fires that are well inside the current standard for gas fires of 130 mg/m3. 

The ozone formation from NOx emissions has two impacts: ozone is a potent 

greenhouse gas, two thousand times more active than CO2 for the same ppmv 

[62] . Also, ozone reduces lung function and irritates the eyes. 

Carbon monoxide indirectly affects the climate forcing since it elevates 

concentrations of direct greenhouse gases such as methane (CH4) and 

tropospheric ozone [63] . In addition, CH4 combined with CO depletes the 

hydroxyl radical (OH), minimising its function in removing O3 [64] .  

Table 1-1 shows the effects of the 10 primary  air pollutants. First, the local 

impact covers the emissions that harm directly human's health, followed by 
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regional consequences like acid rain and ozone. Lastly, the global effects like 

the ones produced by O3. 

Some of the discussed pollutants can directly affect human health, such as 

carbon monoxide (CO), reducing blood capacity to transport oxygen [66] . Or 

the ozone that can cause asthma, bronchitis, and other cardiopulmonary 

problems[66], [67] .   

 

 

Table 1-1. Local, Regional and Global Effects of 10 main pollutants [65]  

Impact  PM Lead SO2 NOx VOC CO CH4 CO2 N2O #&#ȭÓ 

Local 

(Health and 

welfare)  

ṉ ṉ ṉ ṉ ṉ ṉ     

Regional  

-Acidification  
  ṉ ṉ       

-Photochemical  

oxidants  
   ṉ ṉ ṉ     

Global 

-Indirect 

greenhouse 

effect  

   ṉ ṉ ṉ ṉ   ṉ 

-Direct 

greenhouse 

effect  

      ṉ ṉ ṉ ṉ 

-Stratospheric O 3 

depletion  
   ṉ     ṉ ṉ 

 

Interim effects of exposure to NO2  are susceptibility to respiratory infections 

and inflammation of respiratory airways. But it can also worsen symptoms of 

those suffering from heart or lung disease [68] . Additionally, nitric acid vapour 

droplets can penetrate lung tissue and cause emphysema, bronchitis, or even 

cardiac infarction [69] . 

NOx emissions have dropped 76% since 1970  to 702,000 tonnes in 2020. This 

reduction has been caused due to progressive removal of fossil fuels for energy 

generation and improvements in the automotive industry [68], [70]  
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In Europe, the most important sources of NOx emissions by 2019 were road 

transport, with 39%, energy production and distribution, with 16%, and the 

commercial, institutional and households sectors with 14% [71] . Figure 1-6 

shows the total NOx production by different sectors. The composition of the 

exhaust gases generated by the combustion processes depends on the fuel type 

and the conditions under which the combustion is carried out. Since some of 

the gas components are air pollutants, therefore, should be eliminated before 

releasing the gas into the atmosphere. Special extremely slow and expensive 

cleaning procedures are required, such as the Selective Catalytic Reduction 

(SCR) process and special measurements related to combustion, like the 

provision of air by stages, are used to reduce nitric oxides in the combustion 

stage [72] .  

The NOx production in the UK has also been reduced for the most critical 

sectors. The implementation of SCR and more stringent regulations have 

dropped the NOx levels to less than a quarter of the produced in 1990, as shown 

in Figure 1-7. However, 42% of the emissions in Figure 1-7 are from the areas 

addressed in this research, electricity generation (NG CCGT), industrial heat 

and domestic heat. This is why the use of hydrogen in these sectors will not be 

allowed to compromise the reductions achieved in NOx emissions over many 

years, as summarised in Figure 1-7 [65]. 

 

Figure 1-6. European mass distribution of NOx in ambient air [71] . 

Emissions from energy plants and industrial process burners have dropped 

considerably, given the constant development of new renewable energies and 

the reduction of carbon-based energy sources [68] . As an additional fact, 
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heating production accounts for almost half of the total energy consumed in the 

UK [73] . 

Approximately 760TWh are produced in the UK to provide heat, and roughly 

60% of this heat is used for domestic heating purposes  [73] . With over 280 

thousand km of gas pipe around the country, the UK gas grid feeds around 24M 

customers [74] . Fuel switching the gas grid to hydrogen is the most cost-

effective way of decarbonising heat and electricity and is crucial to the 

achievement of net-zero. 

 

 

Figure 1-7. Estimated annual emissions of NOx in the UK in kt 1990-2019[71]  

 

1.8 Legal framework and requirements for process burners  

In most areas of the world, boilers are required to achieve what's known as 

ultra -low NOx levels. For example, the EU Ecodesign regulations [54]  for small 

residential gas boilers demanded no more than 56 mgNOx/kWh levels from 

2018. For gas fires, 130 mgNOx/kWh is allowed [75] . For natural gas (NG) with a 

calorific value of 50MJ/kg, the requirement is 13.9 gNOx/GJ for an emission 

index of 0.78 gNOx/kg fuel, which gives 27ppm at 0% O2. The demand for 

California USA is 5ppm at 0% O2 [76] .   

The European Industrial Emissions Directive sets the regulations for industrial 

burners, which the UK still complies with. They established in 2016 a limit of 50 

mg/m 3 or 25 ppm NOx at 15% oxygen in mass concentration for combustion 

plants of thermal input above 50MW. For plants with thermal input below 
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1MW, the equivalent limit was 200mg/m3 at 3% O2  [77] . There is currently no 

regulation for thermal heating plants or power generation plants between the 

eco standard regulations (at 0% oxygen) and 1 MW. However, Europe is 

working on the development of regulations for this sector. 

NOx regulations for electric power generation gas turbines have been less than 

25 ppm at 15% O2 for decades. Nevertheless, current requirements are less 

than 10ppm in many world areas [78] . And in some places like California, USA, 

the demand is less than 2.5 ppm[79] , given the smog problem that arose in the 

70's [80] . All regulations for NOx emissions for industrial gas turbines are 

referenced to 15% of oxygen level. 

The use of reference oxygen corrections for NOx in electricity generation CCGT 

plants and process and domestic heat (15%, 3% and 0%, respectively) is not 

sensible as the oxygen reference level was set in 1970s technology, and there is 

no reward for gains in thermal efficiency. This is mainly a problem for domestic 

fires that operate at much higher oxygen levels than 0% oxygen, resulting in a 

significant correction. It would be preferable to legislate in mass emissions per 

unit of work, power or heat produced as is done in road transport and aircraft 

emissions. Aero-engine emissions regulations are in gNOx/KGfuel, and road 

transport emissions are in units of g/km for passenger vehicles or g/kWh for 

truck engines. There is no correction to a reference oxygen level.  If the thermal 

efficiency is improved, less fuel is used, resulting in lower mass emissions. 

Hence, g/kWh units are preferable to g/km. Unfortunately, mass-based units 

are not used in Europe for electricity production and heat production, and only 

Canada has sensible units of gNOx/MWh electric. 

 

1.9 Research gaps 

1. Fuel switching to hydrogen in CCGT offers a viable solution for electricity 

supply if the aim is to be zero greenhouse gas (GHG) emissions, which is part of 

the UK Government's strategy [8] .  Currently, no gas turbines are operating on 

hydrogen for zero-carbon electricity, and part of the reason is concern over 

increased NOx emissions. So there is a research gap on hydrogen combustors 

with low NOx for CCGTs. This is a larger research gap the higher the firing 

temperature of the gas turbines, with the J class 63% thermal efficiency CCGTs 

the most difficult due to the combustor outlet temperature being 1900K or 

higher. 

2. For modern gas turbines with a high firing temperature of 1900K or higher 

there is a research gap as dry low NOx designs are very difficult to achieve low 
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NOx with NG, as the mixing of fuel and air has to be near perfect. In the first J 

Class 2000K gas turbine it was assumed that this could not be achieved. For the 

MHI J class 2000K  35% external EGR was used via a water cooler into the 

compressor inlet to oxygen concentration, which reduced the flame 

temperature and the NOx. However, the use of EGR in the compressor 

deteriorates the cycle thermal efficiency, as the compressor is not designed for 

air plus 35% EGR. 

3. No dry low NOx combustor is available with  all the combustion air passing 

through the flame stabiliser with a very high heat release of  28 MW/m 2bar. 

This is a requirement for achieving low NOx in high temperature gas turbines 

as the only way for a 1900K gas turbine to have low NOx is for the primary zone 

to be at 1900K with no dilution or wall cooling air, which requires all the 

compressor air flow to pass through the flame stabiliser, which is the condition 

used in the present work experimentally and using CFD.  

4. The 28 MW/m2bar condition of future high-efficiency CCGTs also has had no 

previous CFD studies, which is another research gap. The work on the Grid Mix 

design is a solution to this gap. York et al. [26], [44]  have shown for a grid mix 

type of design that ultra-low NOx emissions could be achieved on hydrogen, and 

these results were well predicted by the CFD procedures shown to be effective 

for the high combustion intensity of 28 MW/m2bar. 

5. All current publications for hydrogen process burners for heat have 

substantially higher NOx emissions with hydrogen compared to NG, and the 

increase reviewed earlier is in the range of 3 ɀ 10. Process and domestic heater 

burners work near stoichiometric at 1% excess O2. This is a major research gap 

as these will not be allowed for use in industrial process heat. This work has 

shown that perforated grid plates with each air hole directly fuelled can achieve 

ultra -low NOx levels without external EGR [21]ɀ[25] . Various manufacturers 

and academics have investigated the principle used by these technologies 

[13,18,25,29,30], which have also improved their systems using CFD [43], [81] . 

6. A significant process heat application is in glass melting, where very high air 

temperatures up to 1600K are used, due to regenerative heat recovery from the 

high temperature furnace exit gases. The consequences of fuel switching from 

NG to hydrogen on glass quality and NOx emissions is a research gap. 

Equilibrium predictions were used to predict the cooled gas composition at 

1850K glass melting furnace conditions. This enabled the increase in water 

vapour when firing with hydrogen at 1850K to be predicted, and these had 

good agreement with flue gas measurements on NG for CO. 
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7. Domestic heat using fuel switching to hydrogen is a research gap as no work 

has been published on this application. However, open fires and glass fronted 

fires are a significant part of domestic heat used by the poorest families, so a 

solution must be found for domestic heat's hydrogen decarbonisation. Chapter 

7 shows that this research gap has been filled in this work, where certified fires 

on hydrogen have been developed. 

 

1.10  Aims and objectives  

The key aim of the research was to contribute to hydrogen combustion 

technology to enable the decarbonisation of domestic and industrial heat and of 

electricity generated by NG CCGTs. The increase in NOx emissions with 

hydrogen combustion is the main problem area that has to be solved for all 

hydrogen applications for decarbonisation. Therefore, a significant research 

aim was CFD techniques to assist in the decarbonisation design process. 

This research investigates the latest gas turbine's highest firing temperature 

conditions, which requires all the air to pass through the grid plate for a heat 

release of 28 MW/m 2bar and M=0.047. 

The objectives of the research are:  

1. Investigation of fuel switching for decarbonisation of the glass melting 

industry that can replace NG and operate at the same flame 

temperature. The objective was to predict the gas composition above the 

glass melt using equilibrium modelling. Hydrogen and biofuels were 

investigated. 
 

2. Using CFD prediction flame stabiliser aerodynamics for the pressure loss 

using adequate RANS parameters. 
 

3. Prediction of combustion and NOx results for two ultra -low NOx grid 

plate flame stabilises using RANS CFD. 
 

4. Comparison of fuel injection methods featured by GM1, GM2 and GM3. 
 

5. The study of GM2 for its use on hydrogen for high combustion intensity 

using RANS CFD and comparison with experimental results. 
 

6. The experimental development of hydrogen domestic gas fires with low 

NOx emissions that meet the regulations for NG. This objective is for 

three types of domestic fires: 
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6.1 Experimental analysis of a low cost open fronted fire showing dual-

fuel capabilities for NG and H2. 

 

6.2 Experimental study of a glass-fronted fire appliance for dual-fuel 

applications. 

 

6.3 Numerical and experimental study of an innovative fire for its use on 

hydrogen.  

 

1.11. Thesis plan 

Chapter 1 

This chapter provides an introduction and general information regarding 

process heaters and gas turbines. Aims and objectives for the project are also 

presented  

Chapter 2 

A literature review of the relevant areas for the project is provided, focusing on 

NOx production, mainly for gas turbines and process heaters. In addition, a 

detailed section for Computational Fluid Dynamics (CFD) is provided.  

Chapter 3  

A detailed description is given of the methods and procedures followed for 

equilibrium calculations, CFD simulations and experimental work.  

Chapter 4 

The obtained results for calculating the adiabatic flame temperature and 

product composition for various fuel blends used in domestic fires and glass 

melting sectors using existing equilibria software are presented. The cooling of 

adiabatic equilibrium composition to predict the composition after heat 

transfer has been developed for application to glass furnaces and process 

heaters.  

Chapter 5 

The aerodynamics results obtained for different Grid Mix geometries of flame 

stabilisers for low NOx gas turbine combustion are presented. The fuel injection 

location internally in the Grid Mix design was a key variable investigated.  The 

study was carried out using RANS simulation with no combustion. 

Chapter 6 

Mixing, combustion and NOx results for existing technologies of Grid Mix flame 

stabilisers are investigated using RANS CFD. Variations of the geometries are 
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also presented, evaluating and comparing different methods of fuel injection 

and the different applications of GM (Grid Mix) in hydrogen combustion.   

Chapter 7 

The experimental results obtained for three different models of domestic fires 

are presented. In addition, the simulation results obtained for one of the fires 

are also presented, where different fuel hole shapes are evaluated and 

compared for temperature distribution and NOx.  

Chapter 8 

General conclusions and future work are presented.  
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Chapter 2. LITERATURE REVIEW 

2.1 Nitrogen oxides (NOx) emission types  

Nitrogen oxides or NOx  (NO + NO2) are a group of gases formed mainly from 

fossil fuel combustion. The nitrogen in the fuel reacts with oxygen to form 

nitrogen oxide (NO) in the first instance, which is later converted to nitrogen 

dioxide (NO2) when it meets the air in the atmosphere. Both oxides are toxic; 

NO2 is a dangerous respiratory poison and, when reacting with VOC by using 

daylight [59] , contributes to photochemical smog formation, a secondary 

greenhouse gas that is the main compound of ozone (O3) [60] . Murray et al [82]  

was a pioneer in measuring NOx in the stratosphere aided with infrared 

spectroscopy. In 1970 it was discovered that O3 was destroyed in the 

stratosphere by nitrogen oxides [83] . NO is the main gas emitted from gas 

turbines, although there are routes in the flame to convert NO to NO2, which 

involves the HO2 radical, in the main NO2 in the atmosphere is formed by 

reaction of NO with ozone [84] . This leads to depletion of O3 in the lower 

atmosphere. In atmospheric air quality monitoring this can be seen through 

low O3 in the morning as traffic emits NO which consumes O3 as it is converted 

to NO2. Later in the day the NO2 reacts with VOCs in the presence of sunlight to 

reform ozone. 

 ὔὕ ὕ ᴼὔὕ ὕ  

ὔὕ ὕᴼὔὕ ὕ  
(1) 

Resulting in ὕ ὕᴼςὕ  [83], [85]  

NOx is the sum of NO and NO2 as potentially all the NO will end up as NO2. 

However, it is only NO2 that is a health hazard. In NOx measurement the 

chemiluminescence analyser has a catalyst that converts NO2 to NO so that the 

total NOx can be measured, as well as the NO separately, by bypassing the 

catalytic converter. 

When any NOx compounds react with ammonia and are mixed with water, they 

create nitric acid (HNO3) [61] , which forms the phenomenon known as acid 

rain. The other component of aid rain is sulphuric acid from sulphur dioxide 

(SO2) emissions, which are negligible in NG fired CCGTs as there is no sulphur 

in the fuel. Acid rain acidifies bodies of water,  deteriorates ecosystems,  and 

results in economic losses due to infrastructural damage [86]  .  

There are three types of nitrogen oxide emissions: Thermal NOx, prompt NOx, 

and fuel NOx [87] .  
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In most gaseous and liquid fuels thermal NOx is the primary source of NOx since 

it is created in high-temperature regions above 1800K. It Is created by the 

reaction of nitrogen and oxygen by Equations 6-8 [87] . To minimize the 

thermal NOx formation, it is usual to reduce the flame temperature, but reduced  

O2 using EGR is also helpful [88] .  

Fenimore first discovered Prompt NOx in 1970 when studying laminar 

premixed ethylene-air flames [89] . The source of this NOx remains after 

thermal and fuel bound nitrogen are eliminated in the combustion. For lean 

well-mixed combustion, it is usually less than 5 ppm [90] .  Fenimore recognized 

this NOx was due to the atmospheric nitrogen reaction with combustion 

hydrocarbons radicals arising in the initial stages of combustion  following the 

next mechanism [91]: 

ὅὌ ὔ ᴼὌὅὔὔὔ ὕὌO ὔὕ Ὄὔ ὕ

ᴼὕὌὅὔὕ ᴼὔὕ ὅὕ Ὄᴂ 
(2) 

This mechanism does not depend on temperature and it becomes significant 

when thermal and fuel NOx have been removed. Which makes this kind of NOx 

rather important since it is the cause to avoid reaching zero NOx values.   

Fuel bound nitrogen (FBN) or Fuel NOx needs the fuel to contain organic 

nitrogen compounds like pyridine or NPAH. Almost 100% efficiency is reached 

when converting fuel bound nitrogen to NO for lean mixtures, and this can be 

avoided using rich/lean combustion as in rich zones the FBN is converted to N2 

[87] . 

There are some similarities and differences between these three types of NOx 

sources described by Toff in 1986 and whose model can predict the different 

NOx emissions from combustion turbines [92] . The present work did not use 

any fuels with FBN and so FBN NOx was ignored. 

Nitrogen oxides emissions are given in mg/Nm3. However, legislators first 

require NOx to be converted into a reference O2, which removes part of the 

actual emissions mass, as shown in Equation (3). Therefore, these new 

corrected NOx levels are not the whole mass passing though the flue. 

 

 ὔὕ ὔὕ ὴὴά
ȢϷ   

ȢϷ Ϸ 
  (3) 

Gas turbines work at an O2 reference level of 15%, whilst furnaces operate at 3-

6% using oil, coal, or natural gas. 

 Some burners and domestic boilers work at zero oxygen levels. 
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 2.1.1 Thermal NO x kinetics.  

The main objective of ultra-low NOx gas turbine combustor designs is to 

eliminate thermal NOx, which is achieved by burning lean with well-mixed fuel 

and air.  Thermal NOx is determined by the Zeldovich mechanism [93] . Where 

Equation (4) is the dominant reaction and Equation (6) corresponds solely to 

rich mixtures, so it can be avoided in low lean NOx [94] . More detail on this 

mechanism can be found in the works of Lefebvre and Siegel [95], [96] . 

  .  /  ./  .        (4) 

Ὧ ρȢψὼρπ  ÅØÐ σψσχπȾὝ 

  .  /  ./  /      (5) 

Ὧ ρȢψὼρπ  ὝÅØÐτφψπȾὝ 

.  /(  ./  (   (6) 

Ὧ χȢρὼρπ  ÅØÐ τυπȾὝ 

The thermal NOx creation rate goes up exponentially as temperature increases. 

Some oxygen is required to generate NOx and this results in NOx formation 

peaking at an equivalence ratio of about 0.9 [92] . Combustion is always lean in 

gas turbines, and NOx should not be created at firing temperatures less than 

1800K [62] . It can be seen in Figure 2-1 that thermal NOx is less than 10ppm at 

2000K and less than 1ppm at 1800K, considering a typical 5ms of residence 

time [94] .  

 

Figure 2-1. Thermal NOx as a function of the flame temperature for residence 

times 5, 10 and 20ms. NOx ppm corrected to 15% oxygen. Calculations at 623K 

air temperature at 12.3 bar, typical industrial gas turbine conditions[97] .  
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It is possible to achieve this single digit NOx for burner temperatures up to 

2000K, which is the operational temperature of  J class gas turbines, for which a 

lean low NOx combustor design should be possible but is not offered by the 

manufacturers MHI. Thick, turbulent flames are characteristic of lean low NOx 

combustion, and the heat release usually occurs over about one third or a half 

of the burner length.  

Residence time for thermal NOx is the time after combustion finishes, after heat 

release is complete. Low NOx  lean combustion zones have a long flame 

development with a thick flame which for a fixed length combustor leaves a 

small residence time in the burnt gases for thermal NOx to be generated. On the 

other hand, this is a drawback for prompt NOx formation because prompt NOx 

occurs in the flame development region [93] .  

2.2 Low-NOx technologies  

2.2.1 Principles for low NO x 

Some important  principles for obtaining the lowest NOx will be summarised in 

the following lines[93] : 

¶ In gas turbine combustors, all the combustion air must pass through the 

ÆÌÁÍÅ ÓÔÁÂÉÌÉÓÅÒȢ 4ÈÉÓ ÍÅÁÎÓ ÔÈÁÔ ÔÈÅÒÅ ÉÓÎȭÔ ÄÉÌÕÔÉÏÎ ÏÒ ÃÏÏÌÉÎÇ ÁÉÒȟ ÁÎÄ 

just a little amount of air has to be used to cool blades. Moreover, the 

primary zone must be stable at the overall equivalence ratio.  

This will allow the flame stabiliser flow area to be larger than designs that do 

not meet this requirement, considering the same pressure loss. 

There must be continuous cooling regeneration in the combustor, with a low-

pressure loss, by first cooling the outer wall with the combustor air.  

¶ Future high compression rate engines must be used considering outlet 

temperatures at 750-1000k.  

¶ Pressure does not influence NOx emissions for lean well-mixed mixtures, 

and then it is possible to work with atmospheric pressure. 

¶ There will be flashback and auto-ignition problems and low calorific 

value compatibility designs for future liquid fuel. These issues can be 

solved if no conventional premix passage is employed. This 

characteristic also avoids any acoustic matter. Finally, low NOx through 

direct fuel injection into the shear layers can obtain a good mixing [98] . 

¶ The flame stabilizer should reach a weak extinction similar to or better 

than the fundamental flammability limit. In other words, the stabilizer 

has to operate at a temperature not less than 1500K. Unfortunately, it is 
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not common to achieve this requirement, and just a few systems can do 

it  [99] . 

¶ A fuel pilot cannot be used if the requirement is ultra-low NOx levels. 

However, this can be useful for lower powers. 

¶ It is compulsory to achieve better than 10% of unmixedness for a fuel-

air mixture, where the main heat release occurs in the flame instead of 

the outlet of the mixing duct. It is possible to employ the shear layer 

turbulence to mix the fuel and air. 

Over the last 40 years, the combined cycle gas turbine (CCGT) power 

generators have reduced their CO2 levels and improved their thermal efficiency 

by increasing the turbine entry temperature (TET), as shown in Table 2-1 [30], 

[100]ɀ[102] . This table illustrates the development of the primary zone for low 

NOx combustion for a TET of 1800K, at which all the combustion air should 

enter the primary zone with no film cooling or dilution zone [87] . For higher 

entry temperatures, two techniques have been developed for NOx control: The 

use of axial staged fuel injection described in 2.2.3 and firstly studied by Willis 

et al. [103] , Okuto et al. [104]  and applied in the GE DLN 2.6 [105] ; and the use 

of external EGR  as explained in 2.2.4. However, an increasing turbine inlet 

temperature has been needed for the reduction of CO2 levels and to improve 

thermal efficiency, which makes achieving ultra-low NOx1 levels even harder.  

Table 2-1. CCGT combustor conditions for different turbine classes for a 
primary zone at 1800K. [30], [100] ɀ[102]  

Class 
First  

Year 
~TET 

CCGT 

ʂϷ 

Primary 

Mref  

Primary 

airflow 

% 

Primary  

MW/m 2bar  

D 1965 ~1300K 48 0.025 50 7.5 

E 1972 ~1500K 52 0.03 60 12 

F 1986 ~1600K 56 0.04 80 18 

G 1998 ~1700K 58 0.045 90 22 

H 2004 ~1800K 62 0.05 100 28 

J 2010 ~1900K 64 0.05 100 30 

 

 

1  Ultra low NOx levels are less than 10ppm at a corrected 10% oxygen level. 
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2.2.2 Rich-lean combustion  

The difference between gas turbine burners and process /  domestic heaters is 

the operating equivalence ratio and the total excess oxygen level at which they 

run [106] . The turbine components affect the gas turbine's high temperatures, 

which must be considered in the design.  A gas turbine burner operates well 

under stoichiometric conditions, and well-mixed lean combustion requires low 

NOx. Well-mixed lean combustion will result in high NOx levels under process 

conditions. Process burners ÃÁÎȭÔ be operated under lean conditions since the 

overall thermal efficiency gets compromised. In contrast, running a gas turbine 

combustor at stoichiometric or richer conditions would give better thermal 

efficiency than lean operation, but this could also result in very high 

temperatures, leading to blade melt-up.  

 For these reasons, advances in gas turbines are highly related to the firing 

temperature. Figure 2-2 shows the equilibrium  NOx and adiabatic flame 

temperature for a methane mixture as a function of the equivalence ratio for 

gas turbines operating at different inlet air temperatures. The peak NOx is 

reached at Ø=0.85-0.9. As previously stated, the highest NOx levels are achieved 

near stoichiometric levels, and ultra -low NOx levels can be obtained running at 

very lean or very rich conditions, as shown in Figure 2-2. However, given that 

the peak adiabatic flame temperature is achieved just above stoichiometric, a 

rich operation would produce very high temperatures. This image also shows 

that peak NOx is not at peak temperature since oxygen is needed to achieve the 

peak NOx.  

 

Figure 2-2. Equilibrium  NOx and adiabatic flame temperature vs equivalence 
ratio  for different air temperatures (edited [107] ) 
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In terms of burning design, an increase in the excess air in a flow-mixed burner 

or premixed burners will increase the NOx levels. The peak would be located at 

the well-mixed region for this case scenario. In a process, a burner near 

stoichiometric levels is needed to not compromise the thermal efficiency, which 

changes the burner design [108] . 

Burning the fuel in a rich zone so the organic nitrogen compounds can be 

reduced to N2 and then adding air producing a well-mixed zone is called rich/ 

lean or staged combustion and can help solve problems such as FBN 

formation.[87]  

Domestic fires share the same nature as process burners, and they can be 

treated as such. However, these devices operate at very lean conditions in 

terms of the flue gases, and they usually burn at ambient temperature unless a 

heat recovery system is adapted in contrast to gas turbines which can run at 

variable inlet temperatures thanks to the compressor. This concept is applied 

to a domestic fire appliance in Chapter 7. 

 

2.2.3. Two Staged Combustion (Lean/lean)  

Thermal and prompt NOx dominate the aero-engine fuels[93] . Lean combustion 

in the primary zone and temperatures below 1900K can aid destroy thermal 

NOx. However, this temperature is too high for most civil engines at idle, so 

ultra -low NOx levels are only possible for a well-mixed lean primary zone. A 

lean well-mixed primary zone can help reduce prompt NOx and eliminate 

carbon emissions [108] . To achieve this at high turbine entry temperatures, 

most of the air is needed in the dilution zone, but additional air supply in the 

primary zone.   

A common problem in single-stage well mixed primary zones is that to achieve 

low NOx at high power conditions, the stability gets compromised, and low 

power turn down is usually encountered [108] . 

The technique of axial staged lean/lean combustion has been used by various 

authors. One of the primary examples is the FLOX combustor presented by 

Zenger et al. [109]  (Figure 2-3), which will be described in 2.2.7. The radial 

swirler with vane passage fuel injection by Andrews et al. [108]  is shown in 

Figure 2-4a). Several of the ultra-low NOx process burners of Hamworthy and 

John Zink feature axial staged lean/lean combustion, where the fuel is injected 

in high-velocity air jets penetrating into the flame downstream of the central 

fuel [110] . Commercial combustors brands such as GE [105]  shown in 2.2.6., 

KHI, Siemens [111]   and RR have also used this concept. Figure 2-4b) shows the 
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Siemens fire where the central baffle is, in reality , a cone for the H class gas 

turbine. This baffle keeps the premixed pilot away from the other swirl flow at 

low powers, allowing a richer and hotter zone than the main combustion zone. 

 

Figure 2-3: Lean/ lean stage combustor [109] . 

 

a)      b)  

Figure 2-4. Lean/lean two-stage combustors: a) Zenger et al [109] . b) Siemens 
[57] .                                                

This technology is not only beneficial for the aero-engine sector, but its 

applications in the heating sector like domestic fires or biomass gasification are 

currently being studied in the UK. This concept has also been applied in 

domestic fires in Chapter 7.            
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Figure 2-5. Designs of low NOx combustors from the NASA programme[112]ɀ

[115] .  

The aero-engine Clean Combustor Programme was created by NASA in the 

1970s in which low NOx gas turbine combustor design technology was shown. 

Most of the designs in Figure 2-5 feature axial swirlers featuring lean/lean 

combustion.  Image (a) in that same picture illustrates the high airflow large 

axial swirler can achieve lean combustion by allowing much air supply to the 

primary zone. This design has been applied in some industrial low NOx 

combustion turbines [116]ɀ[118] .     

Figure 2-6 illustrates the lowest NOx emissions published in the literature for a 

gas turbine. These correspond to Leonard and Stegmaier [119] , whose work 

presents the development of a new aero-derivative premixed combustion 

system which reduces NOx emissions by 90% from the original aircraft engine 

system, less than 25ppm each of NOx, CO and  UHC. In their work , recirculation 

increases the concentration of CO2 in the escape gases from 3-4% to 7-8%, 

making the absorption process more efficient and reduces the carbon capture 

plant size required. However, one big issue is the requirement to cool the 

recirculated burnt gases to environment temperature. This process enhances 
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the secondary losses of the cycle.  In some instances, this process is avoided 

[120] . 

 

Figure 2-6. NOx emissions vs flame temperature [119] .  

2.2.4 Internal exhaust gas recirculation (IEGR)  

The introduction to Exhaust Gas Recirculation (EGR) has been required to 

achieve good levels of NOx for the development of gas turbines that work at 

1700°C [101] . An example of this concept can be seen in Figure 2-7.  Internal 

EGR (IEGR) inside the combustor reduces NOx formation. However, this process 

ÄÏÅÓÎȭÔ ÃÈÁÎÇÅ ÔÈÅ ÅØÈÁÕÓÔ #/2 emissions.  FLOX (flameless oxidation) 

technology features high IEGR.  

However, lean burning low NOx gas-turbine combustion is already flameless 

because the temperature of the flames is low and the colour light blue due to 

lean burning. 

The process of flameless oxidation burning was developed for near 

stoichiometric process combustors, for which the presence of high local 

temperatures near stoichiometric allows a very effective reduction of NOx 

emissions by the internal burnt gas recirculation[121], [122] . 

The heat capacity of internal gases in EGR permits the decline of the flame 

temperature. Besides, there is associated air dilution  that allows the O2 to be 

reduced. This can be seen in Figure 2-8, where roughly 20% results in very 

small thermal NOx. 
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Figure 2-7. 1700° C-class  Gas Turbine Combined Cycle (GTCC)  plant with 

exhaust gas recirculation [101] . 

Flue gas recirculation (EGR or FGR) in gas turbines allows air displacement 

while the average operating temperature remains constant for the same power. 

EGR affects flame stability and the increase in equilibrium because both are 

controlled by the equivalence ratio and the mean temperature. The reduction of 

NOx in gas turbines due to external EGR will occur if there is any thermal NOx 

generation through local unmixedness and local near stoichiometric high-

temperature zones. The EGR puts the peak temperature down in those zones; 

thus, the NOx is reduced. EGR possesses the best NOx reduction for both 

premixed and well-mixed gas flames near stoichiometric. Moreover, it has the 

most negligible NOx reduction for rich/lean flames near stoichiometric [62] .  

MHI suppressed NOx emissions in their low NOx combustor using IEGR[123]  by 

recirculating low-pressure exhaust gases from an engine turbocharger outlet to 

a turbocharger inlet after being treated by a scrubber. Figure 2-9 shows a 

diagram of the hydrogen combustor developed by MHI. 

Huber et al. [29]   showed in their NG 44MW Marathon series burners 85 mg/m3 

NOx for 100% fuel. The same burner was used for hydrogen featuring a central 

baffle with eight fuel injection nozzles in the periphery of the baffle. They 

ÔÅÒÍÅÄ ÔÈÉÓ ÐÒÉÎÃÉÐÌÅ ȰÈÏÌÌÏ× ÆÌÁÍÅ ÔÅÃÈÎÏÌÏÇÙȱȢ 4ÈÉÓ ÈÙÄÒÏÇÅÎ ÂÕÒÎÅÒ 

achieved 230 mg/m3 at 3% oxygen for full hydrogen.   



- 35 - 

 

Figure 2-8. Adiabatic flame temperatures with various levels of intake oxygen 

at different fuel-air equivalence ratios [124]   

 

Figure 2-9. Diagram of low pressure IEGR low NOx combustor [123] . 

The ARZ hydrogen burner also presented by Huber et al. [29]  aimed for 173 kW 

achieved NOx levels of 240 mg/Nm3 at 3% O2. This burner featured IEGR at 

13% to reduce the NOx levels to the ones obtained for NG of 70 mg/Nm3.   

 

2.2.5 NOx reduction by impingement  

Another method that studies temperature reduction to achieve lower NOx is 

impingement cooling against a flat wall. This technique cools the flame, which 

allows dropping the NOx levels. The dry-low NOx venturi combustor invented 
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by Walso et al. [125]  featured an air-cooled annular shield to allow air/fuel 

mixing.   

The use of impingement has also been applied for domestic fires, showing that 

impingement against the radiating ceramics aids in the NOx reduction, which 

will be observed in Chapter 7. 

 

2.2.6 NOx reduction by water injection  

Water or steam injection was the first method to control NOx in the combustion 

zone by removing heat from the flame. Injecting water directly into the flame 

creates a heat sink that lowers the flame temperature, reducing thermal NOx 

formation.  

 

Figure 2-10 Effect of water/steam injection over NOx emissions [126]  

Water by fuel ratios (WFR) defines the injection rates. This method adds the 

benefit of increasing gas turbine output since the gas mass flow increases. WFR 

of 1-2 can considerably reduce the NOx emissions, as shown in Figure 2-10. 

However, this process requires large amounts of clean water to avoid corrosion 

in the turbine blades [127] . This method has been used in various works for 

diesel engines [128], [129]  

However, this technology can bring problems such as the increase of fuel NOx. 
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2.2.7 Premixed low -NOx combustion.  

 Premixed combustion occurs when the air and fuel are entirely mixed before 

combustion starts. On the other hand, diffusion combustion is when fuel is 

injected into the air and mix together after combustion [95] . Figure 2-11.  

illustrates the main differences between diffusion and premixed burners. More 

information can be found in the work of Becker and Berenbrink [130] . 

Premixed combustion systems in gas turbines can produce very good 

combustion efficiency and a low amount of pollutants. In addition, these 

systems can improve the combustor exit temperature, which is very useful to 

next-generation high-temperature turbines [21] .  

 

Figure 2-11. Comparison of diffusion and premixed burners considering an 

equivalence ratio of 0.55 [130] . 

 As shown in Anderson's work, the mentioned systems allow optimal 

combustion efficiency and very low NOx emissions [131], [132] . Many authors 

explain the advantages of premixed systems and how it is possible to control 

pollutants' production by using the combustion of lean mixtures of fuel and air 

in the primary zone. To maintain the emissions down the operating conditions, 

it is recommended to use premixed pre-vaporized combustion by using fuel 

staged systems or variable geometry. This controls the reaction zone 

temperature, and primary zone air/fuel ratios can be maintained rich enough 

to prevent flame blowout [133]ɀ[135] . Larry Thomas et al. in 2011  discussed 



- 38 - 

in their work that the Dry Low NOx (DLN) technology has helped to achieve 

one-digit NOx emissions in E-class industrial gas turbines [136] . In Figure 2-12 

the DLN1´s previous and ongoing progression to better NOx levels can be 

appreciated. 

 

Figure 2-12. NOx progression with premixed systems [136] .  

 

2.2.8 Non-premixed low -NOx combustion.  

Non-premixed or diffusion flames produce very low NOx levels for near 

stoichiometric mixtures [105] . In contrast to well-mixed (premixed) 

combustion systems, which have shown to achieve higher levels [62] . Also, 

diffusion ÆÌÁÍÅÓ ÄÏÎȭÔ ÆÅÁÔÕÒÅ ÆÌÁÓÈÂÁÃË ÇÉÖÅÎ ÔÈÅÉÒ ÌÁÃË ÏÆ ÉÎÈÅÒÅÎÔ ÐÒÏÐÁÇÁÔÉÏÎ 

speeds. Hence, non-premixed ignition is used for safety purposes [137] . 

However, the nature of these systems is to operate near the adiabatic flame 

temperature, which can result in high NOx levels unless a diluent is added to the 

flame. [105]   

Various gas turbine technologies featuring diffusion combustion have been 

shown to achieve ultra-low NOx levels, and they have been widely used by some 

important firms. The FLOX  concept mentioned in 2.2.4  [37], [41], [42]  (Figure 

2-13) applied to combustion systems consists of a large central burnt gas 

recirculation zone between an array of air holes placed on a perforated plate. 

The fuel is injected into the central recirculation zone, as shown in Figure 2-14.  

The heat release used in the FLOX burner work was 10 MW/m2bar [101]    



- 39 - 

 

Figure 2-13. FLOX burner with 12 single nozzles. [37]  Edited. 

 

Figure 2-14. CH4 contours obtained with CFD for FLOX burner showing 

recirculating flow [81]  

This technique was developed for process burners that work at near 

stoichiometric regimes where high temperatures are achieved, and low NOx 

levels are produced due to IEGR. For natural gas, NOx levels of 10ppm are 

obtained for mixtures of Ø=0.61 for an adiabatic flame temperature of 1996K, 

as observed in Figure 2-15. 

One of the main characteristics of FLOX designs is that they have widely 

equispaced air jets generating a large recirculation zone in the centre of the 

combustor, allowing the air jets to entrain the most of the recirculation gases. 

These air jets are located close to the combustor wall, so they only entrain air 

below them, which reduces the recirculation mass rate.  

This technology has been studied with Computational Fluid Dynamics to 

improve the combustion characteristics[81] . The FLOX concept is studied in 

Chapter 6 for its application to the technology Grid Mix. 
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Figure 2-15. NOx and CO emissions for FLOX technology for two fuels [41]  

Another example of diffusion flame is the Hitachi cluster nozzle burner. [138]  It  

consists of a series of air holes installed over a thick plate featuring a small fuel 

nozzle in the centre of each air hole, fuelling coaxially to the air jet.  Improved 

mixing enhances the interface distance between the fuel and air with no 

flashback risk due to the nozzles' reduced size. This principle is shown in Figure 

2-16 A). Figure 2-16 B) indicates the NOx ppm for different fuel concentrations,  

the stoichiometric F/A for AHAT systems is 0.017. 

  

  (A)       (B)  

Figure 2-16. (A) Fuel staged cluster nozzle burner of HITACHI in a 3MW Gas 

Turbine. (B) NOx levels at different values of A/F [138] . 

The Micromix burner [139]ɀ[142]  features a low-NOx diffusion flame 

implemented for H2 combustion for a heat release of 15 MW/m2bar.  
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Figure 2-17. Micromix principle showing the recirculation areas inside the 

combustor using CFD (Edited [139], [140] ) 

4ÈÉÓ ÔÅÃÈÎÏÌÏÇÙȭÓ ÐÒÉÎÃÉÐÌÅ ÉÓ ÔÏ ÉÎÊÅÃÔ ÆÕÅÌ ÒÁÄÉÁÌÌÙ ÉÎÔÏ ÔÈÅ ÁÉÒ ÊÅÔÓ ÁÎÄ ÃÒÅÁÔÅ 

large recirculation zones, as shown in Figure 2-17, to enhance the mixing and 

reduce the NOx.  

 Figure 2-18.  shows the NOx emissions for different combustion intensities in 

non-premixed systems. The NOx emissions are presented for a 15% O2 in the 

flue. 

 

Figure 2-18. NOx emissions vs Ø for different combustors configurations.  

[139]  

The hydrogen multi-tube mixer combustor developed by York et al. [43]  

resembles the Micromix since it also fuels radially but at the inlet of an array of 

air tubes placed on a thick plate, as shown in Figure 2-19.  



- 42 - 

 

Figure 2-19. Development and testing of a low NOx Hydrogen Combustion 

System for HDGT [43] . 

This technology benefits from the 7D stabiliser thickness to complete mixing 

and achieve ultra-low NOx levels, showing that a good mixing length before 

combustion aids in NOx production.  

This technology, similarly to the Micromix described previously, features the 

phenomena known as jet in a crossflow which has been widely investigated and 

constitutes an important  area in CFD aerodynamics. 

All the previously mentioned diffusion low NOx technologies feature perforated 

or grid plates to achieve good mixing, hence good NOx levels. This technology 

will be described below 

 

2.2.9 Hydrogen combustion  

Fuel switching from conventional fossil fuels to green hydrogen has shown to 

be a solution for achieving net-zero GHG emissions, and it can be produced by 

electrolysis of water from existing renewable power plants. Various studies 

have shown the advantage of producing hydrogen from electrolysis using wind 

energy [143]ɀ[146] , 

For hydrogen energy storage, electrical power is converted into hydrogen by 

electrolysis. Then the hydrogen energy can be released in a combustor by using 

the hydrogen as fuel [147, p. 12]. 

However, current hydrogen combustion has some drawbacks such as the 

increased NOx production due to the higher peak flame temperature of 

hydrogen combustion on air . The industrial burner manufacturer Walter 

Dreizler GmbH [29]  have shown in their Marathon series burners (up to 44MW 

in size) a NOx increase from 85 mg/m3 for 100% NG to 230 mg/m3 at 3% 

oxygen for 100% hydrogen, a factor of 2.7 increase in hydrogen. This used what 
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they called hollow flame technology, which was a central baffle with eight fuel 

injection nozzles equispaced around the baffle periphery. They also gave 

results for another of their burners, ARZ, for lower powers which for 173 kW 

gave a NOx increase from 70 mg/Nm3 on NG to 240 mg/Nm3 at 3% oxygen on 

hydrogen, which was a factor of 3.4 increase in NOx. They used external EGR at 

13% with the hydrogen burner to bring the hydrogen NOx down to the same 

level as NG.  

Cellek and Pinarbasi  [148]  investigated, using CFD, a low-swirl burner and 

predicted an increase in the mean burner outlet NOx from 50ppm for methane 

to 470 ppm for hydrogen. 

These results show that solving the NOx problem with hydrogen combustion is 

a critical problem area in using green hydrogen for decarbonisation. 

The previously mentioned hydrogen-fuelled Micromix lean burning dry low 

emission (DLE), or dry low NOX (DLN) was the first diffusion combustor using 

only hydrogen fuel [149] . The combustor achieves less than 2 ppm NOx 

corrected to a 15% O2 exceeding the 99% combustion efficiency for gas turbine 

part, full and overload conditions [150] .  This value has been compared with 

CFD simulation using the realizable k- epsilon and eddy break-up turbulent and 

combustion models, respectively, showing close agreement  [151] . 

 

Figure 2-20. NOX comparison for experimental and simulation values for 
Micromix hydrogen combustor [151]  

 The hydrogen burner developed by York et al. [43]  achieves 2 ppm NOx level at 

15% O2 level, as shown in Figure 2-21.  
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Figure 2-21. Flame temperature vs NOx levels for MT mixer [43]  

 

2.2.10 Grid plate  flame stabilisers  

One of the most straightforward designs of low NOx flame stabilizers is a flat 

grid plate with an array of air holes,  in which every independent hole has a 

separate fuel supply.  These technologies, also known as perforated plates, 

generate a shear layer that allows fast fuel and air mixing. 

Anderson was the pioneer in using grid-plate flame stabilisers for premixed 

flames [132] . This author demonstrated for the first time that ultra -low NOx 

emissions can be obtained by lean well-mixed combustion. He showed 6 ppm of 

NOx at 1800K in the combustor exit temperature using a 61 grid plate whose 

pressure was 5.5 bar using 590 and 800 K air temperature and a reference 

velocity of 25 m/s. Supposed gas turbine combustion was working with well 

fuel-and-air mixing and a lean primary zone under the maximum thermal NOx 

formation temperature. 

 Andrews et al. have studied these stabilisers for many years [21]ɀ[25], [87], 

[106], [152] , and they have named them Grid Mix, GM, flame stabilisers [22] . Al- 

Dabbagh and Andrews showed that for radial fuel injection into each air hole 

(GM1), the NOx emissions were as low as any in the literature [22] [87]   for the 

same flame temperature in the range 1400 ɀ 1800K.  Modern direct injection in 

rapid fuel and air mixing flame stabilizers showed to produce ultra -low NOx 

emissions even lower than for premixed combustion, given their capability to 

burn leaner than stable flames. The flame stabilizer geometry also considerably 

affects NOx production, generally due to the prompt NOx created by slow flame 
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development [62] . The turbulence generation by grid plates and its effects on 

NOx was investigated by Phylaktou and Andrews [153] .  

In GM, the fuel is injected directly into the air jet shear layer. The fuel injection 

method for the grid plate air holes studied for Grid Mix 1 and 2 (GM1 and GM2) 

has been experimentally demonstrated for zero-carbon electricity to influence 

flame stability and NOx emissions. The radial inward fuel injection featured in 

GM1 showed lower NOx levels than GM2 but lower flame stability [152], [154]  

and one of the lowest NOx in the literature. This fuel injection method has been 

successfully demonstrated for low NOx burners operated by hydrogen [26], 

[139], [140], [155] . Current high-temperature gas turbines operate at a 

compressor outlet temperature of about 1800K at an overall Ø of 0.58, as 

shown by Ai et al. [30]  by rapidly mixing fuel and air to achieve low NOx. 

However, this restriction challenged the workers, pushing them to use CCGT 

plant using external EGR to help reduce the NOX without passing the inlet 

combustor air through the stabiliser holes. The technologies investigated by 

Andrews et al. [25]  do not need the external EGR, and are operated with inlet 

air at 600-400K, demonstrating 3.5 ppm of NOx at 15% O2 for a set of adiabatic 

mean temperatures of 900-1900K. The internal traverses were taken at 1800K. 

GM1 and GM2 operated for a Mach number of 0.047, at which all the combustor 

air passed through the stabiliser air holes without air cooling. This results in a 

very high combustion heat release at 28 MW/m2bar. Only a few CFD studies 

have been carried out for this combustion intensities, but none at that specific 

heat release, which this thesis investigates. 

The weak extinction Ø was 0.42 for GM1 and 0.20 for GM2.  Directly fueling the 

shear layers improved flame stability, and both technologies could burn below 

the premixed flammability limit . The weak extinction for grid plates used with 

premixed combustion at an inlet temperature of 400K was at 1400K and Ø 

=0.45 for propane/air. The four holes grid plate stabilisers used for premixed 

combustion displayed high-velocity flows and high turbulence in the shear 

layer. This made them impossible to burn lower than the flammability limit of  

Ø =0.45. The flame achieved with GM2 was more stable than the one obtained 

with GM1 since the mixing was better and the higher NOX levels. 

The GM1 technology has been applied by other combustor manufacturers like 

the combustor developed by the University of Aachen and Siemens in 2011 

[139] .  Similarly,  the combustor developed by York et [43] , shown in Figure 

2-19, shares this principle.  
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Figure 2-22. Comparison of NOx corrected to 15% oxygen as a function of Ø  at 

400K [21]ɀ[23]  

GM2 is a practical design for duct combustors like the Oxy-fuel burner 

employed by the Lanemark company [156] .  

 The NOx emissions for these types of fuel injections can be viewed in Figure 

2-22, which compares premixed systems and other non-premixed technologies 

explained before.  

Despite the experimental studies available for the different fuel injection 

methods, no study has been developed comparing them, and GM has never 

been studied for hydrogen combustion. 

 Figure 2-23 shows some grid plate designs that have achieved lower NOx levels 

and better flame stability than premixed combustion showing only round hole 

configurations. [93] .  
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Figure 2-23. Plate stabilizer geometries [157]  

 

 

Figure 2-24. Emission measurements for different grid plates [158] .  

Figure 2-24 shows NOx, CO and HC emissions as a function of the Ø for propane 

and some flame stabilizer geometries, from the work of Roffe and 

Venkataramani [158]  considering the following conditions: a  pressure of 10 

bar and 800K, a reference Mach number of 0.044,  reference velocity of 26 m/s, 

and a combustor length of 300 mm. The upper set of images of this figure 

shows 80% blockage, translated into a high-pressure loss of the stabilizer. 

Meanwhile, the lower set illustrates low-pressure loss due to 70% blockage.  

A set of experiments was made by Al-Dabbagh and Andrews in 1984 [25]  to 

achieve ultra-low NOx levels by comparing different combustor stabilizer hole-

shapes with circular holes at 740 and 600K. This showed that slot-shaped holes 

can produce lower NOx emissions than circular holes due to the higher 

turbulence. Figure 2-25 illustrates the compared designs. 
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Some techniques featured in low NOx gas turbine primary zones with good 

flame stability were developed by Andrews et al. in 1992. These techniques use 

fuel injection into the base of the shear layer, demonstrating that low NOx 

emissions can be achieved for non-swirling jet shear layer systems for gas and 

liquid fuels [159] .  

 

 

Figure 2-25. Four hole Grid Mix air jet configuration and jet shear layer hole 

shapes 

Similarly, low NOx emissions have been proved for swirl stabilised systems, as 

mentioned in Alkabie and Andrews's work, where no influence of the swirler 

expansion ratio D/d was encountered for the weak extinction [160] . In 

contrast, fluid dynamics of non-circular jets, with and without combustion, 

were investigated by Schadow and Gutmark [161] , showing improvements in 

jet mixing relative to round jets, given the additional small scale turbulence at 

the edges of the jets. 

 

2.2.10.1 Pressure loss in grid plate flame stabilisers  

Two main factors influence the pressure loss along a combustor according on 

Walsh and Fletcher [162]Ȣ  4ÈÅ ÆÉÒÓÔ ÉÓ ÔÈÅ ȰÃÏÌÄ ÐÒÅÓÓÕÒÅ ÄÒÏÐȱ ÄÕÅ ÔÏ ÔÈÅ 

ÂÕÒÎÅÒȭÓ ÂÌÏÃËÁÇÅ, measured as a percentage of the inlet pressure (ЎὖȾὖϷ ). 

The second factor is due to the heat release in the combustion zone, commonly 

known ÁÓ ȰÈÏÔ ÐÒÅÓÓÕÒÅ ÄÒÏÐȱȢ 5ÓÕÁÌÌÙȟ ÇÁÓ ÔÕÒÂÉÎÅ ÃÏÍÂÕÓÔÏÒÓ ×ÏÒË for a cold 

pressure drop of 4 to 6% of the initial pressure [157] , although some other 
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combustors work at higher pressure losses. Although the pressure loss can be 

seen as a disadvantage for the combustor, since it gives a high fuel consumption 

due to the reduction in the cycle network, it is also essential in the performance 

of the combustion of the fuel-air mixture. This is achieved by adding enough 

turbulence to the air/fuel mixture to achieve high-intensity combustion. An 

increase in pressure loss along the air holes or a smaller number of holes allows 

a good mixture of the combustion products with air in the dilution zone  [157] . 

 Some factors affecting the pressure loss for grid plate stabilisers [163]  (orifice 

and perforated plates) are listed below: 

¶ The Reynolds number affects the separation of the fluid in the upstream 

face of the orifice creating a small jet [164] . When the velocity increases, 

the jet contracts to a limited cross-ÓÅÃÔÉÏÎÁÌ ÁÒÅÁ ËÎÏ×Î ÁÓ ȰÖÅÎÁ 

coÎÔÒÁÃÔÁȱȟ ÁÎÄ ÉÔÓ ÒÁÔÉÏ ÔÏ ÔÈÅ ÁÒÅÁ ÏÆ ÔÈÅ ÏÒÉÆÉÃÅ ÉÓ known as the 

contraction coefficient CC. This flow expansion due to the vena contracta 

is the main pressure loss factor. The orifice length affects the 

reattachment of the fluid to the orifice wall when expanding from the 

vena contracta [157] . 

¶ 0ÏÒÏÓÉÔÙ ÏÒ ÆÌÏ× ÒÅÓÔÒÉÃÔÉÏÎ ɼȢ  4ÈÉÓ ÆÁÃÔÏÒ ÉÓ ÅØÐÒÅÓÓÅÄ ÁÓ ÔÈÅ ÒÁÔÉÏ ÏÆ ÔÈÅ 

open area to the duct area. It mainly influences the discharge 

characteristic by highly affecting the contraction coefficient CC. This has 

been proven theoretically for a sharped-edge orifice plate [165]  and 

experimentally [166], [167] .  

¶ Orifice thickness/Diameter ratio (t/D): The fluid features rely on 

whether the free shear layer created in the orifice inlet keeps away from 

the orifice wall or if it reattaches to it. Both cases are the limit flow 

conditions of thin orifices. 

¶ Compressible flow. When the maximum pressure ratio value along an 

orifice is achieved, the pressure reductions at the opposite side of the 

pressure do not increase the flow discharge. This is not the case for 

orifice plates since the mass flow at the idle keeps increasing even 

though the back-pressure decreases and the size of the vena contracta 

ÉÎÃÒÅÁÓÅÓ ÕÎÔÉÌ ÉÔÓ ÁÒÅÁ ÉÓ ÔÈÅ ÓÁÍÅ ÁÓ ÔÈÅ ÏÒÉÆÉÃÅȭÓ ÁÒÅÁȢ 

¶ Discharge coefficient CD: In a constriction such as a nozzle the discharge 

coefficient (CD) is the ratio of the actual discharge to the theoretical 

discharge for a fluid flow  Studies have shown how the discharge 

coefficient is affected by non-uniform approach velocity profiles [168] . 
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All the flame stabiliser geometries previously mentioned exhibit an airflow in a 

pipe of area A1, a total open area in the grid plate A2 and a downstream 

combustor area A1Ȣ  4ÈÅ ÐÒÅÓÓÕÒÅ ÌÏÓÓȟ ɝ0Ⱦ0 Ϸȟ ÉÓ regulated by A2 through the 

orifice plate flow, ÁÎÄ ×ÈÅÎ ÄÅÒÉÖÉÎÇ ÆÒÏÍ "ÅÒÎÏÕÌÌÉȭÓ ÅÑÕÁÔÉÏÎ [169] ,  it can be 

expressed as in Equation (7) 
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7ÈÅÒÅ ʍ ÉÓ ÔÈÅ ÕÐÓÔÒÅÁÍ ÁÉÒ ÄÅÎÓÉÔÙ ÏÆ the grid plate, expressed in kg/m3. 

The aerodynamics downstream of the combustor is crucial for predicting the 

discharge coefficient CDȢ  )Æ  ʍ ÉÎ %ÑÕÁÔÉÏÎ (7) is replaced by the gas law [170], 

ʍЀ0Ⱦ24ȟ ÁÎÄ ÔÈÅ ÖÅÌÏÃÉÔÙ ÉÓ ÒÅÐÌÁÃÅÄ ÂÙ ÔÈÅ ÒÅÆÅÒÅÎÃÅ -ÁÃÈ ÎÕÍÂÅÒȟ -1 = U1 / 

(ɾRT) 0.5 [171] , then the pressure loss can be expressed as in Equation (8) 
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Where M1 is the reference Mach number for the combustor area A1, and M2 

corresponds to the Mach number of the mean flow in the grid plate air holes. It 

can be deduced from Equation (8) that the pressure loss is a function of the 

reference Mach number, M1, discharge coefficient in the grid plate, CD and the 

ratio of the combustor pipe area A1 with  the open area of the grid plate A2. The 

stabiliser blockage can be expressed as 1 ɀ A2/A 1. Hence, the Mach number 

must be held constant to predict pressure loss, and the inlet temperature can be 

ignored.      

In some works, experimental data of pressure loss has been expressed in terms 

of the K factor, as shown in Equation (9):, such as the work of Ward-Smith for 

orifice pressure loss of various geometries [164] .  
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When using Equation (7) ÁÎÄ ÅØÐÒÅÓÓÉÎÇ ÔÈÅ ÍÁÓÓ ÆÌÏ× ÒÁÔÅ ÁÓ ʍ51A1 then, the 

K1 factor is directly related to CD, as in Equation (10). 
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Similarly, if the pressure loss factor is expressed in terms of the mean velocity 

in the grid plate holes, U2, then: 

 ὑ
ρ

ὅ
 (11) 
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The area ratio in Equation (10) can be replaced with the flame stabiliser 

ÂÌÏÃËÁÇÅ ɼ, as shown in Equation (12) 

 ‍ ρ
ὃ

ὃ
 (12) 

As previously mentioned, the pressure loss in grid plate flow is controlled at the 

sharp-edged inlet of the orifice by flow separation. The separated flow creates a 

vena contracta with a smaller flow area than the hole, where the ratio of this 

vena jet diameter to the hole diameter is the contraction coefficient, CC. The 

flow expansion from the vena contracta to the downstream combustor 

diameter creates pressure loss.  

If A1 is higher than A2, a deduction can be made from the ideal flow theory that 

CC = 0.61.  If A2 is smaller than A1, then  CD = CC  [172] .  

If  Equation (11) is applied to this, then K2 can be related to Cc as in Equation 

(13). 
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CC and CD can be related by Equation (14).  
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If the area downstream of the combustor was more significant than the 

upstream, then A1 in the above equations would be replaced by A3, which is the 

most usual configuration in furnace burners. 

 A significant influence exists between the upstream pipe area A1 and the orifice 

area A2, given that A2/A 1 corresponds to CC. This has been shown by ideal fluid 

flow theory for the given values in Table 2-2. The most quoted value in most 

dynamic textbooks for an orifice with a differential area in a large downstream 

pipe is CC = 0.611. This value was first computed by Kirchhoff [173] . The rest of 

the calculations were extended by Von Mises, considering the upstream pipe 

size and the dependence of CC on A2/A 1. For burners with a pressure loss of 2-

4%  and a Mach number M1 = 0.047, the range of A2/A 1 is from about 0.26  to 

0.18. Table 2-2 shows a Cc of about 0.65 with a CD from Equation (14) for A2/A 1 

of 0.26 of 0.782. 

A2/A 1 0 0.04 0.09 0.16 0.25 0.36 0.49 0.64 

CC 0.611 0.616 0.622 0.631 0.644 0.662 0.687 0.722 

Table 2-2. Influence of A2/A 1 on the contraction coefficient CC [173]  for a 

sharp-edged orifice. 
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Most data on orifice plate pressure loss is available for a very thin plate with a 

sharp-edged. Hence there is an important impact of the hole thickness to hole 

diameter ratio on CD. Ward-Smith [164]  has correlated in Equation (15) data in 

the literature for orifice plate pressure loss factor K as a function of t/d.  
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CC is also a function of t/d.  As mentioned before, Phylaktou and Andrews [153]  

showed that an energy balance between the pressure loss and the turbulent  

kinetic energy for sharp-edged grid plates and experimental data for turbulent 

kinetic energy in the literature allowed to obtain Equation (16) for the 

ÔÕÒÂÕÌÅÎÔ ÍÅÁÎ ÆÌÕÃÔÕÁÔÉÎÇ ÖÅÌÏÃÉÔÙȟ Õȭȡ 
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 Equation (16)  illustrates the effect of the discharge coefficient and the 

upstream K factor in the produced turbulence downstream of the grid plate.  

The reference Mach number, M1, is related to the heat release (MW) per cross-

sectional area, A1, per bar by  [87] : 
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where S corresponds to the stoichiometric A/F by mass 

CV represents the calorific value of the fuel, MJ/kgfuel 

Showing that the heat release is directly proportional to M1. 

10 MW/(m 2bar) corresponds to M1=0.025 if CV=50 MJ/kg and the flame 

temperature is 1800K (Ø=0.5 if T=700K).  

All these equations are also valid for calculating fuel injections for burner 

design. 

 

2.2.11 Pressure dependence of NOx 

There are some main independent characteristics for any combustion chamber 

design to consider. Some are residence time in the combustion chamber, mean 

air velocity and pressure loss. The residence time, as explained, is a direct 

function of the total length of the combustor and the reference velocity. The 

pressure loss is a function of the reference velocity and the inlet temperature. 
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Gas turbine combustors operate at high pressure, usually at 20 bar in power 

generation industrial gas turbines and approximately 60 bar in aero gas 

turbines [174] . Moreover, spark ignition and diesel engines operate up to 100 

bar in the combustion zone. Pressure influences thermal NOx creation close to 

the stoichiometric region, and experiments [174]  show that its kinetics have a 

square root  P0.5 dependence on pressure at the same peak flame temperature.  

This is because of the O20.5 term in thermal NOx overall rate of formation as 

shown in Equation (18) : 

 ὔ  ὕ  ὔὕ  ὔ ὥὲὨ ὕ   ὕ Ȣ (18) 

The peak temperature is enhanced with pressure because products tend to 

dissociate at high pressure. Therefore, to eliminate thermal NOx, the pressure 

dependence of NOx must be eliminated. This is done by mixing air and fuel well 

and a primary zone temperature less or equal to 1950K. Generally, the reason 

to work low NOx burners at high pressure is because of NOx dependence on 

pressure. Nevertheless, this is very expensive, and there are some doubts 

regarding the impact high pressure has upon lower NOx emissions. The 

approach that many industrial turbines manufacturers use is that if at 1 bar of 

pressure, Á ÆÌÁÍÅ ÓÔÁÂÉÌÉÚÅÒ ÄÅÓÉÇÎ ÄÏÅÓÎȭÔ ÇÉÖÅ ÌÏ× ./x values, this will not give 

them at higher pressures. Hence, the combustor work can be done at 

atmospheric pressure. However, combustion efficiency may be poor in low NOx 

combustion tests carried out at atmospheric pressure, mainly using liquid fuels 

[62] . 

 

2.2.12 Ultra -low NOx levels by working at the lean flammability limit  

One of the main considerations for achieving low NOx levels in gas turbine 

combustion is to operate at lean levels, preferably at equivalence ratios below 

0.6 [95] . 

The zone where the flow velocity is higher than the turbulent burning velocity 

is where the weak extinction occurs. Knowing this is useful for measuring the 

mean turbulent burning velocity and comparing it with experimental results. It 

is uncommon for low NOx combustion systems manufacturers to publish weak 

extinction data. However, the flame chemistry creating the weak extinction is 

responsible for achieving low NOx levels without creating acoustic problems, 

which is a big problem in almost all well mixed low NOx gas turbine 

combustors. These problems can often occur at an equivalence ratio of 0.65 

approximately. Therefore, the laminar flame lean flammability limit has to 

establish the ultimate condition for weak extinction in premixed flames.  It is 
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called the critical flame temperature to temperature of an adiabatic flame of the 

lean flammability limit. In the work of Andrews [99]  the Gaseq flame equilibria 

code was considered at an initial temperature of 293K and 1 bar of pressure. 

Table 2-3 illustrates some calculated lean flammability limits considering 

methane and propane at different temperatures. 

Table 2-3. Influence of inlet temperature on lean flammability for various 
critical flame temperatures for methane and propane [99]  

Inle t temp  

(K)  

1400K  1450K  1500K  1550K  1600K  

Methane  

300 0.48 0.5 0.52 0.55 0.58 

400 0.43 0.45 0.48 0.5 0.53 

500 0.39 0.41 0.43 0.45 0.48 

600 0.35 0.37 0.39 0.41 0.44 

700 0.32 0.34 0.36 0.38 0.4 

800 0.27 0.3 0.32 0.33 0.35 

900 0.21 0.23 0.26 0.29 0.32 

1000 0.17 0.19 0.21 0.24 0.28 

Propane  

300 0.44 0.46 0.49 0.51 0.54 

400 0.4 0.42 0.45 0.48 0.51 

500 0.36 0.38 0.41 0.44 0.47 

600 0.32 0.34 0.37 0.39 0.42 

700 0.28 0.3 0.33 0.35 0.38 

800 0.24 0.26 0.29 0.31 0.34 

900 0.2 0.22 0.24 0.26 0.29 

1000 0.17 0.19 0.21 0.23 0.25 

 

Figure 2-26 shows the design of a multi-tube premixed pilot and how the 

diffusion pilot can be replaced, allowing this to reduce the relationship between 

NOx and lean stability. 
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Figure 2-26. Photographs of a diffusion pilot tip and the multi-tube [27]   

 

2.3 Computational Fluid Dynamics for turbulent combustion  

The main intention of  CFD is to understand the physical behaviour of fluids 

interacting with different objects. This behaviour is created through the effect 

of some phenomena such as turbulence, slip surfaces, dissipation, diffusion, 

convection, boundary layers and shock waves. Navier-Stokes equations govern 

these phenomena in the fields of aerodynamics. However, some of the 

fundamental characteristics of these relations are nonlinear, so there is usually 

no analytic solution for them [175] . 

Numerical methods have been used for more than 40 years to solve a variety of 

different problems in some disciplines of engineering using computational 

techniques to solve technical and scientific issues. However, up to date, no 

universal turbulence model clearly explains the concept of the turbulence flame 

available online and in the literature. 

The finite volume method is a numerical method to discretize partial 

differential equations for mass, momentum (movement) and heat transfer 

(called transfer phenomena) equations by considering the conservation laws of 

energy, mass and momentum. This is the foundation of most commercial 

software to solve differential conservation equations. In the scientific 

community, it has been called Computational Fluid Dynamics to solve 

numerically the equations that describe the movement of fluid by using 

computers [176] . 
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2.3.1 Turbulence modelling  for 3D incompressible steady flows  

The concept of turbulence is not fully understood and is considered the least 

resolved problem in physics [177] .  Turbulence models have been created to 

help solve this problem. However, these models have advantages and 

disadvantages, so the user has to choose the one that better adapts their 

problem and discretises between computational time and accuracy level. As 

mentioned before, these models have been developed based on the Navier-

Stokes equations to an extent. However, they also introduce hypothetical 

arguments that require empirical input [177]  

 

2.3.1.1 Reynolds Number  

Turbulence can be determined by the Reynolds number, which is the relation of 

inertia forces that influence a fluid element against viscous forces and  can 

predict whether the fluid is laminar or turbulent by Equation 19: 

 ὙὩ
ὟὈ”

–

ὟὈ

’
  (19) 

Where, U is the flow velocity, D is the section diameter or the characteristic 

ÌÅÎÇÔÈ ,ȟ ʍ ÉÓ ÔÈÅ ÄÅÎÓÉÔÙȟ ʂ ÉÓ ÔÈÅ ÄÙÎÁÍÉÃ ÖÉÓÃÏÓÉÔÙ, ÁÎÄ ʉ is the kinematic 

viscosity.  For practical pipe flow purposes, the flow is laminar if Re is less than 

2000, and if Re is more than 4000, the flow will be turbulent. For those cases 

where Re is between 2000 and 4000, it is impossible to determine the fluid, so 

this zone is called the critical region[178] . Figure 2-27 shows the transition 

from laminar to turbulent flow and the formation of eddies [179] . 

 

Figure 2-27. Free shear flow showing laminar, transition and turbulent phases 

[179] . 
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2.3.2 Transport phenomena.  

Three main topics are included in transport phenomena: fluid dynamics, heat 

transfer, and mass transfer. The first one deals with the transport of 

momentum. Heat transfer involves energy transport, and mass transfer is 

focused on chemical species [180] .  The fluid is considered as continuum, and 

for the analysis of fluid flows at macroscopic length scales (usually larger than 1 

µm) the molecular structure of the matter and molecular changes in space can 

be disregarded [181] . 

 

2.3.2.1 Mass conservation  

The equations o mass conservation (continuity equation) and momentum 

conservation describe the problems of relevance to the viscous flow of an 

isothermal flow. These equations are commonly called equations of change 

since they describe the change of temperature, velocity or concentration with 

respect to time and position within the region W. 

In the Eulerian frame, the mass conservation theory must be made for a general 

region that is steady in space by considering the mass fluctuations in this region 

and the mass exchange between inside and outside of it.  The conservation of 

mass demands that for any region W, which is fixed and within the material 

movement region, there must be a balance between the mass exchange rate 

contained in this region and the mass exchange rate through the boundary of 

itself [180] . 

Mass exchange rate contained in 

the W region 

 

= 

Mass exchange rate between the 

inside and outside W 

Then, in the Eulerian frame for  any Newtonian and non-Newtonian fluids, 

steady or non-steady, compressible and incompressible, and one and three 

dimensional flows the equation of continuity on vector notation is [180] : 

 Ћʍ

‬ὸ
Ͻɳ”ὺᴆ (20) 

The physical interpretation for both terms involving Equation (20) states that 

ÔÈÅ ÆÉÒÓÔ ÅÌÅÍÅÎÔ ɉЋʍȾЋÔɊ ÒÅÐÒÅÓÅÎÔÓ ÔÈÅ ÒÁÔÅ ÏÆ ÃÈÁÎÇÅ ÏÆ ÔÈÅ ÃÏÎÔÁÉÎÅÄ ÍÁÓÓ 

ÉÎÔÏ Á ÖÅÒÙ ÓÍÁÌÌ ÖÏÌÕÍÅ ÅÌÅÍÅÎÔ ÆÉØÅÄ Ћ6ȟ ÐÅÒ ÖÏÌÕÍÅ ÕÎÉÔȢ /Î ÔÈÅ ÏÔÈÅÒ ÈÁÎÄȟ 

the second term  Ͻɳ”ὺᴆ is the net rate of mass efflux (or divergence), by time 

and volume units. The continuity equation states simply that the rate of 
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increase of density within a differential volume element fixed in space is equal 

to the net rate of mass influx to the element divided by its volume. 

For an incompressible flow (steady or unsteady) the density is not function of 

space or time , so it can be disregarded as follows 

Ћʍ

‬ὸ
π (21) 

Ͻɳ ὺᴆ π (22) 

However, the assumption of incompressibility does not impact the time 

dependence of the velocity. 

 

2.3.2.2 Momentum conservation.  

.Å×ÔÏÎȭÓ 3ÅÃÏÎÄ ÌÁ× ÏÆ ÍÏÔÉÏÎ ÓÔÁÔÅÓ ÔÈÅ ÍÏÍÅÎÔÕÍ ÐÒÉÎÃÉÐÌÅ ÆÏÒ Á ÃÏÌÌÅÃÔÉÏÎ 

of particles which establishes that the time rate of change of the total 

momentum of a given set of particles is equal to the vector sum of all the 

external forces that are acting on each particle of the group [182] . The law of 

conservation of momentum is written below. 

Rate of 

Momentum 

Accumulation 

 

= 

 

Rate of 

Momentum  

In 

 

- 

 

Rate of 

Momentum  

Out 

 

+ 

 

 

Sum of Forces 

Acting  

on the Control  

Volume 

The general for of the momentum equation is given by: 

 ”
Ὀὺᴆ

Ὀὸ
 ​ὖ ​Ͻ†ᴆ  ὴὫᴆ (23) 

Where the first term is the mass per unit volume times the acceleration. The 

second term are pressure forces on element per unit volume. The third term 

are the viscous forces on element per unit volume. The forth term are the 

gravitational forces on element per unit volume.  Equation (23) is valid for any  

continuous medium, compressible or incompressible, steady or time-

dependant, Newtonian or non-Newtonian. 

Expressed in this form the equation of motion states that a differential element 

in movement with the fluid is accelerated due to the forces acted upon it. Or 

.Å×ÔÏÎȭÓ ÓÅÃÏÎÄ ÌÁ× of motion.   

ὪέὶὧὩίάὥίί ὼ ὥὧὧὩὰὩὶὥὸὭέὲ 

The momentum equation in three components including the Reynolds stresses 

are given in Appendix A.1 
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For incompressible flow the general vector form for three component is  

”
Ὀὺᴆ

Ὀὸ
 ​ὖ ‘​ὺᴆ  ὴὫᴆ (24) 

Which is the Navier Stokes equation first developed in France in 1822 and 

applies to Newtonian and non-Newtonian fluids, with constant density and 

viscosity. 

 

2.3.2.3 Conservation of Energy.  

It is usual that during combustion problems such as furnaces, power plants etc., 

fluid flows involve heat transfer, so to study them, it is necessary to obtain 

information about velocity and temperature distribution. The law of 

conservation of energy is derived from the first law of thermodynamics applied 

to a control volume. This can be seen as: 

Rate of 

increase of 

energy of fluid 

particle 

= Total rate of heat added 

to fluid particles  

+ Total rate of work made 

on fluid particles 

Sometimes it is common to describe the energy of a fluid as the sum of internal, 

or thermal, energy i , kinetic energy  ό ὺ ύ   and gravitational 

potential energy. The energy conservation of the fluid particle is described by 

equating the rate of change of energy of the fluid particle to the sum of the net 

rate of work done on the fluid particle, the net rate of heat added to the fluid 

and the rate of increase of energy due to sources.  

So that the energy equation can be expressed as [183] : 

 ‬

‬ὸ
”Ὗ Ͻɳ”ὺᴆὟ Ͻɳή Ͻɳὺᴆὖ Ͻɳ†Ͻὺᴆ  (25) 

Where U is is the interal energy per unit mass of the fluid. The first term in 

Equation (25) is the rate of gain of energy. The second term is the rate of 

energy gain by convection by unit volume. The third term is the rate of energy 

gain by conduction by unit volume. The fourth term is the rate of work done on 

fluid by pressure forces by unit volume. The fifth term is the rate of work done 

on the fluid by viscous forces by unit volume. 

For incompressible flow where i=cT, where c represents the specific heat and ɳϽ 

v ᴆ=0, the energy equation can be expressed in temperature terms as:  
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(26) 

Where Si is the internal energy expressed as Si = SE ɀ u. SM. More detail can be 

found in Versteeg and Malalasekera [181] . 

2.3.2.4 Chemical Species Conservation equation.  

Mass transport consists of moving a chemical species from a place where 

concentration is very high to another where the amount is low. This occurs in a 

lot of chemical reactors such as combustion, distillation, gasification etc. And 

this can occurs in two ways. 

¶ Molecular diffusion. A random movement of single molecules in a fluid 

from a high concentration region to another. A molecule A follows a path 

to get to molecule B by diffusing through other molecules. This is 

ÍÏÄÅÌÌÅÄ ÂÙ ÔÈÅ &ÉÃËȭÓ ÌÁ× ÏÆ ÄÉÆÆÕsion 

 ὔ Ὀ
 Ὠὧ

Ὠὼ
   (27) 

Where ὔ  is the molar rate of diffusion of constituent A per unit area,  ὧ is the 

molar concentration of constituent A, and Ὀ  is the binary diffusivity or 

diffusion coefficient. 

On a mass basis, Equation(27) becomes [180]   

 ὐ Ὀ
 Ὠ”

Ὠὼ
  (28) 

Where ὐ  is the mass rate of diffusion of constituent A per unit area, and  ” is 

the mass concentration of constituent A. 

¶ Convective transport. As well as molecular diffusion transportation, 

mass is transported by the fluid's bulk motion. The rate at which the 

mass of species A is swept across a perpendicular plane of dA is 

”ὺὨὃ 

Where ὺ is the total mass velocity of the entire fluid. 

The equation of transport of chemical species can be derived using the law of 

mass conservation applied to a control volume which is fixed in space 

 

Rate of Mass 

Accumulation 

 

= 

 

Rate of Mass A 

In 

 

- 

 

Rate of Mass 

A Out 

 

+ 

Rate of 

Production of 

Mass A by 
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Homogeneous 

Reaction 

4ÈÅ ÓÐÅÃÉÅÓ ÃÏÎÓÅÒÖÁÔÉÏÎ ÅÑÕÁÔÉÏÎ ÆÏÒ ÃÏÎÓÔÁÎÔ ÄÅÎÓÉÔÙ ʍ ÁÎÄ ÄÉÆÆÕÓÉÖÉÔÙ $AB  is 

 ‬”

‬ὸ
ὺ
‬”

‬ὼ
ὺ
‬”

‬ώ
ὺ
‬”

‬ᾀ
Ὀ

‬”

‬ὼ

‬”

‬ώ

‬”

‬ᾀ
ὶ (29) 

Where rA is the rate of reaction expressed in (kg A /s m3 ) and Dab represents 

the components of the mass flux JAX ÉÎ ÔÅÒÍÓ ÏÆ ÔÈÅ &ÉÃËȭÓ ÌÁ×Ȣ 

 

2.3.3 Turbulence Models  

Different methods have been developed to predict turbulence. Some of them 

achieve perfect accuracies like Large Eddy Simulation (LES) or Direct 

Numerical Simulation (DNS) but require lots of computational time or the use 

of High-Performance Computers (HPC). These methods are usually 

recommended for transient-state cases or when the solution is time-dependent. 

Reynolds Averaged Navier Stokes (RANS) simulation has been used for decades 

for both steady-state and transient states giving very good accuracy without 

compromising the computational time. However, special attention is needed 

when selecting the computational models to get the best accuracy. 

 

2.3.3.1 Reynolds Average Navier Stokes (RANS) for incompressible flow  

The RANS method focuses on the mean flow and turbulence effects over the 

ÆÌÏ×ȭÓ properties. Before applying a numerical method, the Navier Stokes 

equations have to be time-averaged for a steady-state.  In Reynolds averaged 

equations, it is possible to see other terms involved with interactions with some 

turbulent fluctuations. These terms can be modelled with some common 

turbulence models, such as the kɀʀ ÍÏÄÅÌ [183]  described in the following lines.  

This method presented by Reynolds in 1895  is based on the breakdown of the 

flow variables 2into the mean and fluctuating components, then, the complete 

equation gets time-averaged [184] . There are two averaging methods: Reynolds 

averaging and the mass-weighted averaging proposed by Favre in 1965. When 

there are no flow density fluctuations, the two methods are the same [185] .  

 

2 The tensor of the viscous stresses is extended by the Reynolds-stress tensor, 
and the diffusive heat flux kɳ T in the energy equation gets upgraded by the 
turbulent heat flux vector as explained by Blazek [184, p. 3] 
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The Navier Stokes equations have been already presented. And the scalar 

transport equation is shown in Appendix A.1 

A turbulent model has to be chosen to calculate turbulent flows using the RANS 

equations. The most widely known RANS turbulence models are classified 

according to the number of equations they need to be solved [183] .  

 

 

Two-equation models.  

There are many turbulence models with two equations. However, all of them 

solve a transport equation for a turbulent velocity scale and a turbulent length 

scale or for the properties of these variables.   

Mixing length models ÓÕÃÈ ÁÓ ÔÈÅ 0ÒÁÎÄÔÌȭÓ ÍÏÄÅÌȟ attempt to describe the 

turbulence or Reynolds stresses using algebraic formulation for turbulent 

viscosity ʈt in terms of the location is space. Since turbulence depends of the 

flow, if the turbulence gets altered it is needed to account for this within the 

mixing length model by modifying the length scale. The k- ʀ ÏÎ ÔÈÅ ÏÔÈÅÒ ÈÁÎÄ 

ÎÅÅÄÓ ÔÏ ÓÏÌÖÅ Ô×Ï 0$%ÓȢ 4ÈÅ ÁÓÓÕÍÐÔÉÏÎ ÆÏÒ ÂÏÔÈ ÍÏÄÅÌÓ ÉÓ ÔÈÁÔ ʈt is isotropic, 

which means that the ratio between the Reynolds stresses and the mean rate of 

deformation is identical in all directions. This hypothesis can be wrong for 

complex flows where the simulation can be inaccurate , so it is needed to solve 

additional PDEs for the actual Reynolds stresses[181] . 

 

The kɀʀ ÍÏÄÅÌ 

 The kɀʀ ÍÏÄÅÌ ÉÓ ÁÎ ÅØÁÍÐÌÅ ÏÆ a two-equation turbulence model. It works 

with one transport equation that controls turbulence velocity scale (k), and 

another conservation equation is related that involves a quantity which can be 

ÒÅÌÁÔÅÄ ÔÏ Á ÔÕÒÂÕÌÅÎÃÅ ÌÅÎÇÔÈ ÓÃÁÌÅ ɉʀɊ[186], [187] .  

The conservation equation of this model is expressed as follows. 

‬

‬ὸ
”ɮ

‬

‬ὸ
”ɮὺ

‬

‬ὸ
”ɮὺ

‬

‬ὸ
”ɮὺ

‬

‬ὼ

‘

„

‬ɮ

‬ὼ

‬

‬ώ

‘

„

‬ɮ

‬ώ

‬

‬ᾀ

‘

„

‬ɮ

‬ᾀ
Ὓ (30) 

Rate of 

change 

of k ÏÒ ʀ 

Transport of k ÏÒ ʀ ÂÙ 

convection 

Transport of k or 

ʀ ÂÙ ÄÉÆÆÕÓÉÏÎ 

Source term 

Where the Eddy viscosity is 
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‘ ”ὅ
Ὧ

‐
 

ὅ is the dimensionless constant, which is generally used in this model. It is 

called the Prandtl-Kolmogorov relationship. 

ˡЀ k ÏÒ ʀ 

Ὓ = source term of generation or elimination for k ÏÒ ʀ 

This turbulence model has been the most used and validated turbulence model 

for more than 30 years. There have been plenty of applications in numerous 

fields. Some examples of these applications are: jets in stagnant surroundings 

and moving streams, wall jets, free and confined jets with swirl, jets in a 

crossflow shown in Figure 2-28, flow over surface-mounted obstacles and 

around objects, flows in straight pipes and ducts, and flows in sudden 

expansion and contraction geometries.  

 

Figure 2-28. k-ʀ ÍÏÄÅÌÌÉÎÇ Á *ÅÔ ÉÎ Á ÃÒÏÓÓÆÌÏ× [188] . 

In addition to isothermal flows, it has been widely used to compute flows 

involving chemical reactions and combustion and flows that experience heat 

transfer.  

 

Realisable kɀʀ ÍÏÄÅÌ 

Some drawbacks have been encountered with the kɀʀ ÍÏÄÅÌ, such as stiffness 

on the numerical problem when predicting flow behaviour near the walls or 

working at high Reynolds numbers. To solve this problem without moving out 

ÔÈÅ ʀ ÅÑÕÁÔÉÏÎÓ, some realizability constraints can be imposed on the model 

[189] . 
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The realisable kɀʀ ÍÏÄÅÌ ÈÁÓ ÂÅÅÎ ×ÉÄÅÌÙ ÕÓÅÄ ÏÖÅÒ the last 20 years, given its 

improved performance over the standard kɀʀ ×ÈÅÎ ÐÒÅÄÉcting flows involving 

boundary layers, flow separation and recirculation zones at high 

velocities[190] . This model has also been reported to improve the prediction of 

spreading rates of round jets [191] . This is a two-equations high Reynolds 

number model which differs from the standard kɀʀ in two features. First, the 

dissipation rate transport equation formulation is obtained from the mean-

square vorticity fluctuations. And the use of the realisability constraint for the 

Reynolds stresses for the formulation of the eddy-viscosity [192] . In practice it 

means that the viscosity coefficient ὅ is a function of local flow parameters, 

rather than a constant. 

The model is defined by the following equations [192] . 

‬

‬ὸ
”Ὧ ϽɳʍÕË Ͻɳʍ

ὺ ὺ

„ȟ
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The model coefficients for Cρʀ and Cʈ are computed from the equations shown 

in Appendix A-2. The empirical constants are defined by: 

ʎt,kЀρȢπȟ ʎÔȟʀ=1.2, A0=4.04, Cςʀ=1.9. 

 

The SST  kɀʖ ÍÏÄÅÌ 

The simple kɀʖ ÔÕÒÂÕÌÅÎÔ ÍÏÄÅÌ [193]  is an empirical model whose objective is 

to model continuity (transport) equations for turbulent kinetic energy k and 

ÔÈÅ ÓÐÅÃÉÆÉÃ ÄÉÓÓÉÐÁÔÉÏÎ ÒÁÔÅ ʖȟ which ÉÓ ÔÈÅ ÓÁÍÅ ÁÓ ÔÈÅ ÒÁÔÉÏ ÏÆ ʀ ÔÏ k. This 

model has been modified over time, and some terms have been added to both 

equations, which has improved the model's accuracy in predicting free shear 

flows [194] .  The most important characteristic of this model is that it can be 

applied to the boundary layer without modifying the equations[183] .  
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Once described the advantages and applications of this turbulent model, the 

transport equation for the turbulent kinetic energy k and the specific 

dissipation rate ʖ can be expressed as follows.  

 ‬

‬ὸ
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‬ὼ
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Ὃ ὣ Ὓ   (37) 

Where ɮ represents whether k as ʖ.  Ὃ  is the generation of ɮ due to mean 

velocity gradients. ɜ is the effective diffusivity of  ɮ and ὣ  represents the 

dissipation of ɮ due to turbulence. Ὓ represents the source terms for k or ʖȢ 

The Shear-Stress Transport (SST) kɀʖ turbulence model [195]  is one of the 

various models available for kɀʖ. 

SST  moves to kɀʀ behaviour in free-stream, avoiding the problem of kɀ ʖ ÏÆ 

being too sensitive to inlet freestream turbulence. Additionally , it works for the 

continuity of the turbulence shear stress in turbulent viscosity. The mentioned 

features make this model more reliable when predicting adverse pressure 

gradient flows, behaviour in airfoils, and transonic shock waves than the other  

kɀʖ Íodels [196] . SST has also been proved to model flow separation better 

than any other RANS turbulence model [197], [198] . This turbulence model has 

been used to study perforated plates in the work of  Guo et al. [197] , as shown 

in Figure 2-29. 

The equations for the SST k-ʖ ÍÏÄÅÌÓ ÁÒÅ 

For the turbulence kinetic energy. 
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For the specific dissipation rate 

 ‬‫

‬ὸ
Ὗ
‬‫

‬ὼ
‌Ὓ ‍‫

‬

‬ὼ
 ’ „’

‬‫

‬ὼ

ςρ Ὂ „
ρ

‫

‬Ὧ

‬ὼ

‬‫

‬ὼ
     

(39) 

The blending Functions F1 F2  , the kinetic eddy viscosity and other can be 

obtained as shown in Appendix A-3. 
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Figure 2-29. Gas flow streamlines in a grid plate using kɀʖ SST [197] . 

The main drawback of this model is the missprediction of the conservation of 

the turbulent shear stress, and because of it there is an over prediction of the 

eddy-viscosity. Then, in order to obtain an accurate solution the equation of the 

eddy-viscosity is [199]  

 

2.3.4 Mesh generation.  

In order to solve any CFD code, the domain is first  divided into small control 

volumes, called cells or elements.  It is usual to establish cells close to the edge 

of the domain so that the physical boundaries are the same that the control 

volume boundaries.  

Meshes can be structured or unstructured like the ones observed in Figure 

2-30A and B. The first CFD codes solved the governing equations using 

structured meshes, commonly used for geometries with regular domains. 

Structured body-fitted  meshes need a blocking design that allows the 

structured hexahedral elements to fit inside the domain following the grid lines. 

However, blocking complicated irregular shapes can be very time consuming as 

the user needs to pay special attention to the mesh quality as well. This is why 

structured meshes are not suitable for irregular geometries.  Unstructured 

meshes are commonly used for complex geometries featuring irregular shapes. 

4ÈÅ ÍÁÉÎ ÆÅÁÔÕÒÅ ÏÆ ÔÈÅÓÅ ÍÅÓÈÅÓ ÉÓ ÔÈÁÔ ÔÈÅÙ ÄÏÎȭÔ ÎÅÅÄ Án implicit structure of 

the grid lines (or blocking). The control cells can have any shape to fit the 

domain. When choosing the number of cells used for the simulation, special 

attention is required to approach the cells to the desired cell geometrical shape. 
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This means that a coarse mesh features elements with irregular shapes, while a 

fine mesh with a large number of cells shows less skewed elements. 

Structured meshes are made of hexahedrons where the elongation of the 

element represents the skewness as shown in Figure 2-30A and C , while 

unstructured meshes can feature cells with different polyhedric shapes as show 

in Figure 2-30B and D . 

 

Figure 2-30. Different mesh types used. a) Structured with Ogrid. b) 
Unstructured. c) Hexahedral. d) Polyhedral 

 

2.3.5 Discretisation.  

The next step is the integration of the governing equations in the control 

volume so that every equation is discretised on every node/cell . CFD code show 

different discretization options. 

The Semi Implicit Method for Pressure Linked Equations (SIMPLE) scheme 

developed by Patankar and Spalding [200]  calculates the pressure basically in a 

guess-and-correct method  [183] . If the problem is steady state and its being 

solved iteratively, the pressure-velocity coupling do not have to be solved. This 
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method solves the momentum equations to approximate the velocity field. The 

pressure gradient term is calculated using the pressure distribution from 

previous iteration  by an initial approximation[181] . Then, the pressure 

equation is created and solved to obtain a new pressure distribution. Finally the 

velocity is corrected and a new flux set is calculated [201] . 

Momentum and corrected pressure equations are solved implicitly, while the 

velocity correction is solved explicitly. Hence, the name Semi-Implicit  Method.  

The pressure-based coupled algorithm solves the momentum and pressure-

based equations together, while the segregated algorithm solves them 

separately. As a result, a coupled calculation allows a faster convergence than a 

segregated one. However, the solver is more unstable. 

 

2.3.6 Solution of equations.  

The discretised equations have to be established for every node of the grid to 

solve the problem. In the particular case of the control volumes that are close to 

the domain boundaries, the general discretised equation is set up to include 

boundary conditions. It is then obtained a solution for the algebraic system of 

equations to obtain the desired property  ɮ for every node. The solution of 

equations by using matrices is reviewed in the work of Versteeg, and 

Malalasekera [183] . 

 

2.3.7 Turbulent combustion  

Even though combustion can be found in a laminar flow field, for most 

industrial and technical processes it  typically occurs in a turbulent flow field. 

This is because turbulence aids in the mixing process and consequently 

increases combustion. On the other hand, combustion also generates heat 

release, which creates gas expansion and buoyancy, bringing flow instability, 

allowing the transition to turbulence  [177] .  Combustion needs both oxidiser 

and fuel to be mixed at a molecular level and this depends on the turbulent 

mixing process. Once a set of eddies of different size has developed strain and 

shear between them increases the mixing.  

The interaction of turbulence and combustion refutes classical scaling laws 

known from non reacting turbulent flows like the Reynolds number 

independence for free shear flows happening at the large Reynolds number 

limit [177] . Also, combustion involves various elementary chemical reactions 

occurring at diverse time scales. 
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Some concepts that need to be addressed related turbulent combustions are 

now shown. 

Burning velocity  

Burning velocity is the speed at which a flame front propagated relative to 

unburnt gases. The laminar burning velocity (SL) corresponds to the velocity at 

which a laminar combustion wave propagates in relation to the unburnt gas in 

front of it. The turbulent burning velocity (St) on the other hand surpass  the 

laminar burning velocity to a degree depending on the scale (l) and the 

turbulence intensity of the unburnt gas [202]  

Flame speed 

The flame speeds is the measured rate of expansion of the flame front in a 

combustion reaction, or the speed at which a flame propagates relative to an 

observer [203] . 

Some important features must be known to correctly choose the techniques 

used for CFD combustion. These include the thermodynamics of combustion, 

the kinetics, the internal energy of formation, chemical transport processes, 

equilibrium in gases and adiabatic flames temperatures. Some of these subjects 

are too extensive to cover in this thesis. However detailed information on these 

processes can be found in the work of  Versteeg and Malalasekera[183] . 

There are some requirements for turbulent burning velocity [62] : 

¶ In order to work with ultra -low NOX, the flame has to burn down to the 

lean flammability limit.  

¶ The reference velocity in the burner after the expansion from the flame 

stabilizer is usually 25m/s, considering the high turbine entry 

temperature for low NOX gas turbines. 

¶ It is required that  UT / UL (the turbulent burning velocity and the 

laminar burning velocity) equal to 250. However, it is better to consider 

the current turbulent burning velocity, where less than 25 m/s is 

required for a stable flame. 

¶ Near the flammability limit where UL is very low, UT should be 

approximately 2 u´ (velocity of the kinetic energy of turbulent)  

¶ It is possible to reach these conditions for flow blockages of at least 70% 

and a pressure drop of 2% because of the standard gas turbine burner 

operation. 
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The equations for the different premixed turbulence combustion regimes are 

given in Appendix A.4 

 

2.3.7.1 Non premixed turbulent  combustion  

A crucial parameter in the description of non-premixed combustion is the 

mixture fraction Z which determined the flame surface.  The definition of Z is as 

the homogenous system in the absence of diffusion. Then by writing the 

complete stoichiometric equation for hydrocarbons combustion CmHn [177]  

ὺᴂ ὅὌ ὺᴂ ὕ ᴼὺᴂᴂ ὅὕ  ὺᴂᴂ Ὄὕ (40) 

The stoichiometric coefficients  ὺᴂ and ὺᴂ  = (m + n/4 ) ὺᴂ, respectively. 

In a two-feed system where subscript 1 is the fuel stream and subscript 2 is the 

comburent, it  is possible to relate the mass fractions of fuel and oxygen to the 

mixture fraction as  [177] . 

ὤ
ὺὣ ὣ ὣ ȟ

ὺὣȟ ὣ ȟ
 (41) 

The stoichiometric mixture fraction is expressed as 

ὤ ρ
ὺὣȟ
ὣ ȟ

 (42) 

Then the equivalence ratio can be obtained as [204] . 

ᶮ
Ὓὤ

ρ ὤ
 (43) 

Where   Ὓ ȟ

ȟ
 

YF, 1 is the fuel mass fraction, YO2, O is the oxidizer mass fraction 

s is the mass of oxygen required to burn a unit mass of fuel. For hydrogen s=8 

and for CmHn alkanes, ί  [204]  

The equations for the different non premixed turbulence combustion regimes 

are given in Appendix A.5 

 

2.3.7.2 Governing equations for non-premixed combustion.  

In non-premixed combustion processes like furnaces, jets of fuel and air are 

mixed by turbulence of the fluid so that the temperature of combustion and the 

concentration and distribution of species are almost completely controlled by 

the flow of fluid. For premixed combustion processes like spark ignition in 
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internal combustion engines, the turbulence, flow of fluid and turbulence are 

set by compression and induction processes before ignition, and they are very 

important in the combustion process. The governing equations for combustion 

can be considered as follows [181] . 

For continuity 

 ‬”

‬ὸ

‬

‬ὼ
”ό π (44) 

Where density in the combustion of flows depends on temperature, transport 

of species and pressure 

 

For momentum 
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Where Ὂ are the forces acting on the body, and the viscous stress tensor †  is  
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For transport of species equation 
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 It can be expressed like follows 
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concentration of 

species  

Where Ὓὧ is the species Schmidt number 

Ὓὧḳ‘Ⱦ”Ὀ  

And the Prandtl number  „ is  

„
ὧ‘

Ὧ
 

This expresses the rate of conservation of momentum by the rate of 

conservation of energy 

Only turbulent regimes is considered in this thesis, so laminar flows studied 

with CFD ×ÏÎȭÔ ÂÅ ÄÅÓÃÒÉÂÅÄȢ 

 

2.3.7.3 Combustion turbulent models for non -premixed combustion  

Some combustion models have been developed due to the complexity of finding 

a solution for averaged species mass fraction and enthalpy equations, density 

and temperature changes,  for realistic chemical cases, which involve many 

reactions and species . 

Simple chemical reacting system model (SCRS) 

This model refers to the global nature of the combustion process by considering 

only the final concentration of species. This process neglects its kinetics and 

considers combustion a one-step process with no intermediates [186] .  A rapid 

chemical reaction of oxidants reacting stoichiometric is assumed to create 

products. This chemical reaction is irreversible for the Simple Chemical 

reacting system. For this model exists a linear relationships between species 

mass fractions and mixture fraction.  This fact is the same for the relationship 

between temperature and enthalpy relationship. To calculate mean values of Ji 

ÁÎÄ ( ×Å ÎÅÅÄ ÔÏ ËÎÏ× ÔÈÅ ÓÔÁÔÉÓÔÉÃÓ ÏÆ ÔÈÅ ÖÁÒÉÁÂÌÅÓ ɉ4ȟ 9Éȟ ʍɊ ÁÓ Á ÆÕÎÃÔÉÏÎ ÏÆ ʊȢ  

[183] .  

Probability Density Function Approach (PDF)  

This method involves two and three-dimensional time-dependent turbulent 

flows. It gives an alternative to model turbulence combustion that does not 

require as many assumptions as other more complex models (like the flamelet 

model, which will be described later), and it can be more accurate. The joint pdf 
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of either the scalar variables of composition that define the systemȭs 

thermochemical state or the scalar compositions plus the three-velocity 

components are solved by this combustion method. Moreover, strongly 

nonlinear chemical reaction rates, pressure gradient, body forces and 

transport -convective problems are solved [205] .  

For a given variable ‰, the probability function &ʒ (ʕ) is defined as  [183] . 

 Ὂ ɰ ὖὶέὦ‰ ɰ  (48) 

Where ὖὶέὦ‰ ɰ  is the probability that ‰ is smaller than the value for ɰ, and the  

probability density function is the derivation of the distribution function [183] . 

 ὖ ɰ
ÄὊ ɰ

Ὠɰ
 (49) 

 

Eddy break up , and Eddy dissipation models  

The Eddy break up model invented by Spalding (1971)[206]  sets the fuel 

consumption rate as a function of the properties of the local fluid. The 

ÃÏÎÔÒÏÌÌÅÄ ÍÉØÉÎÇ ÒÁÔÅ ÏÆ ÒÅÁÃÔÉÏÎ ÉÓ ÅØÐÒÅÓÓÅÄ ÉÎ ÔÈÅ ËȾʀ ÓÃÁÌÅ ÔÅÒÍÓȢ 4ÈÉÓ 

model can also adapt to reaction terms that are controlled by kinetic energy. 

Although the Eddy break up model achieves good predictions in CFD, the 

quality of the predictions relies on how well the turbulence model works 

because of the dependence of the fuel dissipation rate on the turbulence time 

scale of ËȾʀ. If the turbulence model does not achieve good flow predictions, the 

combustion quality will also fail.  The eddy dissipation model (EDM) was 

developed by Ertesvag and Magnussen in 2000 [207] . It is a modified version of 

the eddy break up model [183] . This model is very useful in turbulent flows 

when the chemical reaction rate is faster than the conservation processes of the 

fluid flow.  

In EDM the reaction rate of fuel is defined as [208]  

 ‫ ὃ ”Ӷ‍ ‫z ÍÉÎὣȟ
ὣ

ί
ȟὄ  

ὣ

ί ρ
 (50) 

Then the oxidiser and product reaction rates are calculated as: 

 ‫ ίȟ ‫  ‫ ί ρ‫  (51) 

 

However, since the ÍÏÄÅÌȭÓ reaction process is not kinetically controlled,  

ignition and other processes involving a limit reaction by chemical kinetics can 

be inaccurately predicted [209] . Misprediction in combustion [210]  and mixing 
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results  [211]  have been shown by various authors when studying non-

premixed steady state combustion. 

Laminar flamelet model  

Laminar flamelet models are considered for turbulent combustion with fast 

chemistry occurring in thin layers known as flamelets,  incrusted in the 

turbulent flow [212] . 

 This combustion model treats the turbulent flame like a crowd of stretched 

laminar flamelets. The turbulent flames are commonly referred to as laminar 

reaction sheets in movement. This model considers a great heat release in 

narrow zones of the surroundings of stoichiometric surfaces [183] . Some 

assumptions are made when studying a flamelet model. First, a two-mixture 

fraction flamelet model is not allowed, only one. Secondly, scalar dissipation 

changes and the mixture fraction ÆÏÌÌÏ×ÉÎÇ ÔÈÅ ɼ-function PDF are not 

considered. Lastly, empirical streams cannot be used [213] . This model has 

some advantages on the one hand, like the good connection between chemical 

reactions and molecular transport and the suitability to predict chemical non-

equilibrium because of the flame aerodynamics by turbulence. 

The flame structure is obtained by solving boundary layer equations developed 

along the stagnation streamline [214] . 

For non-premixed combustion them flame stretch increases the scalar 

dissipation rate in a turbulent flow field. If this exceed the value of xq the 

flamelet will get consequently extinguished. 

Returning to the two-feed non premixed system discussed in 2.3.8.1 , a formal 

asymptotic description of the flamelet structure for one-step reaction was 

developed retaining the time derivative term, and as a one dimensional time-

dependent temperature equation [215], more detail of the  model can be found 

in the work of Peters [216]: 

 ”
‬Ὕ

‬ὸ
”
…

ς

‬Ὕ

‬ὤ
 
ρ

ὧ
Ὤά  (52) 

 

This model, on the other hand, has some drawbacks. For example, slow 

chemistry predictions such as NOx or soot are limitations for the Steady 

Flamelet [217] .  Another disadvantage is the change of the scalar dissipation 

experience when transient effects occur in the turbulent flow because the flame 

geometry needs time to stabilize [218] .  
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Flamelet Generated Manifold  

To reduce chemical calculations, the Intrinsic Low Dimensional Manifold 

(ILDM) developed by Mass and Pope considers the extensive range of chemical 

time scales [219], [220]  from the elemental composition up to equilibrium. 

Then, reaction rates and species mass fractions are calculated as a function of a 

reduced set of variables, which measures the evolution of the reaction through 

a progress variable and the description of the mixture  by using a mixture 

fraction [221]  

This method is accurate when predicting high temperatures near-equilibrium 

but struggles to predict low-temperature zones. To solve this issue, the 

Flamelet Generated Manifold (FGM) was developed [222] . 

This concept consists of the generation of look-up tables simulating one-

dimensional laminar premixed flames considering complex chemistry. 

Variations such as species mass fractions and reaction rates are obtained as 

functions of a simple set of coordinates as progress variables or mixture 

fractions [221] . 

Considering the governing transport equations of species mass transport and 

temperature of [223]  
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The scalar dissipation … is then modelled across the flamelet using equation  [223]  
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The flamelets are calculated by enhancing the scalar dissipation until it gets 

extinguished. Then the FGM is generated by mapping the scalar dissipation field to a 

progress variable. It maps the pre-tabulated chemistry to the mean mixture fraction, 

the mean reaction progress variable and respective variances, and the  transport 

equation for mean enthalpy. [223]  

FGM  has been widely used in CFD for modelling premixed combustion and 

partially premixed combustion [224]ɀ[228]  and in recent years for diffusion 

combustion, including NOx prediction [220], [229], [230] .  
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2.3.8 Reaction rate s and mechanisms 

In combusting flow simulation, the reactant consumption and product 

formation rate need to be resolved. These rates are the source terms in the 

transport equations for every individual species. As shown before, various 

equations are needed for solving combusting flows , and every species involved 

has a number of different reactions.  

If considering a forward scheme of reactions with the stoichiometric Equation 

(56) [181]  

 

 
ὺᴂ ὓ ᴼ ὺᴂᴂὓ ÆÏÒ Ὦ ρȟςȣȟά (56) 

Where ὺᴂ  are the stoichiometric coefficients of the reactant species ὓ  in the 

reaction  j. ὺᴂᴂ are the stoichiometric coefficients in the product species in the 

reaction j. N is the number of species and m the number of reactions involved. 

The reaction rate for  Equation (56)  is expressed as [231]  

 
22  

Äὅ

Ὠὸ
Ὧ ὅ  (57) 

kf  is the Arrhenius law given by  

 Ὧ  ὃὝÅØÐ
Ὁ

ὙὝ
 (58) 

Where A  is the pre-exponential constant, a is the temperature exponent and E the 

activation energy. 

The general form of the reaction progress rate for a species k in given reaction j  is 

 
ή  

Äὅ

Ὠὸ
ὺ ὺ Ͻ Ὧ ὅ Ὧ ὅ  (59) 

Where  Ὧ is the forward reaction rate and  Ὧ the backward reaction rate 

Various pieces of software such as CHEMKIN [232]  specialise in the development of 

reaction rate expressions and kinetic data.  

Detailed mechanisms have been developed for a number of authors for the oxidation of 

various fuels and reaction rates. 

The computer time for the evaluation of chemical kinetics and the equations for species 

transport is rather important, and it increases when the mechanisms become more 

complex. Hence efforts have been made to develop practical reaction schemes with 
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fewer reactions to represent the basis of the combustion. These are the reduced 

mechanisms. 

 

2.3.9  NOx modelling using CFD 

Combustion systems usually produce low NOx concentrations, which have little 

effect on the flow behaviour, temperature and equilibrium products  [233] . 

However, its accurate prediction is essential in the development of low-NOx 

systems. 

An accurate NOx prediction is strongly related to the mixing and combustion 

simulation results. An inadequate air/fuel mixing prediction  can considerably 

affect the NOx levels. Similarly,  inaccurate temperature simulation can, in some 

cases,  double the NOx levels [233] . Hence, critical care is needed when setting 

the boundary conditions, thermodynamic data and picking the suitable 

turbulence, combustion, and other submodels 

However, current gas turbine legislation demands for NOx have pushed the 

industry and academia to develop more sophisticated computational methods 

which allow successful NOx prediction.  

Some kinetic mechanisms used for PDF table creation needed by some 

combustion models often include NO and NO2 formation. So NOx can be 

modelled in some cases as a preprocessing operation. However, this can result 

in longer computational times and not often the expected accuracy is obtained 

[46] . 

A post-processing calculation is usually undertaken for NOx prediction, which 

needs a converged combustion solution.  

The software ANSYS FLUENT includes a NOx prediction model, which allows 

the modelling of prompt, thermal and flue NOx formation. De Soete and 

Pourkashnian et al. developed the chemical rate models [234], [235]  needed for 

the NOx model. This model also offers the capability of N2O prediction and s 

selective noncatalytic reduction (SNCR). 

 King et al. [45], [46]  have used the model for NOx prediction in radial swirlers 

with vane passage fuel injection for gas turbines. In his work, the NO 

predictions with FLUENT are compared with the results obtained using a 

mechanism including NOx, as shown in Figure 2-31. 
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Figure 2-31. NO prediction comparison A) kinetic mechanism with NO, 
B)ANSYS FLUENT model [46] . 

King obtained underpredicted NOx values compared with experimental data 

obtained for a Mach number of 0.05 for natural gas for a 140mm combustor 

[47] . He used the discretization scheme QUICK and a PDF approach. 

 

2.4 Equilibrium software  

Equilibria software allows the prediction of thermodynamical properties such 

as adiabatic flame temperature and equilibrium product composition for 

different fuel mixtures to improve and investigate combustion systems 

Equilibrium predictions of flame composition include NOx calculated for an 

infinite residence time inside the flame. In high-intensity gas turbine 

combustors, the residence time is approximately five milliseconds, where NOx 

is not close to equilibrium [87], [236] . However, it is possible to calculate the 

rate of NOx formation by obtaining the time the temperature takes to reach 

equilibrium. Thermal NO can be obtained for a combustion flame by estimating 

the adiabatic flame temperature, the approximate reaction time of the adiabatic 

flame gas mixture, and the equilibrium levels of NO and O2 considering the 

initial A/F, pressure and temperature [237] . Thermal efficiency can also be 

calculated with the obtention of the equilibrium fire exhaust dry oxygen for 

different A/F mixtures. 

Different equilibria software has been developed. However, CEA [238]  and 

Gaseq[239]  have been widely used for combustion purposes [31]ɀ[33]  

The format for thermodynamic input and temperatures dependent equations 

used in CEA is not the same as the one used by GASEQ. For every temperature 

interval , CEA uses a total of nine coefficients: Seven coefficients for the specific 

heat Cp (a1-a7), one constant for the enthalpy H (coefficient b1), and one more 

coefficient for the entropy S (coefficient b2), as shown in equations (60)- (62). 
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Heat 

Capacity 

ὅ

Ὑ
 ὥὝ ὥὝ ὥ ὥὝ ὥὝ ὥὝ ὥὝ  (60) 

 

Enthalpy ὥὝ ὥὝ ÌÎὝ ὥ ὥ ὥ ὥ

ὥ    
(61) 

 

Entropy ὥὝ ὥὝ ὥÌÎὝ ὥὝ ὥ ὥ

ὥ ὦ   
(62) 

 Generally, for gas species, two temperature intervals are used (minus 1000 and 

plus 1000), giving a total of 18 coefficients per polynomial set.   

In contrast, Gaseq considers five coefficients for Cp temperature polynomial 

and two more constants  for H and S.  [240] , as shown in Equations (63)-(65) 

Heat 

Capacity 

ὅ

Ὑ
 ὥ ὥὝ ὥὝ ὥὝ ὥὝ  (63) 

 

Enthalpy ὥ ὥ  ὥ ὥ ὥ   (64) 

 

Entropy ὥÌÎὝ ὥὝ ὥ ὥ ὥ ὥ   (65) 

The equilibrium codes Gaseq and CEA are based on the minimisation of the 

Gibbs energy. The method used by this software will not be discussed in this 

thesis, but a detailed explanation is provided online by Morley [239] . 
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Chapter 3. METHODOLOGY 

The studied technologies are listed as follows, and their corresponding 

numerical and experimental methods will be explained in the following lines: 

¶ The equilibrium calculations shown in Chapter 4 were performed for 

domestic fires in the Hy4Heat project and a glass melting factory for the 

project Glass Futures in 2020. The calculations were carried out for the 

following fuels: 

I. Natural gas average composition  from Goole glass melting plant  

II. Pure Hydrogen (100%) 

III. The proposed composition of hydrogen (PAS 4444) 

IV. A blend of biodiesel 

V. Crude glycerol 

VI. A blend of 50% glycerol and 50% water 

VII. UK Diesel composition 

VIII. Pure ethanol  

¶ CFD simulations performed for the flame stabilisers shown in Chapters 5 

and 6 were carried out using ANSYS CFX and FLUENT 19.2 for RANS 

modelling.  

Grid plate flame stabilisers (Aerodynamics) 

GM (hole diameter 19.62mm) 

GM (hole diameter 22.44mm) 
GM1 (hole diameter 19.62mm) 

Grid plate flame stabilizer (Mixing and Combustion) 

I. GM1  

II. GM2  

III. GM3  

IV. GM1-H2 

V. GM1-7D 

¶ The experiments presented in Chapter 7 for domestic fires were carried 

out as part of the academic team of the University of Leeds in 

conjunction with industrial partners for the Hy4Heat project released by 

BEIS in 2019. The numerical analysis for the Innovative fire was 
undertaken by the author of this thesis 

Domestic fires 

I. Open-fronted fire  

II. Glass-fronted fire  

III. Innovative fire 
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3.1 Computational setup for thermodynamic equilibrium 
analysis  

Chapter 4  presents the prediction of adiabatic flame temperature and product 

composition for various fuels used for domestic fires and in the glass melting 

industry . The computations were carried out for different fuel blends using the 

software Gaseq [239] . Some fuels were also analysed using CEA [238] . 

Initially, the predictions were carried out for the product composition and 

adiabatic flame temperature in domestic fires for dual fuel applications for 

natural gas and hydrogen. Inlet temperatures up to 600K were considered for 

this activity, achieved from heat recovery waste gases for the glass-fronted and 

innovative appliances in Chapter 7. In addition, this activity was carried out to 

study the effect of the mixture strength at different inlet temperatures over 

oxygen and hydrogen levels. Natural gas and hydrogen were also investigated 

for a cooled flame from the NG equilibrium temperature at 300K  inlet air to a 

cooled flame of 1850K  with 1.0% excess oxygen in the exhaust. This is a 

condition desired in domestic fires 

 The equilibrium software was later used to predict product composition and 

adiabatic flame temperature for different green heat fuel blends used in the 

glass melting industry for a glass composition where heat recovery is used to 

preheat the combustion air up to 1000-1300K. For this activity, temperatures 

from 300-1600K were investigated for all the fuels at a span of equivalence 

ratios. 

Equilibrium calculations were carried out for natural gas at 1500K inlet 

temperature for the combustion flame to be cooled down from its equilibria 

flame temperature to 1850K, considering a dry oxygen level of 1.0%, 

resembling existing float glass furnaces characteristics.3  All the other activities 

involving a flame cooled down considered the equivalence ratio for an adiabatic 

flame temperature close to 2718K obtained with natural gas. The reason for 

this study of cooled products is since when cooling the flame, the reduced O and 

OH stops thermal NOx formation.. The same procedure applied for natural gas 

was followed for all the investigated fuels. For this activity , the exhaust oxygen 

levels were converted to wet and dry based using the predicted water content 

from the equilibria values for the different equivalence ratios.  This enabled the 

prediction of the dry gas oxygen that the glass melting furnace should operate 

 

3 Data from existing float glass furnaces show that the optimum flue gas oxygen 
is from 0.5-1.5%.  
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on to achieve the same thermal conditions as for natural gas. The cooling 

process changes the oxygen levels near stoichiometric, so a range of 

equivalence ratios was computed to obtain the desired 1.0% dry O2 at 2718K. 

The software CEA was used at the beginning of this work to study a mixture of 

pure hydrogen/air  and natural gas/air for the glass melting industry. This 

software allows the obtention of a single set of thermodynamic data for a 

specific mixture at given reactantsȭ molar concentrations and inlet 

temperatures. Since most of the activities required large ranges of equivalence 

ratios and temperatures to be calculated, CEA was shown to be inadequate. On 

the other hand, Gaseq also allows the creation of mixtures using different 

species in a number of moles or mole fractions. One of the advantages of this 

software is the ability to calculate a range of equivalence ratios or given 

temperatures in seconds. However, Gaseq only allows setting a mixture 

temperature, in contrast to CEA, which allows assigning a specific temperature 

to each mixture species.  

The adiabatic flame temperature and product composition computations were 

carried out at constant ambient pressure. In most simulations, a mixture of 

ambient air containing 78% N2, 20.95% O2 and 0.96% Ar was considered the 

oxidiser.  

To effectuate the calculations, both pieces of software require a thermodynamic 

file. The thermodynamic data developed by Burcat [241] , containing 3746 

species in their polynomial form, was used for the Gaseq calculations.  All the 

ion elements ÏÆ ÔÈÅ "ÕÒÃÁÔȭÓ ÔÈÅÒÍÏÄÙÎÁÍÉÃ [241]  were removed, which 

caused trouble in undertaking the simulations. Unfortunately, this file is too 

extensive to be included in this thesis. 

Two kinetic mechanisms were used for the CEA calculations. The kinetic 

mechanisms proposed by De Vries et al.[242]  for the natural gas/air  and the 

one proposed by Skottene et al. [243]  for hydrogen/air . 

The mentioned modified Burcat thermodynamic file was used to study 

hydrogen, natural gas, ethanol, glycerol and diesel with Gaseq. In addition, a 

separate file was used for biodiesel as the surrogate used to replicate this fuel 

contained some species unavailable in the Burcat data. 

Both pieces of software were compared before switching from CEA to Gaseq to 

evaluate the error between their thermodynamics.  To obtain a set of 

combustion products that satisfy the equilibria for the given fuel, only species 
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concentrations higher than 0.1 ppm were chosen.  For hydrogen, the species H, 

HNO, HO2, H2, H2O, H2O2, NH3, NO, NO2, N2, N2O, O, OH and O2 were considered 

for the calculations. For methane, the predicted products were CO, CO2, H, HO2, 

H2, H2O, NO, NO2, N2, N2O, O, OH, O2 and NH3. 

The polynomials of the enthalpy of formation of equilibrium products for H2 of 

ÔÈÅ "ÕÒÃÁÔȭÓ ÁÎÄ #%! ÔÈÅÒÍÏÄÙÎÁÍÉÃÓ ÆÉÌÅÓ are illustrated in Table 3-1. An 

insignificant difference was encountered for all the product species between 

both codes.  

Table 3-1 Comparison of Burcat/CEA thermodynamic polynomials considering 
enthalpy of formation for H2 equilibrium products at 298K 

Species 

product  

Enthalpy of formation (H) 

Burcat  

Enthalpy of formation (H) 

CEA 

H 8.7982080537E+01 8.7982241644E+01 

HNO 4.3118975045E+01 4.1177969699E+01 

HNO2 -3.1765825423E+01 -3.1665702024E+01 

HO2 4.9605066163E+00 4.8491140720E+00 

H2 -1.7683819351E-03 -1.7457053457E-03 

H2O -9.7602089269E+01 -9.7602089821E+01 

H2O2 -5.4843220232E+01 -5.4843218541E+01 

N 1.9077059732E+02 1.9077059664E+02 

NH3 -1.8392762785E+01 -1.8543366662E+01 

NO 3.6834058756E+01 3.6834946657E+01 

NO2 1.3797984712E+01 1.3797922241E+01 

N2 -1.7631669025E-03 -1.7631671159E-03 

N2O 3.2931112072E+01 3.2931112184E+01 

O 1.0056478365E+02 1.0056475936E+02 

OH 1.5052398012E+01 1.5043533217E+01 
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O2 -1.7785181490E-03 -1.7785317370E-03 

An adiabatic flame temperature calculation of a mixture of H2 and air for both 

software pieces was undertaken to corroborate their error while predicting 

combustion. As a result, a neglectable difference was observed between them, 

as shown in Figure 3-1. This allowed switching to Gaseq and undertaking the 

activities quicker. 

 

Figure 3-1: Adiabatic flame temperature for hydrogen flame comparison 
between CEA and Gaseq 

The obtained results were processed, and graphs were produced using  Office 

Excel. All runs were undertaken in a computer with the following 

specifications:  Windows PC, an Intel® Core i7 processor,  a GPU GTX 1080, 

32GB  2666MHz DDR4 Non-ECC RAM, 1TB SSD, Integrated Intel HD Graphics. 

3.1.1. Equilibri um calculations  for natural gas  

The activities for natural gas were undertaken considering a provided mixture 

of natural gas blended with air. 

Natural gas is variable in its composition, and blends vary depending on the 

field where they are extracted. The UK imports natural gas from different 

countries, but its primary source is the North Sea with 48% [244] . Mike et al. 

show an averaged natural gas composition obtained over two days, shown in 

Table 3-2. 
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Table 3-2: National Grid plc averaged natural gas composition over a two days 
period. 

 

The natural gas  mixture for this study was given by the glass plant of Guardian 

Glass in Goole, and agrees with the composition given by Table 3-2. The values 

provided in volume basis are as follows: 

CH4   91.14%  

C2H6   4.74%  

C3H8   1.21%  

C4H10 (iso + n)  0.42%  

 N2            1.18%  

CO2         1.11% 

 

3.1.1.1 Equilibrium calculations for natural gas in domestic fires  

For domestic fire applications, the Goole NG composition was studied for an 

inlet air temperature of 300K-600K. 

The mixture was then analysed for a cooled flame down to 1850K and an excess 

air of 1% for a room inlet temperature of 300K  (26°C), which are common 

conditions for domestic fires. 

 

3.1.1.2 Equilibrium calculations for natural gas in the glass melting 
industry  

The activity consisted of calculating adiabatic flame temperature and product 

composition for inlet temperatures going up from 300K to 1600K for an 

equivalence ratio of Ø= 0.2-5.0.  The plots for the adiabatic flame temperature 

and the exhaust gases are shown in Appendix B. 

The Goole natural gas composition was cooled down from the adiabatic flame 

temperature of various values of Ø for 1500K inlet temperature to the furnace 

temperature of 1850K. 
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3.1.2 Equilibrium calculations for hydrogen  

3.1.2.1 Equilibrium calculations for hydrogen in domestic fire  

These activities were carried out for inlet temperatures of 300K up to 600K for 

equivalence ratios going from Ø= 0.2 to 6.0. 

Previous calculations carried out at the University of Leeds [245]   were 

undertaken to obtain the thermal NO levels and thermal efficiency based on 

exhaust equilibrium values of the corrected oxygen level on a dry basis to 

determine the fire A/F assuming complete combustion. The software CEA was 

used to calculate an inlet temperature of 295K and 1 ATM. The stoichiometric 

mixture of H2/ air for complete combustion used the following  reactant 

volumes: H2 input volume (in %)= 29.58; O2 input volume (in %)= 14.79; N2 

input volume (in %)= 55.63.. 

Therefore, the studied mixture started with an initial stoichiometric H2 volume 

of 29.6 vol %. 

The obtained results showed a peak temperature of 2378.5K at stoichiometric 

conditions. The peak NO was reached at Ø= 0.793 for a 25% H2 volume and a 

temperature of 2155.5K, as shown in Figure 3-2. 

 

a)       b)  

Figure 3-2: CEA results for an H2 composition at 295K and 1 ATM. A) Adiabatic 
temperature in K vs initial H2 in vol % in air and equilibrium NO in ppm; 
b) Adiabatic temperature in °C vs Ø and equilibrium NO in mg/kWh. 

Thermal NO was calculated for a reaction time ὸ of 0.1 s from the equilibrium 

temperature, NO and O2 using Equation (66) [246] .  
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The results in Figure 3-3 show the thermal NO concentration levels near the 

Ecodesign limit of 130 mg/kWh [247]   for 20-23 H2 vol %.  

 

Figure 3-3: Thermal NO and adiabatic temperature vs H2 vol% for 100 ms. 

As explained before, equilibri um NO concentrations are not usually achieved in 

the combustion process. A long time is needed for equilibri um to occur, and 

real flame conditions limit the reaction time for N2 and O2 to dissociate 

recombine into NO. 

This past study concluded that it is recommended to operate H2 in equivalence 

ratios from 0.59-0.71 in air to maintain thermal NOx below 40mg/kWh, which 

is the limit of sustainable homes NOx emissions. This will retain the 

temperature flame below 1750°C for 0.03-0.1 sec reaction times.  

For the present work, mixtures of hydrogen/ air for temperatures from 298-

600K were investigated using Gaseq, where adiabatic flame temperatures, H2, 

O2 and NO levels were obtained for equivalence ratios from 0.2-5.0. 

A cooled flame was calculated for the H2/air mixture considering an inlet 

temperature of 300K and the adiabatic flame temperature obtained for the 

natural gas/air mixture studied for domestic fires cooling the fire temperature 

to 1850K below the recommended for sustainable homes. 

3.1.2.2 Equilibria for the glass melting industry  

The hydrogen mixture available in the PAS 4444 [247]  was calculated and 

compared to a composition of 100% H2. For this study, the mixtures were 

simulated at 300K at atmospheric pressure calculating the adiabatic flame 

temperature for equivalence ratios from 0.5-5.0. 
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Figure 3-4: Comparison of adiabatic flame temperature vs Ø for pure and real 
H2 compositions 

  

a)         b)  

Figure 3-5: a) Comparison of adiabatic flame temperature vs Ø for pure and 
real H2 mixtures showing the error between them; b) Calculated error 
between both mixtures.  

The obtained plots are shown in Figure 3-4, where no significant differences 

are observed. The error between both mixtures was calculated and shown in 

Figure 3-5, where the highest temperature difference was obtained at Ø =5. At 

this level, the error was 0.45%. Other inlet temperatures were also tested, 

showing similar results between both mixtures. Hence, it was concluded that 

the adiabatic flame temperature and equilibrium composition calculations for 

the PAS 4444 hydrogen mixture were not required, given the neglectable 

difference against the pure H2 composition. 

A hydrogen composition containing 100% H2 was first studied, considering air 

temperatures going up to 1600K for a range of Ø from 0.2-6.0. The adiabatic 

flame temperatures and exhaust levels are shown in Appendix C. 
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The hydrogen/air  mixture was studied for a cooled flame bringing down the 

adiabatic temperature reached at 1% O2 in the flue to the furnace temperature 

achieved with NG. 

 

3.1.3 Equilibrium calculations con biodiesel blend for glass melting 
industry   

A soybean FAME4 based biodiesel composition obtained by Postioti et al. [249]   

was investigated for this study. The blend featured a carbon, hydrogen and 

oxygen content of 76.7%, 12.0% and 11.3%, respectively, for a composition of 

CH1.876O0.011. 

Since the equilibria software did not allow the inclusion of species on a H/C 

basis, replicating the needed composition was needed using existing species in 

thermodynamic tables. A common way of doing this is developing surrogates 

that imitate the fuel composition, as shown in many works [250]ɀ[253] . Cui et 

al. [253]  developed a table for six different biodiesel fuel blends (BDS) obtained 

from the mixture of various FAMEs compounds, as shown in Table 3-3. The 

values for the obtention of soybean oil were approached to the blend needed 

for this work. 

Table 3-3: Components of biodiesel fuels  [253]  

  

 

4 Fatty acid methyl ester (FAME) are a type of fatty acid ester derived by 
transesterification of fats with methanol, They are often used to produce 
detergents and biodiesel. [248]  
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The original soybean methyl ester compounds were decomposed into their 

elemental values for C, H and O on a mass basis. Then, these were converted 

into a mole basis using Excel, obtaining a  H/C of 1.84 and an O/C of 0.106, as 

shown in Table 3-4. These values were approached to the requested mixture 

using the Excel Solver, and the new composition is shown in Table 3-5. 

Table 3-4. Original C/H and O/C composition for FAME blend for soybean oil 

 

Table 3-5. Approximation of the desired CHO composition  for FAME blend for 
soybean oil 

 

The calculations were carried out using an air composition considering Ar. The 

adiabatic flame temperature and product composition were calculated for Ø= 

0.025 to 3.0. Unfortunately, higher equivalence ratios could not be studied as 

divergence was encountered with the software above Ø=3. The plots for 

adiabatic flame temperature and flue composition are shown in Appendix D. 

The biodiesel mixture was studied for a cooled temperature for various 

equivalence ratios going from the adiabatic temperature to the furnace 

operating temperature of 1850K obtained with NG. 

 

3.1.4 Equilibrium calculations for glycerol for the glass melting 
industry  

Glycerol was studied as a crude mixture of C3H8O3/air . 

The first activity was undertaken for inlet temperatures from 300K up to 

1600K for Ø= 0.1-5.0. The adiabatic flame temperature plots and emissions are 

shown in Appendix E. 

Element W

C 12.011

H 1.0079

O 15.999

% C H O total mass %mass %mass C %mass H %mass O %mole C %mole H%mole O
11% 17 34 2 270.4536 29.7499 22.46057 3.769546 3.51978 1.87 3.74 0.22

5% 19 38 2 298.5072 14.92536 11.41045 1.91501 1.5999 0.95 1.9 0.1

25% 19 36 2 296.4914 74.12285 57.05225 9.0711 7.9995 4.75 9 0.5

52% 19 34 2 294.4756 153.1273 118.66868 17.819672 16.63896 9.88 17.68 1.04

7% 19 32 2 292.4598 20.47219 15.97463 2.257696 2.23986 1.33 2.24 0.14

TOTALS 100% 1452.3876 292.3976 225.56658 34.833024 31.998 18.78 34.56 2

H/C O/C Proposed fuel

1.840256 0.106496C H1.88 O0.11

CALCULATION SOY BEAN BIODIESEL (SAE 2013-01-2689)

Element W

C 12.011

H 1.0079

O 15.999

% C H O total mass %mass %mass C %mass H %mass O %mole C %mole H%mole Ototal %mole
32% 17 34 2 270.4536 87.02095 65.69905667 11.026239 10.295653 5.46990731 10.93981 0.643519 17.05324043

20% 19 38 2 298.5072 59.70144 45.6418 7.66004 6.3996 3.8 7.6 0.4 11.8

13% 19 36 2 296.4914 39.53219 30.42786676 4.83792 4.2664 2.53333334 4.8 0.266667 7.600000023

7% 19 34 2 294.4756 19.63171 15.21393304 2.2845733 2.1332 1.26666664 2.266667 0.133333 3.666666597

28% 19 32 2 292.4598 81.37423 63.49704391 8.9740433 8.9031476 5.2865743 8.903704 0.556482 14.74675989

TOTALS 100% 1452.3876 287.2605 220.4797004 34.782816 31.998 18.3564816 34.51019 2 54.86666694

H/C O/C Proposed fuel

1.88 0.108953C H1.88 O0.11

CALCULATION SOY BEAN (SAE 2013-01-2689)
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A cooling flame temperature was also calculated for the glycerol/air mixture 

for a span of equivalence ratios. The predicted adiabatic temperature at an 

excess O2=0.01 vol was taken down in decrements of 50K to the furnace 

operating temperature in NG of 1850K. 

Glycerol was also studied as a mixture of 50% H2O and 50% crude glycerol for a 

cooled mixture of 1850K and 1% excess O2. 

 

3.1.5 Equilibrium ca lculations for European diesel blend for glass 
melting industry  

The activity was carried out for a European diesel composition [254]  given as 

CH1.87 with an NCV of 43.0 MJ/kg.  This mixture had a carbon content of 86.28% 

and 13.46% H, both on a mass basis, with a density of 834 kg/m3. 

Akin to the activities carried out for the biodiesel composition, an 

approximation of a diesel surrogate composition to the needed C/H was 

undertaken.  

 Bai et al. l [252]  developed a skeletal mechanism for a tri-component diesel 

surrogate fuel using N-hexadecane, iso-octane and 1-methylnaphthalene. The 

used composition is shown in Table 3-6.  

Table 3-6. Composition of diesel surrogate [252] .  

 

The H/C composition was worked out using Excel on a volume basis, obtaining 

1.93. The calculation is shown in Table 3-7. 

The mole fractions were approached to the desired value of CH1.87 using the 

Excel Solver, as shown in Table 3-8. Then, the new mole fractions were used to 

create the blend in Gaseq, and the activities were developed. A mixture of air 

containing Ar was used for this activity. 
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Table 3-7. H/C calculation for diesel surrogate 

 

Table 3-8. European diesel H/C approach using Excel Solver 

 

 

The adiabatic flame temperature and product composition were obtained for 

the blends with diesel.  Ø 0.125 to 6 were calculated for temperatures from 

100K up to 1600K. The adiabatic flame temperatures and product compositions 

for the different conditions are shown in Appendix F. 

The European diesel blend was studied for a cooled temperature of 1850K and 

1% excess O2 for various equivalence ratios. 

 

3.1.6 Equilibrium calculations for ethanol for the glass melting 
industry  

A mixture of pure C2H5OH  and air was studied for the obtention of adiabatic 

flame temperature and product composition for inlet temperatures going from 

300K to 1600K, for Ø= 0.02-5.0. The obtained results are shown in Appendix G. 

The ethanol/air mixture studied for a cooled temperature was approached to 

the glass furnace conditions achieved with NG of 1850K and 1% O2 in the flue. 

 

 

Eleme

nt
W

C 12

H 1.01

Mole 

fraction%
C H name

total molar 

weight

molar weight 

of sample

molar weight 

of C in sample

molar weight 

of H on sample

Moles of C 

in sample

Moles of H 

in Sample

H/C 

WEIGHT

LHV 

(MJ/kg)
41% 16 34 HXN 226.4446 93.5216198 79.368688 14.1529318 6.608 14.042 2.125 43.952

37% 16 34 HMN 226.4446 83.3316128 70.720768 12.6108448 5.888 12.512 2.125 43.4

22% 11 10 AMN 142.2 31.1418 28.934499 2.207301 2.409 2.19 0.90909 39.259

TOTALS 100% 595.0892 207.9950326 179.023955 28.9710776 14.905 28.744

H/C 

MOLE

Proposed 

fuel

1.92848C H1.87

CALCULATION DIESEL WITH SURROGATE Development of a skeletal mechanism for tri-component diesel surrogate fuel: N-hexadecane/iso-cetane/1-

methylnaphthalene

Element W

C 12.011

H 1.0079

Mole fraction% C H name

total molar 

weight

molar weight of 

sample

molar weight of C in 

sample

molar 

weight of H 

Moles of C in 

sample

Moles of H 

in Sample

H/C 

WEIGHT

LHV 

(MJ/kg)
66% 16 34 HXN 226.4446 150.0016278 127.301392122.70023565 10.59873384 22.5223094 2.125 43.952

6% 16 34 HMN 226.4446 13.37848668 11.353876652.024610031 0.945289872 2.008740977 2.125 43.4

28% 11 10 AMN 142.2 39.60248929 36.795502722.806986565 3.0634837 2.784985182 0.909091 39.259

TOTALS 100% 595.0892 202.9826037 175.450771527.53183224 14.60750741 27.31603556

H/C 

MOLE
Proposed 

fuel

1.87C H1.87

CALCULATION DIESEL WITH SURROGATE Development of a skeletal mechanism for tri-component diesel surrogate fuel: N-hexadecane/iso-cetane/1-methylnaphthalene
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3.2 Computational se tup for gas turbine combustor flame 
stabilisers for high co mbustion intensity  

The flame stabiliser geometries numerically investigated in Chapter 5 and 

Chapter 6 were designed and experimentally tested by Gordon E. Andrews and 

Naman Al-Dabbagh [157] , considering a combustor can of 76mm diameter, 

which was used for the simulations.  

Combustion internal traverses were obtained experimentally for GM2, 

compared with the obtained simulation results. No internal traverses were 

taken for GM1. However, simulation results are compared with mean exhaust 

values. 

The software SOLIDWORKS [255]  was used to create the models for the 

different geometries.  

Structured hexahedral and unstructured tetrahedral meshes were designed 

using ANSYS ICEM [256] . However, the complexity of developing the correct 

blocking and creating decent quality structured meshes lead to the use of 

unstructured polyhedric meshes for some combustion simulations. This also 

helped model the fuel injections quickly and vary the nozzle sizes without 

designing a new blocking for every new configuration. Coarser meshes were 

used for combustion simulations than for the study of aerodynamics to help 

reduce the computational time. 

Polyhedric unstructured meshes were carried out with the meshing software of 

ANSYS FLUENT [256] . 

All the simulations were carried out for a steady state.  ANSYS CFX was used to 

predict pressure loss in Chapter 5. The simulations involving combustion were 

initially carried out using ANSYS CFX; however, issues were encountered with 

opening or import ing libraries for propane/air for non -premixed combustion, 

so it was then decided to move to ANSYS FLUENT.  

All the computational runs were carried out considering a thousand iterations 

to allow convergence. The residuals were set to 10-6 in all cases  

The least-squares cell-based method was used for the spatial discretization 

gradient for the simulations carried with FLUENT. 

The simulations were carried out following the procedure for FVM mentioned 

in Chapter 2. 

NOx modelling was carried out as a post-processing operation using the NOx 

model included in ANSYS FLUENT. Prompt and thermal NO were simulated. As 
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NO values. 

All runs were undertaken in a computer with the following specifications:  

Windows PC, Intel® Core i7 processor,  a GPU GTX 1080, 32GB  2666MHz 

DDR4 Non-ECC RAM, 1TB SSD, Integrated Intel HD Graphics. 

 

3.2.1. Grid Mix  flame stabilisers  

A 76mm cylindrical model with a combustion zone of roughly 4D or 330mm  

and an upstream length of 2D or 150mm was modelled, replicating the 

combustor dimensions used in the experiments. Atmospheric pressure was 

considered for the development of the experiments. A thermal input of 131kW 

and the heat release of 28 MW/m2 were assumed, as mentioned in Chapter 2. 

 

Figure 3-6. Experimental rig used for grid mix flame stabilisers [157] . 
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The work was carried out at a reference Mach number of M=0.047 as in the 

experiments. These conditions consider all the combustion air passing through 

the stabiliser. The airflow was considered 0.0784 kg/.  For the experimental 

tests, the inlet air was supplied from an air blower at 0.1 bar, and the airflow 

was measured using a BS1042 venturi flowmeter with a diameter of 152mm. 

Then, the metered air was preheated using a 9kW electrical heater for an inlet 

temperature of 400K.   

The thermal input was 131 kW and the heat release 28 MW/m2. Industrial 

propane (LPG) at 288 K supplied from six cylinders of 50kg was used for the 

experiments. The fuel flow rate was measured using a variable area flowmeter. 

The rig used for the experiments can be observed in Figure 3-6. 

The experiments which this work is based on were carried out at a pressure 

loss of 2.4 and 4% for perforated plates of four holes, which gave a A2/A 1 of 

0.266 and a t/d of 73.4%. Considering the inlet air temperature of 400K used  

for the experiments, the velocity before the flame stabiliser was 18.84 m/s and 

the velocity at the vena contracta in the stabiliser holes was 70.8 m/s , with M2 

= 0.177. In order to stabilise a flame in a flow velocity of 19 m/s for lean low 

NOx mixtures for a laminar burning velocity of 0.15 m/s, the required turbulent 

to laminar burning velocity had to be above 100. 

No film cooling air was used in the experiments as this increase the NOx levels 

[257] . However reverse air flow was used for wall cooling as usually seen in 

industrial gas turbines. The combustor was tested in the open so the wall 

radiated to the environment, so the conditions were not adiabatic. However, no 

wall temperature profiles were measured for the conditions investigated on 

this thesis so no wall heat transfer was considered.  

 A mean gas sample probe was attached to the outlet of the experimental 

combustor allowing to obtain mean values for the combustion products and 

calculate the temperature and other combustion parameters by carbon balance. 

This probe was not modelled in the simulations. The combustor opening 

allowed to entrain cooling air into the combustor, and then the gases passed 

through a cone into a water-cooled exhaust.  

The mean gas samples were originally  obtained with a water-cooled stainless 

steel  X probe similar to the one used by D. H Lister [258] , featuring twenty gas 

holes of 1mm each located on centres of equal area along with  the probe. The 

sample flow rate was 30 lpm wi th a sample inlet hole velocity of 32m/s , higher 

than the mean velocity in the combustor, but needed to minimise heat transfer 

time. Only 5 lpm were needed for the gas analysis system, the rest was dumped 
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before gas analysis.  Gas samples were first  heated at 180°C through a heated 

sample line and filter , and then pumped to a heated gas analysis system to 

measure NOx chemiluminescence using an analyser with a minimum scale of 0-

4ppm and a resolution of 0.1ppm.  The total hydrocarbons (THC) samples were 

then measured using a flame ionization detector (FID) with a resolution of 

0.1ppm, oxygen levels were measured through paramagnetic analysis, and CO 

and CO2 were obtained using a non-disperser infrared sensor (NDIS) using 

paramagnetic analysis. Water vapour was removed by cooling the sample prior 

CO, CO2 and O2, while NOx and THC were measured wet.  Finally, NOx was 

converted to dry in a post processing operation by removing the water from the 

equilibrium composition. NOx was obtained using a NOx analyser set for 37°C 

and a resolution of 0.1ppm, and a carbon molybdenum converter was used to 

convert NO2 into NO. 

The authors of the experimental work compared the obtained species product 

values with the calculated equilibrium composition as shown in Table 3-9 by 

using carbon balance and achieving sensible agreement.  

Table 3-9 Gas analysis mean exhaust concentration % compared with that for 

the metered mean Ø from equilibrium calculations for a metered Ø= 0.69 

Species Gas Analysis  
Equilibrium  

Metered Ø 

Error  

(%)  

H2O 12.4 11.7 5.5 

CO2 8.6 8.1 5.9 

CO 0.16E+00 0.16E+00 0 

 

The increment in gas adiabatic temperature was calculated from the 

equivalence ratio and corrected for the combustion efficiency obtained from 

the CO and THC measurements. This allowed the mean outlet temperature and 

the axial variation of adiabatic temperature to be obtained, for both sample 

probes. 

Another way of obtaining the adiabatic flame temperature was using a mineral 

insulated type R thermocouple with grounded junction and platinum outer 

sheath.  

The authors of the experiments calculated the increase of the adiabatic gas 

temperature from the equivalence ratio. They then corrected the thermal 
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combustion efficiency calculated from the CO and THC levels. Differences were 

obtained between the thermocouple measurements and the ones obtained with 

gas analysis, where the main ones were encountered at the stabiliser 

downstream face. These differences were mainly due to the probe location for 

the different tests and the challenge of placing them in the exact wanted 

position without any precision device.  

Both measurements were compared with the obtained simulation results in 

Chapter 6.  

The 15mm water-cooled gas sample probe used for obtaining the gas 

composition traverses for the experimental tests is shown in Figure 3-7.  It 

featured a 1mm tip in the head, allowing the obtention of the sample gas. This 

sample probe provided a 3.9% blockage of the total combustor flow area for a 

76mm diameter. However, thermodynamic interference produced by the 

device could have affected the obtained gas composition results. Thus, no exact 

agreement is expected with the simulation results presented in Chapter 6.  

 

Figure  3-7. Internal traverse water-cooled gas sample probe 15mm OD with 
1mm gas sample hole inlet 

 Both gas analysis probe and thermocouple were mounted in a support with 

35.6mm between the two probe centrelines. Both measuring devices were 

traversed simultaneously. When the gas analysis probe was touching the 

combustor wall, and the tip was in the position 7.5mm from the wall, the 

thermocouple was 5.1mm offset from the combustor centreline. Once both 

measurements were taken in this position, the test rig was turned off, and the 

probes relocated. Both devices were positioned in a second arrangement, so the 

analysis sample probe centreline was colinear to the centre of the airhole. Thus, 

the thermocouple centreline was 35.6mm away from the probe inside the 

stabiliser holes. Therefore, when the obtained temperature was compared for 

both devices, they were not in the same radial flow position. The described 

locations were simulated and compared with the CFD results in Chapter 6.  
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Figure 3-8 shows the simulation arrangement for both the gas analysis probe 

(GA) and thermocouple (TC). 

Various flame stabiliser geometries were investigated with CFD. The studied 

models are listed in Table 3-10 and were mentioned in 2.9. These geometries 

featured four air holes and a PCD of 43.2 mm, and the centre of the holes was 

16.5mm from the combustor wall. 

 

Figure 3-8. Traverse locations of GA and TC for 2 different positions  

Table 3-10: Studied flame stabiliser geometries using CFD for a 76mm 
combustor 

Name No. 

air 

holes 

Airhole  

size 

Plate 

thick  

Pressure 

loss  

(%)  

Simulation  Fuel Injection  

Premixed 4 22.44 3.2 4 Aerod - - 

Premixed 4 19.27 3.2 2 Aerod - - 

GM2 4 19.62 9.53 2 

 

Aerod/  

combustion 

C3H8 Axial 

GM1 4 19.62/  

22.11 

9.53/  

5.3 

2/  

4 

Combustion C3H8 Radial 
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GM3 4 19.62 9.53 2 Combustion C3H8 Axial 

GM1-H2 4 19.62 9.53 2 Combustion H2 Radial 

GM1-7D 4 19.62 7D 2 Combustion H2 Radial 

Two four air-hole geometries originally used for premixed combustion were 

firstly investigated for pressure loss prediction. The first one featuring a hole 

diameter of 22.44mm was designed for t/d of  0.14 and an A2/A 1 of 0.347.  The 

other stabilizer investigated featured an air hole diameter of 19.27mm, and it 

was designed for a t/d = 0.17 and an A2/A 1 of 0.256, as shown in Table 2-2.  

A thicker four-hole flame stabilizer was also investigated, originally termed 

Grid Mix 2 (GM2) and experimentally showed ultra-low NOx capabilities. This 

stabiliser featured an internal hollow fuel delivery plenum which made the 

stabiliser thicker. 

These geometries were studied with no combustion, and experimental results 

for pressure loss are compared with simulation in Chapter 5. 

The flame stabiliser GM2 featured a t/d of 0.49, giving an A2/A 1 of 0.265, as 

shown in Table 2-2. This geometry injected the fuel through a 0.3mm annular 

ÇÁÐ ÁÔ ÔÈÅ ÄÏ×ÎÓÔÒÅÁÍ ÆÁÃÅ ÏÆ ÔÈÅ ÓÔÁÂÉÌÉÓÅÒ ÐÌÁÃÅÄ ρȾρφȱ Ábove the air hole, as 

shown in Figure 3-9 b). This distance corresponded to a metal ring that 

separated the fuel from the air, as observed in Figure 3-10.  

GM1 featured eight nozzles with a 1.2mm diameter equally spaced in the inner 

circumferential wall of each air hole, as shown in Figure 3-11, injecting fuel 

radially to the air jet as shown in Figure 3-9 a).  

 

Figure 3-9: Fuel injection methods for a) GM1; and b) GM2 



- 100 - 

The GM1 grid plate also investigated had a hole size of 22.1mm. However, this 

geometry was compared to GM2 and a new addition to GM technology named 

GM3 to study their mixing capabilities. Hence, it was also modelled for a hole 

diameter of 19.62mm. Both plates, GM2 and GM1, were equally fed through 

four connecting pipes at the edge of the stabiliser, as shown in Figure 3-11. 

However, this feature was not modelled with simulation. 

 

Figure 3-10. Flame stabiliser GM2 featuring an annular injection  

 

 

Figure  3-11. Flame stabiliser GM1 featuring eight radial inward fuel nozzles 
per air hole 

GM2 and GM1 show a welded ring near the stabiliser hole, which was how the 

orifice tube representing the air hole was welded to the fuel plenum. This 
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feature was modelled to study its effect on the aerodynamics of the flame 

stabiliser used for GM2. 

GM3 was a new method of fuel injection imitating the concept of FLOX burners  

as explained in 2.2.8, applied to GM. This concept fuels at the centreline of the 

stabiliser airholes directly into the shear layer, as shown in Figure 3-12 a). This 

method is compared in Chapter 6 with GM1 and GM2 to obtain the best fuelling 

method. GM3 was investigated for the same injection area used for GM2 and 

GM1. 

GM1, GM2 and GM3 were studied for a non-reacting and reacting propane/air 

mixture at an injection temperature of 288K. 

GM1 was also investigated for dual fuel capabilities featuring hydrogen 

combustion. An air hole of 19.62mm was used for the simulations. The fuel 

nozzles were modelled as eight 1.8mm injections since velocities above 300m/s 

were calculated for a hydrogen flame considering the original nozzle size.  The 

equivalence ratio of 0.55 was used for the hydrogen simulation, which is the 

condition needed to achieve the adiabatic flame temperature of 1800K 

achieved at the equivalence ratio investigated with propane. This temperature 

was also corroborated using the software Gaseq and CEA by comparing the 

adiabatic flame temperature of propane/air and calculating the needed 

equivalence ratio for the obtained temperature. 

 

Figure 3-12. Fuel injection methods for a) GM3; b) GM1-GE 

GM1 was lastly studied for a stabiliser thickness of 7D, similar to the work of 

York et al. [26]  for hydrogen /air combustion mentioned in 2.2.8. as shown in 

Figure 3-12 b). In Yorks work, the combustion occurs after the stabilisation 

position with only partial flashback.   
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The experimental data showed that the combustor wall was only cooled by the 

external radiation, so adiabatic walls non-slip were considered in the 

simulations. 

 

3.2.1.1 CFD study of aerodynamics  for Grid Mix stabilisers  

The ÐÒÅÓÓÕÒÅ ÌÏÓÓ ɝ0Ⱦ0 Ϸȟ as explained in 2.2.9.1, is controlled by the area 

coming through the air holes of the stabiliser. 

Equation (12) was used to predict CD from the measured Cc for the three 

stabilisers mentioned in Table 3-10. The obtained values traversed at the 

combustor wall were compared with the pressure loss CFD predictions. 

The pressure loss experimental traverses were given in mm of water. These 

were converted to pressure coefficient K using Equation (9) 

Where P is expressed in Pa, rho is the density of the air, and v is the velocity of 

the fluid. 

The CD  for all the simulations was calculated as the inverse of the square root 

of the sum of the highest value of the coefficient K recorded upstream of the 

combustor plus the lowest value just before the combustor outlet. Likewise, the 

CC was calculated as the inverse of the square root of the subtraction of the 

highest value of the coefficient K recorded upstream of the combustor minus 

the lowest value after the flame stabiliser. 

The results obtained  for the thicker plate featuring an airhole of 19.62mm 

were compared with Equation (15)ȟ ×ÈÅÒÅ ɼ ÉÓ calculated from Equation (12) 

 

Figure 3-13. Computational model used for single-hole simulations 

(aerodynamics) 
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The stabilisers used for premixed combustion mentioned in Table 3-10  were 

firstly modelled as a single air hole of the stabiliser by simulating an octant of 

the air hole of the stabiliser for half of the combustor diameter (38mm), as 

shown in Figure 3-13 to reduce the computational time.  Therefore, symmetric 

aerodynamic behaviour inside the combustor was assumed. 

Hexahedral structured meshes were created with ANSYS ICEM, considering up 

to 6 million elements to verify the mesh independence.  

The geometries were later evaluated for a four-hole combustor, as shown in 

Figure 3-14. Each model was simulated as a 90° sector of the combustor, and 

symmetries were used to model the four-hole mirroring the obtained 

simulation results. The intention of this study was to evaluate the 

aerodynamics effect on the combustor for a higher number of holes. 

The aerodynamics of the GM2 flame stabiliser were also investigated for four 

mesh sizes going from 300K to 6M elements in which only air was modelled, 

passing through the domain under the same conditions as the other two 

geometries. 

The discharge and contraction coefficients were obtained with simulation and 

compared with the available experimental data. 

Inflation layers down to 0.005 mm elements were used at the walls for all cases 

to enhance the accuracy of the simulation and accurately predict flow 

separation in the region near the stabiliser. The turbulence models k- ʀ, and the 

k-ʖ Shear Stress Transport (SST) were compared since they have proven 

suitable for predicting recirculation zones and sudden contractions, as 

explained in 2.3.4. A pressure outlet was simulated considering 122.58 Pa for 

the geometries with air hole diameters of 19.27 and 19.62. The geometry 

featuring a 22.44 mm airhole was studied for an outlet pressure of  61.29 Pa. 

Both values were experimentally obtained. The discharge coefficient and 

contraction coefficient were calculated with the obtained traverses for the 

pressure loss coefficient K and compared with the experimental data. Scalable 

wall functions were used for the simulation as Y+ values around 30 were 

obtained for all the studied geometries. Figure 3-15 shows the obtained 

Y+obtained for the flame stabiliser featuring an airhole of 19.27mm, and similar 

values were obtained for all the studied geometries. 

Table 3-11 shows the boundary conditions used for aerodynamics simulations 

for all the studied geometries. 
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Figure 3-14. Computational model used for four-hole simulations  

Table 3-11. Boundary conditions for CFD  simulations of aerodynamics. 

Parameter  Value 

Mach number 0.047 

Air inlet temperature 400°K 

Air inlet mass flow rate 0.0786 kg/s 

Air inlet velocity 18.84 m/s 

Reference Pressure 1 ATM 

Outlet pressure (19.27 & 19.62mm 

geometries) 

122.58 Pa 

Outlet pressure ( 22.44mm geometry) 61.29 Pa 

 

As previously mentioned, the flame stabiliser experimentally used for GM1 

featured a welding cord at the upstream face of the stabiliser, as shown in 

Figure 3-16. The air holes in this grid plate were constructed using machined 

cylinders, which were internally welded to the discharge face of the stabiliser 

but externally to the upstream face.   
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Figure 3-15. Y plus values for four 19.27mm hole flame stabiliser.  

 

Figure 3-16: GM2 showing 13° weld at the stabiliser upstream air inlet 

This feature was investigated to study the effect on aerodynamics. The weld 

was modelled as a 45° and 13° slope, as shown in Figure 3-16. A similar feature 

can be found at the tube entry in shell and tube heat exchangers, where the 

pipe inlet is welded to the rest of the device. For this study, unstructured 

tetrahedral meshes were created in ICEM since problems were found to 

simulate the slope with the blocking needed for the hexahedral mesh. 
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Three mesh sizes up to 2.9M elements were investigated for both angles.  

The 13° welding slope at the inlet of the air holes was compared against a flat 

plate geometry to study the welding inletȭs effect by including the fuel injection 

in the geometry design. Unstructured tetrahedral meshes were used, 

considering roughly 2M elements for both cases. For this study, GM2 was 

modelled featuring its fuel injection. The mesh statistics are shown in Figure 

3-17, where an overall positive quality was achieved with both meshes. The 

turbulence model Realisable k-ʀ was used to model the turbulence interaction.  

 

Figure 3-17. Mesh statistics for GM2 tetrahedral unstructured mesh: LHS) Flat 
plate; RHS) Welded inlet plate. A) Quality, B) Determinant, C) Aspect ratio 

 

3.2.1.2 CFD study  of non-reacting fuelling  methods for  Grid Mix flame 
stabiliser  

Adequate and effective modelling of combustion and NOx requires correct 

fuel/air mixing  prediction [45] . However, sudden expansions and flow 

separation due to high-velocity flows can challenge the effective mixing 

simulation[259] , as explained in 2.3.7 

Three fuel injection methods were evaluated and compared using the flame 

stabiliser featuring four 19.62mm air holes and a stabiliser thickness of 

9.53mm. The studied fuelling methods were the one featured by GM1, the 

annular feed of GM2 and the new addition to the GM technology GM3.  

The domain for the three cases was simulated as a single hole 90° sector of the 

combustor using the same dimensions shown in Figure 3-14.  

The computational meshes were created using ICEM ANSYS, considering a 3D 

domain and a structured hexahedral scheme. The geometries were initially 

studied using unstructured tetrahedral meshes, but issues were encountered in 

modelling the discrete fuel injections featured by GM2.  
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This study was carried out using a single mesh of around 1M elements, which 

was shown to obtain accurate results for the aerodynamics predictions. Hence, 

no mesh independence study was undertaken. 

The study was carried out for a propane/air mixture using the boundary 

conditions shown in  Table 3-12. A fuel mass flow of 6.298e-4 kg/s was used for 

an equivalence ratio of 0.5. This is a usual condition for low NOx combustors 

[93] . 

All the simulations were undertaken using ANSYS CFX considering the 

turbulence model k-ʀ. Steady-state adiabatic conditions at atmospheric 

pressure were assumed.  

Table 3-12. Boundary conditions for CFD simulations of air/fuel mixing  

Parameter    Value 

Mach number 0.047 

Air inlet temperature 400°K 

Air inlet mass flow rate 0.0786 kg/s 

Air inlet velocity 18.84 m/s 

Fuel Inlet temperature  288K 

Fuel inlet mass flow rate  6.298e-4 kg/s  

Equivalence ratio (Ø) 0.5 

Reference Pressure 1 ATM 

The runs were carried out for a first-order discretization scheme, and after 

convergency was achieved, they were upgraded to second order. 

ANSYS CFX 19.1 did not include a straightforward way of plotting the 

equivalence ratio. This was calculated for an isothermal mixture using Equation 

(67), where the propane stoichiometric air/fuel ratio  was used as 6.42. The 

actual A/F was calculated using Equation(68), where w is the mass fraction. 

 ᶮ
ὃȾὊ

ὃȾὊ
 (67) 

 ὃ

Ὂ

ÍÁØύ ὃὭὶ ὭὨὩὥὰȟπȢπρ

ÍÁØύ ὅὌȟπȢπρ
 (68) 

 

Radial Injection (GM1)  

This fuelling method GM1 was previously illustrated  in Figure 3-11 A).  

A mesh was created considering 1.5M elements using boundary layers of 

0.01mm to successfully simulate the mixture behaviour near the walls and the 

fuel injection. Originally, injection points at 0.8mm cells were used to simulate 
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the eight fuel nozzles for a total injection area of 4mm2, considering cells of 

0.64mm2. However, the mesh statistics showed a low determinant and a high 

aspect ratio to achieve the desired cell size, as shown in Figure 3-18. An 

improved mesh including a  fine inflation layer for each nozzle was later 

developed to simulate combustion since the one used for this study was 

unreliable. In addition, given the geometry complexity, scalable wall functions 

were considered due to Y+ being less than 10 at the combustor walls. Finally, 

the nozzle injection velocity was calculated and set as 85 m/s. 

 

Figure 3-18. Mesh statistics for radial injection GM1 for 19.62mmhole 
stabiliser. A) determinant, B) aspect ratio 

 

Annular Feed (GM2)  

This fuel injection method is shown in Figure 3-11 B).  The size of the annular 

gap was set to 0.3mm, giving an injection area of 21.7mm2. A smaller 0.08mm 

gap was initially investigated. However, this distance was too small, and 

divergence was encountered with the simulation. The injection velocity was 

calculated to be 5 m/s  for 0.3mm. 

A hexahedral 1M element mesh was created for this study considering a 

boundary layer with a minimum element size of 0.005mm near the fuel 

injection and 0.01 at the walls to successfully predict fuel separation. The 

stabiliser hole welded inlet featured by the original design was not modelled, as 

the intention was to model the fluid behaviour as a flat plate. 

Preliminary steady-state computations using showed divergence, so a transient 

simulation was carried out considering 100 timesteps for 1.0 seconds. The 

high-resolution advection scheme and second-order backward Euler 

discretization scheme were selected. The residual target for the convergence 

criteria was set for 1e-6. 
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Scalable wall functions were used for this geometry as the Y+ levels were under 

30.5. 

The mesh statistics are shown in Figure 3-19, where the determinant was 

higher than 0.6, and quality of 0.28 was obtained. This mesh was later 

improved for the combustion runs. 

 

Figure 3-19. Mesh statistics for radial injection GM2 for 19.62mmhole 
stabiliser. A) determinant, B) quality, C) aspect ratio 

 

Centreline injection (GM3)  

GM3 injects the fuel at the centreline of each air hole, as explained previously. 

The fuel was meant to be injected through a pipe coming from the upstream 

length of the combustor. However, this tube was not modelled for this non-

reacting study. Instead, the fuel injection was placed midway through the 

stabiliser hole thickness as a single injection point, as shown in Figure 3-12 A). 

The sum of the eight fuel nozzle areas used in GM1 gave a total of 4.02e-6 m2, 

which was considered for the fuel inlet in GM3, giving an injection velocity of 

84.7 m/s. 

A hexahedral mesh composed of 1.5M elements was used for this case. Given 

that the fuel injection needed a cell with a specific size in the centre of the air 

hole, the mesh quality was compromised, as shown in Figure 3-20.  However, 

this issue did not affect the results. This mesh was later improved for the 

combustion study. 
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Figure 3-20. Mesh statistics for radial injection GM3 for 19.62mmhole 
stabiliser. A) determinant, B) quality, C) aspect ratio 

 

3.2.1.3 CFD study of combustion for  Grid Mix  

As explained in the introduction of this Chapter, the software CFX was not used 

for the combustion simulations as the propane/air libraries needed for non-

premixed combustion were not available in the software. Adding external files 

such as mechanisms or RIF libraries was not possible. Hence, RANS turbulence 

and combustion models available in ANSYS FLUENT were studied for 

experimental combustion results obtained for the technologies GM1 and GM2, 

considering the original flame stabilisers and the combustor dimensions shown 

in Figure 3-14. Akin to the aerodynamics and isothermal mixing studies in 

Chapters 5 and 6, the combustion simulations were undertaken considering 3D 

domains.  

ANSYS FLUENT does not have the equivalence ratio as a set parameter. 

However, this can be obtained using the mixture fraction found in FLUENT 

using Equation (43) 

As previously explained, the internal traverses for the experimental results 

were gathered for an equivalence ratio of Ø= 0.624.  

Thermal efficiency was calculated using the oxygen levels as shown in Equation 

(69), where 100% combustion efficiency is when the measured oxygen is the 
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one predicted from equilibrium. The fraction of this oxygen depletion is the 

combustion efficiency. 

–
ὕ Ϸ ύὕ Ϸ
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 (69) 

 

3.2.1.3.1 Validation of turbulence and combustion models for combustion for 

GM2 using a propane/air mixture  

The original 19.62mm grid plate flame stabiliser featuring GM2 was 

investigated with numerical simulation. The flame stabiliser was studied using 

hexahedral and tetrahedral meshes. The annular gap was firstly simulated as 

0.3mm as in the aerodynamics study. However, this gave an incorrect mixing 

and temperature distribution when using a hexahedral structured mesh, so the 

gap was studied as 1.0mm, showing more sensible results. Finally, the gap of 

0.3mm was considered again for an unstructured hexahedral mesh used for the 

simulation with flamelet generated manifold. 

Countless computational runs were required to find the correct parameters for 

this specific geometry, comparing different turbulence, combustion models, 

discretization schemes and solution methods. However, only the setups for the 

most relevant runs are described below. 

The turbulence models k-ʀ and RNG k-ʀ were used for the combustion 

simulations. However, it was later recommended to move to Realisable k-ʀ, 

given the combustion intensity and high flows experimentally shown by GM2.  

Combustion was investigated using the Eddy Dissipation Model (EDM), 

Chemical Equilibrium,  the Steady Diffusion Flamelet (SDF) for non-premixed 

combustion and the Flamelet Generated Manifold for partially premixed 

combustion applied to diffusion combustion.  Even though the Eddy Dissipation 

model is not recommended for diffusion flames [209] , this was used as a first 

approach and then compared with the other models. 

Adiabatic non-slip walls were used in all the simulations, given that no wall 

temperature profiles were taken experimentally for GM2 at the studied 

conditions. However, the radiation model discrete ordinates DO was used for 

the simulation using the EDM, Chemical equilibrium and SDF since the runs 

agreed better with the experiments when using radiation models. 
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Combustion simulations  with EDM and Chemical equilibrium for non -

premixed combustion  

The geometry used for these simulations included the 13° welding slope 

investigated in Chapter 5. 

 

Figure 3-21. Statistics for unstructured tetrahedral mesh used for preliminary 
combustion simulations for GM2 

An unstructured tetrahedral mesh of 1.7M elements was first created using 

ICEM for the preliminary combustion simulations for GM2 using the eddy 

dissipation model and chemical equilibrium for non-premixed combustion. 

Figure 3-21 shows the mesh statistics where quality and determinant of 0.2 

were achieved. The max aspect ratio for this geometry was 52.   

The turbulence model k-ʀ was used for the EDM combustion model simulation. 

In addition, the turbulence model of RNG k-ʀ with enhanced wall treatment was 

used for the simulations using chemical equilibrium. It was then discovered 

that RNG k-ʀ [260]  was suitable for rotatory flows like swirlers but not plate 

stabilisers. 

A SIMPLE scheme of the pressure velocity coupling was used for the EDM 

simulation, considering a first-order upwind discretization, and then the 

simulations were upgraded to second order. Divergence was encountered for a 

Coupled scheme. This was not the case for EDM simulation, which was carried 

out with the Coupled method and spatial discretisation of second-order. Table 

3-13 shows the under relaxation factors used for the simulations of both 

combustion models. 
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Table 3-13. Under-relaxation factors for combustion simulation for GM2 using 
EDM and Chemical equilibrium  

Combustion model  EDM Chem eq 

Solution control  Value Value 

Pressure 0.3 0.5 

Density 0.25 0.2 

Body Forces 0.8 0.8 

Momentum 0.7 0.5 

Turbulence Kinetic Energy 0.8 0.75 

Turbulent Dissipation rate 0.8 075 

Turbulent  Viscosity 1 1 

Energy 1 0.75 

Temperature 0.9 0.75 

Mean Mixture fraction 0.75 0.75 

Mean fraction Variance 0.75 075 

Discrete ordinates 1 1 

 

Combustion simulation with SDF for non -premixed combustion  

The lack of agreement obtained with EDM and chemical equilibrium led to the 

development of a hexahedral structured mesh considering the whole four-hole 

combustor since it was thought that the combustion was not symmetric, which 

probably affected the combustion results. The geometry was modelled as a flat 

plate.  

A structured mesh was created for a whole four-hole domain using 2.8M 

hexahedral elements, as shown in Figure 3-22, since it was thought that the 

temperature distribution was not going to be uniform inside the combustor. A 

fine inflation layer was included near the fuel injection to allow a smooth 

interaction with the rest of the domain, as shown in Figure 3-23. The fuel 

injection was modelled using elements length up to 0.005mm. The mesh 

statistics are shown in Figure 3-24, where a minimum determinant of 0.62 was 

achieved, as illustrated in Figure 3-24A). A high aspect ratio with a maximum of 
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1500 was obtained (Figure 3-24B), given the nature of the geometry, which 

required discrete elements near the fuel injection.  

 

Figure 3-22. Hexahedral structured mesh used in combustion simulation for 
GM2 

 

Figure 3-23. Inflation layer at fuel injection for hexahedral mesh  used in 
combustion simulation with SDF for GM2 

 

Figure 3-24. Statistics for structured hexahedral mesh used in combustion 
simulation for GM2. A) Determinant, B) Aspect ratio 










































































































































































































































































































































































































































































































