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ABSTRACT 

Biogas is emitted from landfills, anaerobic digesters, and many other biomass 

sources. Emitted biogas is usually burnt in order to reduce greenhouse effect and to 

get energy. Burning of biogas emits several pollutants, mainly CO2, NOx and SO2. 

Reducing the of emissions is very important in combustion. Emissions of combustion 

can be analysed experimentally or by computer simulations. Experiments are very 

accurate and expensive. Computer simulation is an economic way of analysing 

combustion systems. In this study emissions of biogas combustion are analysed with 

computer simulations. 

There are several methods of reducing emissions in combustion such as excess air 

control, air staging, fuel Staging, flue gas recirculation etc. In this study, the effect of 

excess air in biogas combustion is analysed. The range of optimum equivalent ratio 

was found as 0.85-1.1. 

Emitted gasses get dissipated in the atmosphere with the wind. The environmental 

effect from emissions of a 20kW industrial biogas burner in Colombo area was 

analysed using CFD simulations. Results show that the ground level is below 

environmental standard limits.  

 

Keywords: Biogas, Combustion, Equivalent Ratio, CFD, Atmospheric dispersion 
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1. INTRODUCTION 

Industries generate several types of waste, and they must be treated before releasing 

to the environment. Most of the generated waste is organic waste. Anaerobic digestion 

[1] is a main method of treating organic waste. Biogas is produced as a by-product in 

anaerobic digestion. Biogas is generated in landfills too [2]. 

 Biogas is a mixture of methane, carbon dioxide, small amounts of nitrogen, oxygen, 

hydrogen sulphide, and some other gases. It must be carefully handled, and it cannot 

be directly released to the environment due to Methane’s global warming potential of 

23 [3]. Hence, produced biogas is burnt in a flare or in a combustion chamber. 

Although complete combustion should release only CO2 and H2O, in practice carbon 

monoxide (CO), carbon dioxide (CO2), oxides of nitrogen (NOx), volatile organic 

compounds (VOCs), trace amounts of Sulphur dioxide (SO2), particulate matter (PM) 

and unburned fuel can be released. These emissions depend on air/fuel ratio (A/F), 

temperature, and mixing properties in the combustion chamber. When the A/F ratio is 

lower, it releases unburned fuel and CO, and when the A/F is higher it releases less 

CO, and reduces the flame temperature. If air is used instead of pure oxygen, N2 in the 

air will be converted into NOx. Trace amounts of NH3 in fuel is also converted to NOx 

in the combustion process. Therefore, optimum A/F should be maintained with perfect 

mixing to achieve high temperatures with low CO and NOx emission.  

NOx poses a threat to the environment due to formation of photochemical smog, 

formation of ground level ozone [4], acid rain etc. [5] and health risks [6]. Therefore, 

NOx emission control is very important in combustion. There are several NOx 

emission control methods in combustion such as excess air control, air staging, flue 

gas recirculation, fuel staging etc. Excess air control, which is the simplest method, is 

analysed in this study. 

The combustion system should be analysed experimentally or by computer 

simulations. Experimental analyses are expensive and computer simulations are 

economical. Therefore, usually analysis with computational simulation is done first 

and then the results are finetuned with physical experiments. Excess air control in a 

small-scale combustion chamber is analysed with computational simulations in this 
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study. Computational Fluid Dynamics model (CFD) for the combustion system was 

developed. The CFD model was validated using DLR CH4/H2/N2 flame [7]. 

When designing an industrial equipment, initial experiments are done in small-scale 

equipment. Then the equipment is scaled up to the industrial scale. In this study excess 

air control in a small-scale combustion chamber is analysed using the validated CFD 

model. Then, the dispersion of emissions from a similar industrial scale combustor is 

analysed. 

Emitted NOx spreads over the atmosphere. Spreading direction and dissipation rate 

depends on the wind velocity and exhaust temperature of the chimney. During the 

designing of a combustion system, NOx formation and dissipation must be analysed in 

order to confirm that all the environmental standards are met. In this study, combustion 

of biogas was analysed and stack emission to the environment was estimated with a 

NOx and SO2 dispersion model in flat terrain by Computational Fluid Dynamics model 

(CFD). 

1.1. Objective 

• Development and validation of a CFD model to analyse biogas combustion by 

available chemical kinetics.    

• Optimization of process parameters to obtain minimum pollutant in the 

emission using the developed model 

• Analysis of dissipation of emissions in the atmosphere 

1.2. Methodology 

First existing emission control methods used in combustion were studied. The 

simplest method of controlling emissions from combustors was found as excess air 

control. That was selected as the emission control method for this study. 

CFD simulation is an achievable way of analysing a combustion system. Therefore, 

the considered system was analysed with CFD simulations in this study. Mathematical 

model was developed for heat and mass transfer and reactions. The turbulence models 

available are direct numerical simulation (DNS), Large Eddy Simulation (LES) and 
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Reynolds Averaged Navier-Stokes (RANS). RANS needs the least computational 

power and DNS needs the highest computational power. Researchers proved that 

RANS can accurately simulate biogas combustion and it was further validated using 

experimental data of DLR flame. GRIMech, which is an accepted reaction mechanism 

for biogas combustion, was used in this study for simulation of combustion after 

further validation with DLR flame. 

Effect of excess air to emissions of biogas combustion was analysed considering a 

small-scale combustion chamber. The combustion chamber was simulated using the 

validated CFD solver. Based on simulation results, the optimum equivalent ratio for 

the considered system was defined. 

The effect of emissions depends on emission quantity as well as dispersion of 

emissions in the atmosphere. Therefore, the dispersion of emissions in the atmosphere 

was analysed.  Smagorinsky LES model is the recommended CFD model for 

atmospheric simulations. It was further validated by comparing with published 

experimental data. Emissions from a 20kW industrial burner in Colombo area was 

simulated and analysed the health and environmental effects. 

1.3. Industrial waste treatment 

Industries generate different types of wastes such as organic waste, heavy metals, 

hazardous chemicals, radioactive materials, particulate matter, greenhouse gasses, 

toxic gasses etc. Most of the wastes are organic waste and usually dissolved in water. 

The industry must treat these wastes before releasing them to the environment. The 

most common method of treating organic wastes is aerobic and anaerobic digestion. 

Aerobic digestion does not generate any useful by-product. But anaerobic digestion 

generates biogas as a by-product. 

1.4. Biogas generation 

Biogas is a renewable fuel produced by the decomposition of organic matter such as 

food and animal waste [8]. Methane is the main combustible substance in biogas. 

When organic matter is digested by microorganisms in anaerobic environment, biogas 
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is produced as a by-product. The bacteria which produce methane in biogas are called 

Methanogens. 

There are many sources of biogas. Some of the main raw materials of generating 

biogas are: 

• Livestock waste 

• Landfill gas  

• Industrial wastewater 

Livestock Waste 

Livestock wastes constitute the most used substrate for biogas generation. Manure 

from poultry, cattle, and pigs are all good examples of this waste. Livestock wastes 

naturally contains sufficient amounts of Methanogens.  

Landfill Gas 

Municipal solid waste landfills are the third-largest source of human-related 

methane emissions in many countries. Landfills produce methane by decomposing 

organic matter by Methanogens in soil or waste.  

Industrial wastewater 

Industrial wastewater contains a huge amount of organic matter. They do a huge 

damage to the environment if discharged without necessary treatments. Burning, 

chemical treatment, aerobic digestion and anaerobic digestion are the main methods 

of treating organic wastes. The treatment method is decided based on the ingredients 

and the content of the waste. The waste treatment process may have several steps with 

different treatment methods. When they are treated in an anaerobic digester, biogas is 

produced as a by-product. Biogas has an average global warming potential of 21, 

which is very high. Therefore, it should not be released to the atmosphere. Usually, 

generated biogas is used as an energy source in the same industry or burned in a flare. 

It may be released to the environment without burning if the amount of biogas 

produced is very low. 
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1.5. Applications of Biogas Combustion 

Biogas is used for several purposes: 

• Domestic cooking  

• House heating 

• Generation of electricity using engines 

• Industrial boilers 

Most of the industries that produce biogas in waste treatment process use that to 

generate electricity or to fulfil heating requirements of the industry. Some of the 

industries burn biogas in a flare without using effectively. 

1.6. Biogas Composition  

Table 1: Composition of Biogas  

Component  % Volume 

CH4 60-75 

CO2 19-33 

N2 1 

O2 0-5 

H2O 6 

H2S 1000-4000 ppm 

NH3 50-100ppm 

Source: Biogas composition [9] 

1.7. Emissions of Biogas combustion 

Table 2 presents emission compositions of biogas combustion which are calculated 

based on composition of biogas. 

Table 2: Emissions of Biogas combustion 

Component Average 

Composition 

Global 

warming 

potential 

Major Environmental Impact 

CO2 12 %v/v 1 Global warming 
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H2O 15 %v/v - Negligible 

N2 70 %v/v 0 Negligible 

O2 3 %v/v 0 Negligible 

SO2 50ppm 0 Acid rains 

NOx up to50ppm 0 Photochemical smog 

Acid rain 

Make ground level ozone 

Harmful for lungs 

CO Depend on 

efficiency 

0 Toxic 

Unburnt CH4 Depend on 

efficiency 

21 Global warming 

 

Methane 

Methane is a severe greenhouse gas. Therefore, emission of CH4 should be 

minimized. Burning of CH4 is the usual practice in the industry to reduce CH4 

emission. 

Carbon dioxide 

CO2 is a greenhouse gas. But its greenhouse effect is less than CH4. Therefore, 

burning of CH4 in order to reduce greenhouse gas emission is generally accepted. 

Sulphur dioxide 

SO2 is the main reason for acid rains. SO2 should be reduced by absorbing from flue 

gas or by removing Sulphur from fuel. 

NOx 

Biomass combustion systems emit nitrogen oxides which should be reduced since 

they contribute to the formation of acid rain and photochemical smog and to produce 

ground level ozone. The NOx emissions from biomass combustion are mainly caused 

by the nitrogen in the fuel. High temperature combustion produces thermal NOx. 
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1.8. NO Formation Mechanisms 

In the combustion process Nitrogen in fuel and air is first converted into NO and 

then converted to NO2. There are three main NO formation mechanisms in combustion 

[10]. 

i. Thermal NO mechanism 

ii. Prompt NO mechanism 

iii. Fuel NOx 

Formed NO is converted to NO2 in the atmosphere as NO is an unstable substance. 

Thermal NO mechanism 

High temperature converts O2 into oxygen atoms. As atomic oxygen is highly 

reactive, it forms NO with available N2 according to the below mechanism. The 

reaction rate is very high above 1800K temperature. 

 𝑂 + 𝑁2 ↔ 𝑁𝑂 + 𝑁 (1.1) 

 𝑁 + 𝑂2 ↔ 𝑁𝑂 + 𝑂 (1.2) 

 𝑁 + 𝑂𝐻 ↔ 𝑁𝑂 + 𝐻 (1.3) 

Steady state NO formation rate is expressed as in equation (1.4) [10] 

𝑑(𝑁𝑂)

𝑑𝑡
= 2𝑘1(𝑂)(𝑁2) = 1.70 × 1017𝑇−

1
2𝑒

−69750
𝑇(𝐾) (𝑂2)𝑒𝑞

1
2(𝑁2)𝑒𝑞 𝑚𝑜𝑙/𝑐𝑚3𝑠 (1.4) 

The thermal NO formation rate will be reduced when the availability of oxygen, 

nitrogen or flame temperature is decreased. 

Prompt NO mechanism 

The presence of a second mechanism leading to NOx formation was first proposed 

by Charles Fenimore [11] and was termed “prompt NOx” in 1971. When thermal and 

fuel NOx are eliminated, some NOx formation was still observed. Fenimore attributed 

this to the reaction of atmospheric nitrogen with combustion radicals occurring in the 

earliest stages of combustion.  
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 𝐶𝐻− + 𝑁2 → 𝐻𝐶𝑁 + 𝑁− (1.5) 

 𝑁− + 𝑂𝐻 → 𝑁𝑂 + 𝐻− (1.6) 

 𝑁− + 𝑂2 → 𝑁𝑂 + 𝑂− (1.7) 

 𝐻𝐶𝑁 + 𝑂2 → 𝑁𝑂 + 𝐶𝑂 + 𝐻− (1.8) 

Because this mechanism is not significantly temperature dependent, it becomes 

more important when other NOx formation mechanisms have been suppressed. 

Reducing of prompt NOx formation is very difficult. Therefore, prompt NOx must be 

lived with, and focus is normally placed on suppressing the other two main NOx 

mechanisms. 

Fuel NOx 

When fuel has chemically bonded nitrogen, it is oxidized to NOx during 

combustion. Nitrogen is usually removed from fossil fuels in the refining process. 

Biogas contains a trace amount of ammonia which is converted to NO and water during 

combustion. 

 4𝑁𝐻3 + 5𝑂2 → 4𝑁𝑂 + 6𝐻2𝑂 (1.9) 

Fuel NO formation mechanism is not considered in this study as it is very low 

compared to other two mechanisms 

1.9. NO formation control methods 

There are many methods of reducing emissions [12]. Main methods are  

• Excess air control 

• Air staging (overfire air or two-stage combustion) 

• Flue gas recirculation 

• Fuel staging (burner out of service, fuel biasing, reburning or three stage 

combustion) 

Excess air control 

Complete combustion cannot be achieved by suppling air in the stoichiometric ratio. 

Therefore, excess air must be provided to achieve complete combustion. According to 
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thermal NO mechanism, rate of NO formation depends on available nitrogen 

concentration. Therefore, excess air must be controlled at the minimum level to 

achieve complete combustion with least NOx emission. 

[13] explains a tuning method to minimize emissions of a gas turbine. 
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Air staging 

Air staging is a method used to reduce NOx emissions from fuel nitrogen. When 

there is less oxygen available in the reaction zone, fuel nitrogen is converted to N2 

instead of NO. Therefore, less air is provided to the primary stage as shown in Figure 

1. 

Then additional air is provided to the secondary stage to complete the combustion 

Primary stage 

• Less air is provided 

• Rich combustion happens 

• Fuel nitrogen is converted into N2 

Secondary stage 

• More air is provided 

• Combustion is completed 

• Fuel nitrogen is already converted into N2 

• Flue gas 

• Unburnt fuel 

• CO 

• N2 

Fuel 

Flue gas 

Primary air 

Secondary air 

Figure 1: Air staging 
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[14] shows that rich combustion with high temperature in primary zone reduces 

NOx emissions, 

Fuel Staging 

Usually there are three stages in fuel staging. 

1. Primary combustion zone 

2. Reburn zone 

3. Burnout zone 

 

The fuel which has nitrogen is fed to the stage 1. As rich combustion is happening, 

most of the fuel nitrogen will be converted in to N2. However, some amount of fuel 

nitrogen is converted into NO also. 

In the second stage produced NO is converted into N2 by hydrocarbon radicals and 

produced CO. 

Stage 3 completes the combustion with excess air. 

[15] shows that fuel staging is good for fuels with high nitrogen content. 
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Figure 2: Fuel Staging 

 

Flue gas 

Stage 3: Burnout zone 

• More air is provided 

• Combustion is completed 

• Formed NO is already converted into N2 
Secondary Air  

Stage 1: Primary combustion zone 

• Less air is provided 

• Rich combustion happens 

• Fuel nitrogen is converted into N2 

and NO 

Primary fuel (Biomass/Coal) 

Primary air 

• Flue gas 

• Unburnt fuel 

• CO 

• NO 

Secondary Fuel 

(Natural gas) 

• Flue gas 

• Unburnt fuel 

• CO 

• N2 

Stage 2: reburn zone 

• Convert produced NO into N2 by 

hydrocarbon radicals and produced 

CO 

𝑁𝑂 + 𝐶𝑂 → 𝐶𝑂2 +
1

2
𝑁2 



13 

 

Flue gas recirculation 

Flue Gas Recirculation (FGR) is the process of taking a portion of the flue gas from 

a combustion process and recirculating it back through combustor.  When the process 

is used in internal combustion engines it is commonly referred to as exhaust gas 

recirculation (EGR).  EGR for internal combustion engines, was introduced in the 

1970s.  EGR is now required by the United States Environmental Protection Agency 

for diesel engines, in order to decrease NOx emissions.  

FGR reduces thermal NOx by reducing the flame temperature by diluting the fuel-

air mix with inert gases like N2, H2O and CO2. The lower temperature prevents 

diatomic nitrogen and oxygen in the fuel-air mix from reacting.  FGR is not effective 

in reducing fuel NOx.  

Figure 3 shows that properly maintaining flue gas recirculation reduces NOx 

without increasing CO [16]. That explains that the increasing of FGR ratio reduces 

NOx as the graph in Figure 3. 

 

Figure 3: Effect of FGR ratio 

 Source: Flue gas recirculation in a gas-fired laboratory furnace [16] 
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Applicability of each emission control method 

Table 3: Applicability of different emission control method 

Excess air control Can be applied to any system 

Air staging Implemented where fuel contains N 

Fuel staging Implemented when primary fuel contains N 

Flue gas recirculation Implemented when a higher flowrate is needed 

 

1.10. Experimental combustion analysis 

Emissions 

The most accurate method of analysing a combustion system is using experimental 

data. An apparatus as Figure 4 can be used to analyse emissions of an engine [17].  

 

Emissions of any combustion system can be measured using a similar method. 

Flame propagation speed 

Flame propagation speed is a very important parameter in combustion, especially 

in internal engines. An apparatus as in Figure 5 is used for such experiments [18]. 

 

Figure 4: Engine exhaust analyse experimental setup 

Air and fuel 

inlet Exhaust 
Air and fuel 

flow 

controllers 

Gas 

analyzer 
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Flame profile 

Thermal imaging camera is used to obtain the temperature profile. A spectrometer 

is used to get species profile in the flame [19]. 

 

 

 

 

Figure 5: Experimental setup of flame propagation speed 

Figure 6: Experimental setup to identify flame profile 

Quartz glass 

window 

Fuel/Air injection 

Electrodes 

High speed 

camera 

Thermal imagine 

camera/spectrometer 
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1.11. Analysis of combustion process 

Temperature and emissions of combustion are very important in applications. High 

temperature flame is required in industrial applications. Emissions are a large threat to 

the environment and health. Combustors must be optimized to get maximum 

temperature with less emissions. Combustion process should be properly analysed to 

design and maintain combustors with optimum operating conditions. 

Experimental analysis is done to analyse combustion processes more accurately. 

Temperature and specie profiles of the flame can be experimentally obtained using 

thermal imaging cameras and spectrometers. Emissions are analysed using Gas 

chromatography–mass spectrometry. Gas combustors as well as these analytical 

instruments are very expensive. If different combustors are analysed, there must be 

each combustor available in the experiment lab which may not be economically 

feasible. 

Computer simulation is an economical way of analysing combustion systems. First 

a mathematical model of the system should be developed to run a computational 

simulation. The model must be validated by comparing with some experimental data 

before using for analysis. Knowledge on science, mathematical modelling and 

computer programming is needed for computer simulator development. Huge 

computational power is required to run complex simulations. A 32 core 64 thread 

2GHz processor was used in this study. Even though required expertise knowledge 

and computer processing power is expensive, it is more economical than physical 

experiments because knowledge and high-performance computers are available 

nowadays in many research institutes. Researchers recommend to first analyse the 

combustion process with computer simulations and then fine-tune the results with 

physical experiments. This study is done to analyse the effect of excess air in a biogas 

combustion chamber and the atmospheric dispersion of emissions from an industrial 

burner. 
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1.11.1. A/F emission analysis 

 

Figure 7: Effect of A/F on combustion  

Source: A Comparative Study of a used 4-Stroke Motorcycle Engine Performance [20] 

 

Many researchers have analysed the effect of air to fuel ratio (A/F) on combustion. 

Most of the previous research were conducted to analyse combustion in internal 

combustion engines, especially automobile engines because vehicles are responsible 

to a very high amount of air pollution.  

[21] presents the variation of properties of a biogas flame with addition of hydrogen 

and change of A/F. However, NOx formation is not analysed in this study. 

Figure 7 [20] shows different effects of A/F in a motorcycle engine which use 

gasoline. Highest power is achieved at rich combustion (x <1) which has higher 

emissions. Increasing A/F reduce emissions as well as power. Therefore, optimum A/F 

should be maintained to achieve an economical power with minimum A/F. 
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Previous researchers have analysed performance of biogas flame combustion and 

NOx emissions separately. In this study, variation of performance of biogas flame 

combustion and NOx emissions are compared, and range of optimum equivalent ratio 

for a small-scale combustion chamber is provided. There are several studies on 

atmospheric dispersion of emissions from combustion for other countries [22], [23].  

As a case study, dispersion of emissions from an industrial burner in Colombo area of 

Sri Lanka is analysed. 

 

1.11.2. Emission dispersion 

Emissions of combustion are released to the environment and get dispersed in the 

atmosphere. The concentration at the releasing point is very high and may exceed 

hazardous concentration level. Then it gets dispersed in the atmosphere and get diluted. 

The area which exceeds the hazardous limit must be analysed before implementing the 

combustor. 

Gaussian plume model is a traditional method of calculating pollutant dissipation 

profiles in the atmosphere. But it does not consider the exhaust temperature and 

turbulence generated by exhaust gas flow. Previous studies proved that CFD is more 

accurate in atmospheric dispersion analysis than Gaussian plume model [24]. 
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2. DEVELOPMENT OF MATHEMATICAL MODEL FOR 

BIOGAS COMBUSTION 

2.1. Biogas Combustion 

The most often implementation of combustion is in domestic cookers.  Most of the 

heating requirements in Sri Lankan industries are obtained by furnace oil or biomass 

combustion. Vehicles are powered by gasoline or diesel combustion. 

Combustion can be categorized as premixed and non-premixed (diffusion flame). 

Required oxygen is mixed with fuel before entering the combustion area in premixed 

flames. Required oxygen in diffusion flame are taken from co-flow or from the 

environment. When the premixed oxygen amount is not sufficient to complete the 

combustion, remaining is taken from the environment or from co-flow. That is called 

partially premixed flame, which is considered in this study.  

Biogas mainly contains methane and carbon dioxide. Carbon dioxide is non-

reactive, and methane get oxidized. 

 𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2𝑂 (2.1) 

One mole of methane needs two moles of oxygen. This mixture is the stoichiometric 

mixture. If air is used as the oxidant. 

 
𝐶𝐻4 +

2

0.21
(0.21𝑂2 + 0.78𝑁2) → 𝐶𝑂2 + 2𝐻2𝑂 +

2

0.21
× 0.78𝑁2 

(2.2) 

Air to fuel ratio (A/F) in the stoichiometric mixture of methane is 0.95.  

 
(𝐴 𝐹⁄ )𝑠𝑡𝑜𝑖𝑐 =

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑎𝑖𝑟

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑓𝑢𝑒𝑙
=

2
0.21⁄

1
= 9.5 (2.3) 

The ratio between A/F of a partially premixed flame and (A/F) stoic is called 

‘equivalent ratio’ represented by λ. 

 
𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 𝑟𝑎𝑡𝑖𝑜 (𝜆) =

(𝐴 𝐹⁄ )

(𝐴 𝐹)⁄
𝑠𝑡𝑜𝑖𝑐

 (2.4) 
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2.1. CFD model development 

2.1.1. Control volume  

In flame combustion control volume is a volume in the considered domain. The 

control volume is considered as a lumped system. The distributed system which needs 

to be analysed is divided into a mesh of control volumes. All the control volumes must 

be small enough to assume as a lumped system. 

2.1.2. Energy transfer inside a control volume 

First law of thermodynamics (law of conservation of energy) states that the total 

energy of an isolated system is constant. Energy can be transformed from one to 

another but cannot be created or destroyed. For a control volume which is an open 

system, this can be expresses as (2.5), 

 
𝑄̇ − 𝑊̇ = ∑ 𝑚̇𝑒 (ℎ𝑒 +

𝑣𝑒
2

2
+ 𝑔𝑧𝑒) −  ∑ 𝑚̇𝑖 (ℎ𝑖 +

𝑣𝑖
2

2
+ 𝑔𝑧𝑖) (2.5) 

2.1.3. Governing equations 

There are many CFD models such as finite volume method, finite element method 

and finite difference method. Finite volume method is used in this research which is 

simple and easily implementable.  

Figure 8: Control volume 

Domain of the system 

(Flame and Atmosphere) 

Control 

Volume 
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General transport equation for a control volume: 

 𝜕𝜌∅

𝜕𝑡
+ 𝑑𝑖𝑣(𝜌∅𝑣) = 𝑑𝑖𝑣(𝐷 𝑔𝑟𝑎𝑑∅) + 𝑆∅ (2.6) 

∅ is a conservative form of all fluid flow 

div(ρ∅v) is the net rate of flow of ∅ out of fluid volume (convective term) 

𝜕𝜌∅

𝜕𝑡
 is the net change of ∅ in the fluid volume 

𝑑𝑖𝑣(𝐷 𝑔𝑟𝑎𝑑∅) is the rate of change of ∅ due to diffusion 

S∅ is a rate of increase of ∅ due to source 

Only the steady state systems are considered in this study. At steady state: 

 𝜕𝜌∅

𝜕𝑡
= 0 (2.7) 

 𝑑𝑖𝑣(𝜌∅𝑣) − 𝑑𝑖𝑣(𝐷 𝑔𝑟𝑎𝑑∅) − 𝑆∅ = 0 (2.8) 

2.1.4. Combustion Model 

Combustion is an exothermic redox chemical reaction between a fuel (the reductant) 

and an oxidant, usually oxygen. The reaction generates heat as well as light in the form 

of a flame. 

The ith specie mass fraction transport for a control volume is defined as (2.9). 

 

  

𝜕

𝜕𝑡
(𝜌𝑌𝑖) +

𝜕

𝜕𝑥𝑗

(𝜌𝑢𝑗𝑌𝑖) =
𝜕

𝜕𝑥𝑗
(𝜌𝐷𝑖

𝜕𝑌𝑖

𝜕𝑥𝑖
) + 𝑅𝑖 (2.9) 

 

  𝑅𝑖 = 𝑀𝑤,𝑖 ∑ 𝑅̂𝑖,𝑟

𝑁𝑅

𝑟=1

 (2.10) 

 

  𝑅̂𝑖,𝑟 = 𝜏(𝜈𝑖,𝑟
" − 𝑣𝑖,𝑟

′ ) (𝑘𝑓,𝑟 ∏[𝐶𝑗,𝑟]𝜂𝑗,𝑟
′

− 𝑘𝑏,𝑟 ∏[𝐶𝑗,𝑟]𝜂𝑗,𝑟
"

𝑁𝑟

𝑗=1

𝑁𝑟

𝑗=1

) (2.11) 

𝑘𝑓,𝑟 is provided by the Arrhenius equation 



22 

 

 
𝑘𝑓,𝑟 = 𝐴𝑟𝑒−

𝐸𝑟
𝑅𝑇 

(2.12) 

Energy equation is defined as (2.13) 

 𝜕𝜌𝐸

𝜕𝑡
+ ∇. (𝜌𝑈𝐸) + ∇. (𝑈𝑝) = −∇. 𝑞 + ∇. (𝜏. 𝑈) + 𝜌𝑟 + 𝜌𝑔𝑈 

(2.13) 

2.1.5. Chemical kinetics 

Reaction mechanism of combustion 

Combustion process has many parallel and serial reactions. The reaction mechanism 

with all those reactions is needed for the simulation but solving all those reactions 

consumes a lot of computation time. Therefore, the reaction mechanism is reduced by 

removing the reactions with negligible rates. GRIMech [25] is such a published 

chemical kinetic mechanism. Researchers have proved that GRIMech is valid for 

biogas combustion simulations. It contains reactions of all three thermal, prompt and 

fuel NOx mechanism. H2S combustion reactions were appended because they are not 

included in GRIMech [26]. 

TDAC algorithm 

GRIMech has 500 reactions with 60 species which are too much for simulations. 

Therefore, the mechanism was further reduced real-time during simulation using 

Tabulation of dynamic adaptive chemistry (TDAC) [27] algorithm. 

TDAC is a method which neglects reactions with negligible conversion [28]. Also, 

it tabulates calculated integration results of each iteration. Then when the same 

integration was needed to be calculated in future iterations it recalls the tabulated 

results. This method is called in situ adaptive tabulation (ISAT). Therefore, TDAC 

solver runs faster than other solvers. Observations showed that TDAC algorithm can 

speedup a simulation by approximately 2.5 times.  
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Figure 9: TDAC algorithm 
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3. CFD SIMULATION FOR DLR FLAME 

The developed solver and reaction mechanism used must be validated before using 

for analysis of combustion systems with it. The accepted method of validation is 

comparing the simulated results with experimental data. The proposed combustion 

model was used to simulate and compare a CH4/H2/N2 flame with the DLR-Stuttgart 

CH4/H2/N2 Jet Flame A. Details of DLR jet flame are given below. 

Fuel (mass percentages): 22.1% CH4, 33.2% H2, 44.7% N2  

Fuel inlet velocity: 42.2 m/s 

Inlet Re: 15200 

Fuel Nozzle diameter: 8mm  

Co-flow velocity: 0.3m/s 

Co flow diameter: 360mm 

Co flow temperature: 292K 

Inlet temperature: 292K 

3.1. Development of CFD model for DLR flame 

Required minimum length and diameter of simulated atmosphere was observed as 

1.5m and 1.8m to get the best accuracy.  

 

Figure 10: Geometry of simulation mesh 
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The combustor is a cylinder.  Simulating a 3D cylinder consumes a lot of 

computation power. A 2D wedge was selected as the domain of simulation as the 

system is axisymmetric. Required processing time is very low for 2D simulation 

compared to 3D simulation. 

Assumptions on wedge plane 

• The fluxes across a wedge plane are zero 

• The normal components of all variables are set to zero 

Different mesh sizes were simulated to finalize the suitable mesh size in the study 

and selected 40×50 cells for the domain as in Figure 12.  Observed that the number of 

cells in the co-flow area below the flame has a negligible effect. 

 

 

 

 

 

Figure 11: 2D Wedge 
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Figure 12: 2D wedge mesh which is used for simulation 

 

 

Figure 13: Flow pattern 
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There is a natural recirculation in the atmosphere. Sufficient volume of the 

atmosphere must be included in the simulation as shown in Figure 10 to simulate the 

effect of recirculation accurately.  

Figure 14: Inlets 

Table 4: Boundary conditions of DLR flame simulation 

Property Boundary OpenFOAM boundary type 

/Value 

Remarks 

Temperature Fuel Inlet  fixedValue (298K) Room temperature 

Air co-

flow 

fixedValue (298K) Room temperature 

Open air zeroGradient Zero Gradient -  

Heat conduction to 

the environment is 

negligible relative to 

convection 

Wedge 

surface 

wedge 2D simulation 

Velocity Fuel Inlet fixedValue (42.2m/s) Experimental value 

Air co-

flow 

fixedValue (0.3m/s) Experimental value 

Wedge surface 

Fuel Inlet Controlled air co-flow Open Air 
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Open air pressureInletOutletVelocity; Velocity is calculated 

based on pressure 

difference 

Wedge 

surface 

wedge 2D simulation 

Pressure Fuel Inlet zeroGradient Zero Gradient 

Air co-

flow 

zeroGradient Zero Gradient 

Open air totalPressure (1 atm) Open to the 

environment 

Wedge 

surface 

wedge 2D simulation 

Specie Fuel Inlet fixedValue (22.1% CH4, 

33.2% H2, 44.7% N2)  

Experimental value 

(Mass percentage) 

Air co-

flow 

fixedValue (23% N2, 77% O2) Air supply 

Open air zeroGradient zeroGradient –  

No mass transfer 

from environment to 

the exhaust 

Wedge 

surface 

wedge 2D simulation 

 

There are mainly three turbulence models used in CFD as Direct Numerical 

Simulation (DNS) [29], large eddy simulation (LES) [30] and Reynolds Averaged 

Navier-Stokes (RANS) [31]. DNS is the most accurate model and it consumes the 

highest computation time. LES is faster than DNS and more accurate than RANS. 

RANS is the fastest. Even though RANS is the least accurate compared to the other 

two turbulent models, RANS gives sufficient accuracy in DLR flame simulation. 

Therefore, RANS was selected as the turbulent model in DLR flame simulation 

considering accuracy and available computation power. 

There are mainly two RANS models as k-ε and k-ω [32]. k-ω model is 

recommended when wall effect is very high and k- ε model is recommended when the 

fluid flow far away of the wall is significant. The turbulent model used in DLR flame 

simulation is k- ε because the flame is far away from walls. Estimated best k- ε 

parameters for the simulation are presented in Table 5. 
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Table 5: Turbulent parameters 

 k – Turbulent Intensity      ε – Mixing Length     

Fuel Inlet 0.03 0.005 

Air Inlet 0.02 0.005 

 

3.2. Model Validation 

Following experimental data of axial and radial profiles of DLR flame are published 

by previous researchers [7]. 

Axial profiles 

• Temperature 

• Velocity 

• Species (O2, H2, CH4, H2O, CO2, CO)  

Locations of axial data points are presented in Figure 15- 

Figure 18 

Radial profiles 

• Velocity (at 0.1, 4, 8, 16, 32, 48 cm axial distances) 

Locations of radial data points of each profile are presented in Figure 22-Figure 28  

Simulation data of developed model were compared with those experimental data 

in order to analyse the accuracy of the developed model. 

3.2.1. Axial profile comparison of DLR flame 

Axial temperature, velocity and specie profiles of simulation were compared with 

experimental results. 
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Figure 15: Axial Temperature profile of DLR flame 

 

Figure 16: Axial Velocity Profile of DLR Flame
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Figure 17: Axial Specie Concentrations of DLR Flame 

 

Figure 18: Axial Specie Concentrations of DLR Flame 
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Figure 19: Comparison with published simulation results of DLR Flame 

 

Figure 20: Comparison with published simulation results of DLR Flame 
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because it uses a reaction mechanism which is customized for DLR flame. GRIMech 

which is used in this study is a general reaction mechanism which is suitable for any 

combustion system which uses hydrocarbons with less than 3 carbon atoms and 

hydrogen as the fuel. The fuel used in this study is biogas which is a mixture of 

methane and carbon dioxide. Therefore, GRIMech is used in this study. 

3.2.2. Radial profile comparison of DLR flame 

 Experimental radial velocity profiles shown in Figure 21 were compared with 

simulation results. 

 

 

Figure 21: Axial distances to the radial profiles considered in validation 
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Figure 22: Radial velocity profile at 0.001m axial distance 

 

Figure 23: Radial velocity profile at 0.04m axial distance 
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Figure 24: Radial velocity profile at 0.08m axial distance 

 

Figure 25: Radial velocity profile at 0.16m axial distance 
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Figure 26: Radial velocity profile at 0.32m axial distance 

 

Figure 27: Radial velocity profile at 0.48m axial distance 
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Figure 28: Radial velocity profile at 0.64m axial distance 

To evaluate the accuracy of the model, R-Squared value comparing simulated and 

experimental data were calculated. 

R Squared value (Coefficient of Determination) can be defined as: 

 
𝑅2 =

𝑛(∑ 𝑥𝑦) − (∑ 𝑥)(∑ 𝑦)

√[𝑛 ∑ 𝑥2 − (∑ 𝑥)
2][𝑛 ∑ 𝑦2 − (∑ 𝑦)

2]

 (3.1) 

Where, ‘x’ is actual value, ‘y’ is predicted value and ‘n’ is number of values 

R-Squared values of experimental and simulated radial velocity profiles are 

presented in Table 6. All of the values are above 90%. 

Table 6: R-Squared values of radial velocity comparison 

Axial Distance (cm) R-Squared value – R2 (%) 

0.1 97.90 

4 93.92 

8 96.42 

16 91.50 

32 94.88 

48 95.13 

64 95.60 
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R-Squired values of axial profiles are presented in Table 7. 

Table 7: R-Squared values of axial profile comparison 

Profile R-Squared value – R2 (%) 

Temperature 92.29 

Velocity 94.12 

O2 48.21 

H2 96.10 

CH4 97.49 

CO 48.85 

CO2 95.26 

H2O 81.95 

 

R-Squared value of axial profile comparison are above 80% except for O2 and CO. 

H. Pitsch (UC San Diego) has published more accurate simulation results [7] as LES 

turbulence model is used. Present study uses a RANS model in order to reduce the 

required computation time. 

 

  



39 

 

4. MODELLING OF SMALL-SCALE BIOGAS COMBUSTION 

CHAMBER 

Biogas composition depends on the type of biomass source, the type of 

microorganisms available and the amount of air available. Therefore, biogas 

composition varies with time. Average compositions of biogas were used for the 

simulation [33], [34], [35], which are shown in Table 8. 

Table 8: Biogas Composition 

Component Mass fraction 

CH4 4.997×10-1 

CO2 4.072×10-1 

H2O 4.820×10-2 

N2 1.249×10-2 

O2 2.856×10-2 

H2S 3.792×10-3 

NH3  5.689×10-5 

    Source: [33], [34], [35] 

The emissions of biogas combustion were analysed considering a small-scale 

experimental setup. 

4.1. Mesh generation of small-scale combustion chamber 

Biogas can be burnt as a flare or in a chamber as in Figure 29, which permits better 

control to reduce emissions, which is considered in this study. Air co-flow of the 

Figure 29: Small-scale experimental setup 
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considered combustion chamber can be controlled. In this study assumed that the co-

flow is fully open. 

 

Table 9: Parameters of Combustion Chamber Simulation 

Parameter Value 

Premixed fuel flow rate 0.1m/s 

Air co-flow  Natural draft 

Wall  2mm thick stainless steel 

Wall outside environment 100 °C boiling water 

Chamber diameter 50mm 

Nozzle diameter 5mm 

Simulated chamber height 0.3m 

Figure 30: Dimensions of small-scale Combustion chamber 
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Different mesh sizes were simulated to finalize the suitable mesh size in the study 

and selected 25×50 cells for the domain as in Figure 31.  Observed that the number of 

cells in the co-flow area below the flame has a negligible effect. 

4.2. CFD model 

The same CFD model used to simulate the DLR flame was used to simulate the 

small-scale combustion chamber. 

4.2.1. Solver development  

There are many solvers in OpenFOAM which can be used combustion simulations. 

They are explained below: 

Figure 31: Mesh size of small-scale combustion chamber 
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chemFoam: This can simulate reactions at a point  

reactingFoam: This can simulate reactions in a 2D or 3D profile. Gravity is 

neglected 

buoyantReactingFoam: This can simulate reactions in a 2D or 3D profile with 

considering Gravity 

chtMultiRegionFoam: This can simulate reactions in a 2D or 3D profile which 

consist of many regions of fluid and solid. Gravity is considered. Wall heat loss can 

be accurately simulated. 

Best solver for the considered system is chtMultiRegionFoam. But this solver 

consumes a lot of processing time. Therefore, buoyantReactingFoam was used. Heat 

loss through the wall was implemented as a boundary function in the solver source 

code. 

 

 

Figure 32: Heat loss from the wall 
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r1 -inner radius 

r2 – outer radius 

L – axial length of the cell 

Tin – inner wall temperature 

Tout - outer wall temperature 

Tenv - environment wall temperature 

Conduction heat resistance (Fourier's law) 

𝑅1 =
𝑙𝑛(

𝑟2
𝑟1

)

2𝜋𝐿𝑘(𝑇𝑖𝑛−𝑇𝑜𝑢𝑡) 
×

2𝜋𝑟1

𝑙
        

 
=

𝑙𝑛 (
𝑟2

𝑟1
)

𝐿𝑘(𝑇𝑖𝑛 − 𝑇𝑜𝑢𝑡 ) 
×

𝑟1

𝑙
 (4.1) 

Convection heat resistance (Newton’s cooling law) 

𝑅2 =
1

ℎ × 2𝜋𝑟2𝐿(𝑇𝑜𝑢𝑡 − 𝑇𝑒𝑛𝑣)
×

2𝜋𝑟1

𝑙
 

 =
1

ℎ × 𝑟2𝐿(𝑇𝑜𝑢𝑡 − 𝑇𝑒𝑛𝑣)
×

𝑟1

𝑙
 

(4.2) 

Total heat resistance = R1 + R2 

 ∆ℎ =
𝑇𝑖𝑛 − 𝑇𝑒𝑛𝑣

𝑅1 + 𝑅2

× ∆𝑡 
(4.3) 

GRIMech was used to simulate reactions. Assumed H2S in fuel is completely 

removed. 

Table 10: Boundary conditions of small-scale combustion chamber 

Property Boundary OpenFOAM boundary type 

/Value 

Remarks 

Temperature Fuel Inlet  fixedValue (298K) Room temperature 

Air Inlet fixedValue (298K) Room temperature 

Outlet zeroGradient Zero Gradient -  

Heat conduction in 

the exhaust is 
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negligible relative to 

convection 

Wall Boundary Function as (4.3) Heat loss as in 

Figure 33 

Wedge 

surface 

wedge 2D simulation 

Velocity Inlet fixedValue (0.1m/s) Inlet velocity of 

proposed 

combustion 

chamber 

Air Inlet zeroGradient  

Outlet pressureInletOutletVelocity; Velocity is 

calculated based on 

pressure 

Wall noSlip No mass transfer at 

the wall 

Wedge 

surface 

wedge 2D simulation 

Pressure Inlet zeroGradient Zero Gradient 

Air Inlet totalPressure (1atm) Open to the 

atmosphere 

Outlet totalPressure (1atm) Open to the 

atmosphere 

Wall zeroGradient Zero Gradient 

Wedge 

surface 

wedge 2D simulation 

Specie Fuel Inlet fixedValue (Mass percentages 

of Biogas/Air mixture) 

Composition 

depends on 

equivalent ratio 

Air Inlet fixedValue (23% N2, 77% O2) Open to the 

atmosphere 

Outlet zeroGradient Zero Gradient - 

No mass transfer 

from environment to 

the exhaust 

Wall zeroGradient Zero Gradient - 

No mass transfer at 

the wall 

Wedge 

surface 

wedge 2D simulation 

 

The flow is laminar if the Reynold number is below 2100 [36]. No turbulent model 

is implemented as the flow is laminar because of very low Reynold number of 17. 
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4.3. Equivalent Ratio Analysis  

Figure 33: Maximum flame temperature 

Maximum flame temperature is at 0.9 equivalent ratio.  

To analyse the flame combustion, temperature zones of the simulated flame are 

presented in Figure 34. 
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Figure 35: Temperature at different axial distances 
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Equivalent ratio of 0.85 has the highest temperature at 0.01m axial distance 

temperature. 

 

Figure 36: NOx × rho vs Axial Distance 

Equivalent ratio 0.7 has the highest NOx emission 

There is a very high NOx emission from 0.7 to 0.85 equivalent ratio. It is almost 
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Figure 37: Axial Temperature Profile 

According to Figure 33, 0.9 Equivalent ratio has the maximum peak temperature. 

However, 0.85 equivalent ratio has the overall highest flame temperature as shown in 

Figure 37. The highest flame length is at 0.85 equivalent ratio as shown in Figure 34.  

 
Heat output = ∰ 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 ∙ 𝑑𝑣 (4.4) 

Heat output depends on temperature and flame size according to (4.4). Therefore, 

the maximum heat output is at 0.85 equivalent ratio. 
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Figure 38: Axial distance to the location with highest temperature 

Figure 38 presents the axial distance to the maximum temperature point from the 

nozzle. The highest distance can be observed at equivalent ratio of 0.7. This distance 

is very low in equivalent ratios above 1.2 
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Figure 39 compares O2, H2O mass fractions and heat release rate (Q) at the different 

equivalent ratios (ER). Generally, heat release rate is proportional to the reaction rate. 

 
Figure 39: Axial concentrations and heat release rate profile 
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Figure 40: Flame Temperature and NOx emission 
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5. EMISSIONS FROM INDUSTRIAL BURNER 

Combustors release several gasses. Then the emitted gasses disperse through the 

atmosphere. The hazardousness of emitted gas depends on the emission rate as well as 

the way they get dispersed. In this study, the emission rate of a 20kW industrial burner 

was considered. Then the dispersion of the gas, considering Colombo area was 

analysed.  

 

 

The effect of emissions depends on the way they get dissipated in the atmosphere. 

Emissions must be diluted below the permissible level before exposed by people. 

Dissipation depends on wind velocity, chimney height and exhaust temperature.  

Dissipation of emissions of a 20kW industrial biogas burner in Colombo area was 

analysed in this study. 

 

 

Figure 41: Dissipation of smoke emitted from an industrial chimney 

Source: Times Higher Education [49] 
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5.1. Modelling of the burner 

For this study, a 20kW burner was considered as a typical case and simulated. The 

combustion model which was validated in chapter 3 was used to simulate this burner.  

 

 

 

Table 11: Parameters of 20kW burner 

Parameter Value 

Premixed fuel flow rate 0.0472m/s 

Premixed equivalent ratio 1 

Air co-flow  Natural draft 

Wall  Adiabatic 

Fuel inlet pressure Zero gradient 

Air inlet pressure 1 atm 

Exhaust pressure 1 atm 

Exhaust temperature Zero gradient 

Exhaust velocity Zero gradient 

Chamber diameter 10cm 

Nozzle diameter 25mm 

Simulated chamber height 60m 

 

Figure 42: 20kW burner geometry 
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Exhaust gas compositions from a 20kW biogas burner obtained by simulation are 

illustrated in Table 12. 

Table 12: Composition of Emissions 

Component Mass fraction 

NO 1.243×10-03 

NO2 9.211×10-06 

O2 1.682×10-01 

N2 7.506×10-01 

CO2 3.014×10-02 

H2O 4.600×10-02 

SO2 3.744×10-03 

 

1253 ppm of NOx is emitted according to the simulation, which compares well with 

the literature-based range of 100ppm to 1800ppm [37]. SO2 emissions reach 3744 ppm 

and trace amounts of unburnt CH4 and H2S remain in the exhaust gas. 

5.2. Atmospheric dispersion modelling 

The environmental impact results mainly from NOx and SO2. Therefore, stack 

emission as a point source was modelled and simulated to understand NOx and SO2 

spread in the atmosphere. The ground was assumed to be a flat terrain with a uniform 

roughness. The atmosphere was assumed as in neutral state. The vertical wind profile 

was obtained using power law (5.1) [38].  

 
𝑢 = 𝑢𝑟 (

𝑧

𝑧𝑟
)

1
7
 

 

(5.1) 

CFD simulations were performed for 5m/s wind speed at 200m height above the 

ground level, which is the average wind speed in Colombo area [39], and for 1m/s. 

The continuity equation for the conservation of mass is given in (5.2). 

 𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝑢) = 0 (5.2) 

Generally, incompressibility is assumed in atmospheric flows modelling. Ignoring 

density variations reduces equation (5.2) to (5.3). 
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 ∇. 𝑢 = 0 (5.3) 

Momentum conservation for an incompressible, Newtonian fluid (Navier–Stokes 

equations) is defined in equation (5.4). 

 𝜕𝑢

𝜕𝑡
+ (𝑢. ∇)𝑢 = −

1

𝜌
∇𝑝 + 𝜈∇2𝑢 +

1

𝜌
𝐹 

(5.4) 

 𝐹 = 𝜌𝑔 + 𝐹𝑐 (5.5) 

Equation (10) implements the buoyancy force to the solver. 

Navier–Stokes’s equations are highly nonlinear and tend to divergence. The 

Boussinesq approximation reduces the nonlinearity and stabilizes the simulation [40]. 

Density is assumed to be vary linearly with temperature only as given in equation (5.6). 

 𝜌 = 𝜌0−𝜌0𝛽(𝑇 − 𝑇0) (5.6) 

 𝜕𝑢

𝜕𝑡
+ (𝑢. ∇)𝑢 = −

1

𝜌0
∇(𝑝 − 𝜌0𝑔. 𝑧) + 𝜈∇2𝑢 − 𝑔𝛽(𝑇 − 𝑇0) + 𝐹𝑐 (5.7) 

The Smagorinsky LES model was used to simulate turbulence [41]. Chimney height 

was assumed as 30m, which is within the environmental standards and mostly used in 

the area [42]. According to simulation results of the combustion chamber, gas velocity 

at the exhaust of the chimney is 0.5m/s. Exhaust temperature was assumed as 350 °C. 

On a global scale, the Coriolis force contributes to circulation. Coriolis force can be 

expressed as (5.8). 

 𝐹𝑐 = −2𝑚𝜔𝑉𝑠𝑖𝑛𝜑 (5.8) 

The simulation was done for a domain of a cuboid as in Figure 43. 

 

Figure 43: Geometry of domain 
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5.2.1. Model Validation 

Monin–Obukhov provides experimental data on atmospheric wind velocity profile 

[43]. Atmospheric model developed used to simulate a domain of 

5000m×500m×500×m (Length×width×height) and compared the simulation results of 

a vertical plane at the centre of the domain with experimental data. Concluded that the 

wind profile is accurately simulated as the comparison with experimental data has a 

R2 value above 99%. 

 

Vu Tran et al [43] Has used experimental data of SF6 dispersion to validate an 

atmospheric dispersion model. The same system was simulated with the developed 

model and compared experimental data with simulation results. 

Figure 44: Geometry of the domain used to 

validate atmospheric wind model 
Figure 45: Wind velocity profile 
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Figure 46: Comparison of SF6 dispersion Experimental and Simulation data 

The simulation results show model can be validated by comparing with 

experimental data as in Figure 46 (R2 is above 99%). More accurate results can be 

achieved using dynamic Smagorinsky parameters [44]. This validated model was used 

to simulate emission dispersion from an industrial burner. 
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5.3. Emission 

Combustion model which is validated above is used to simulate biogas combustion 

system. Exhaust gas compositions from a 20kW biogas burner are as in Table 13 

according to simulation results. 

Table 13: Composition of emissions 

Component Mass fraction 

NO 1.243×10-03 

NO2 9.211×10-06 

CH4 1.285×10-17 

O2 1.682×10-01 

N2 7.506×10-01 

CO2 3.014×10-02 

H2O 4.600×10-02 

SO2 3.744×10-03 

1253.04 ppm of NOx is emitted according to the simulation. According to the 

literature, this can be varied from 100ppm to 1800ppm, which is complied with 

simulation results [37]. SO2 emission is 3744.44 ppm and Trace amount of unburnt 

CH4 and H2S are remained in the exhaust gas. 

5.3.1. Environmental levels 

The maximum permissible level of NOx in the Colombo area is 0.05ppm and SO2 

is 0.03ppm [45]. Exceeding 0.033ppm of annual mean NOx and 0.016ppm of 24-hour 

mean SO2 is considered as toxic [46]. Currently, the average concentration of NOx is 

0.02352ppm and of SO2 is 0.00784ppm in Colombo area [47]. 

5.3.2. Pollutant dispersion simulations 

The CFD simulations were conducted for point emissions at 30m height with wind 

speeds of 5m/s and 1m/s for the domain of Figure 47. Different mesh sizes were 

simulated to finalize the suitable mesh size and selected 150×10×30 cells for the 

domain as in Figure 47.   
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Concentrations only in the downwind direction are presented as concentrations in 

other directions are negligible according to the simulation results. Figure 48 and  Figure 

49 show the area which exceeds 0.05ppm of NO2 and 0.03ppm of SO2 in the vertical 

plane in the downwind direction.  

 

Figure 48: Height to the area that exceeds permissible level of NO2 
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Figure 47: Geometry of the domain used to simulate atmospheric dispersion 

40m 

10 cells 

Grading: 10 

130m 

30 cells 

Grading:4 

30m 

5m 3000m 

150 cells 

Grading:25 

Wind 

profile 



60 

 

 

Figure 49: Height to the area that exceeds permissible level of SO2 

Ground level concentrations of emitted gasses relative to currently available 

concentrations are presented in Figure 50 and Figure 51.  

 

 

Figure 50: NO2 concentration at ground level 
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Figure 51: SO2 concentration at ground level 
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6. CONCLUSION  

Biogas is a highly available renewable fuel. It is released mainly from anaerobic 

digesters of industries. When they are used as a fuel, optimum conditions should be 

maintained to get maximum efficiency with less emissions. In this study optimum 

equivalent ratio in a biogas burner and dispersion of emissions in the atmosphere from 

an industrial burner is analysed. 

CFD simulations can be used to get flame profile of a burner. Comparison of CFD 

results with experimental data validated that the results obtained by CFD simulations 

are accurate. The validated model is used to simulate combustion systems and 

atmospheric dispersion. 

Simulations of a small-scale combustion chamber shows that rich combustion gives 

a high temperature flame. But it releases a large amount of NOx. 0.5-1.1 Equivalent 

ratio range has the highest temperature in the considered combustion chamber. Lean 

combustion releases less NOx but gives a low temperature flame. 0.85-1.4 Equivalent 

ratio range release a low amount of NOx. Therefore, maintaining an equivalent ratio 

between 0.85-1.1 is recommended for the considered system. 

Atmospheric dispersion of emissions from a 20kW industrial burner was analysed. 

Because of the exhaust velocity and high exhaust temperature, emitted gasses move 

upward (from the ground). They get more widely dispersed with higher wind velocities 

(Figure 48 and Figure 49) due to additional turbulence. Therefore, ground level 

concentrations tend to be higher with greater wind speeds as shown in Figure 50 and 

Figure 51.  

The permissible levels of emitted gasses exceed in the atmosphere above height of 

30m. The gases do not get diluted below permissible levels within 3km in the 

downwind direction in the atmosphere. However, ground level concentrations do not 

exceed permissible levels within the considered distance. 

The developed computational fluid dynamic models in this study can be used to 

simulate and analyse any biogas combustion system and emission dispersion in the 

atmosphere. 
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APPENDIX 

Appendix A: Modified OpenFOAM Code with wall heat loss 

OpenFOAM version: dev (2020 March) 

 

Source code: 

buoyantReactingFoam.C 

 

/*---------------------------------------------------------------------------*\ 

  =========                 | 

  \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox 

   \\    /   O peration     | Website:  https://openfoam.org 

    \\  /    A nd           | Copyright (C) 2012-2021 OpenFOAM Foundation 

     \\/     M anipulation  | 

------------------------------------------------------------------------------- 

License 

    This file is part of OpenFOAM. 

 

    OpenFOAM is free software: you can redistribute it and/or modify it 

    under the terms of the GNU General Public License as published by 

    the Free Software Foundation, either version 3 of the License, or 

    (at your option) any later version. 

 

    OpenFOAM is distributed in the hope that it will be useful, but WITHOUT 

    ANY WARRANTY; without even the implied warranty of MERCHANTABILITY or 

    FITNESS FOR A PARTICULAR PURPOSE.  See the GNU General Public License 

    for more details. 

 

    You should have received a copy of the GNU General Public License 

    along with OpenFOAM.  If not, see <http://www.gnu.org/licenses/>. 

 

Application 

    buoyantReactingFoam 

 

Description 

    Transient solver for turbulent flow of compressible reacting fluids with 

    enhanced buoyancy treatment and optional mesh motion and mesh topology 

    changes. 

 

    Uses the flexible PIMPLE (PISO-SIMPLE) solution for time-resolved and 

    pseudo-transient simulations. 

 

\*---------------------------------------------------------------------------*/ 

 

#include "fvCFD.H" 

#include "dynamicFvMesh.H" 

#include "fluidReactionThermo.H" 

#include "combustionModel.H" 

#include "dynamicMomentumTransportModel.H" 

#include "fluidReactionThermophysicalTransportModel.H" 

#include "multivariateScheme.H" 

#include "pimpleControl.H" 

#include "pressureReference.H" 

#include "hydrostaticInitialisation.H" 

#include "CorrectPhi.H" 

#include "fvModels.H" 

#include "fvConstraints.H" 

#include "localEulerDdtScheme.H" 

#include "fvcSmooth.H" 

 

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 
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int main(int argc, char *argv[]) 

{ 

    #include "postProcess.H" 

 

    #include "setRootCaseLists.H" 

    #include "createTime.H" 

    #include "createDynamicFvMesh.H" 

    #include "createDyMControls.H" 

    #include "initContinuityErrs.H" 

    #include "createFields.H" 

    #include "createFieldRefs.H" 

    #include "createRhoUfIfPresent.H" 

 

    turbulence->validate(); 

 

    if (!LTS) 

    { 

        #include "compressibleCourantNo.H" 

        #include "setInitialDeltaT.H" 

    } 

 

    // * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 

 

    Info<< "\nStarting time loop\n" << endl; 

 

    IOdictionary thermophysicalProperties 

    ( 

        IOobject 

        ( 

            "thermophysicalProperties", 

            runTime.constant(), 

            mesh, 

            IOobject::MUST_READ, 

            IOobject::NO_WRITE 

        ) 

    ); 

    dimensionedScalar k 

    ( 

        thermophysicalProperties.lookup("k") 

    ); 

    dimensionedScalar h 

    ( 

        thermophysicalProperties.lookup("h") 

    ); 

    string ptname 

    ( 

        thermophysicalProperties.lookup("wall") 

    ); 

 

    label patchID=mesh.boundaryMesh().findPatchID(ptname); 

    const polyPatch& wallPatch =mesh.boundaryMesh()[patchID]; 

  

    while (pimple.run(runTime)) 

    { 

        #include "readDyMControls.H" 

 

        // Store divrhoU from the previous mesh so that it can be mapped 

        // and used in correctPhi to ensure the corrected phi has the 

        // same divergence 

        autoPtr<volScalarField> divrhoU; 

        if (correctPhi) 

        { 

            divrhoU = new volScalarField 

            ( 

                "divrhoU", 

                fvc::div(fvc::absolute(phi, rho, U)) 

            ); 

        } 

 

        if (LTS) 

        { 

            #include "setRDeltaT.H" 
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        } 

        else 

        { 

            #include "compressibleCourantNo.H" 

            #include "setDeltaT.H" 

        } 

 

        runTime++; 

 

        Info<< "Time = " << runTime.timeName() << nl << endl; 

 

        // --- Pressure-velocity PIMPLE corrector loop 

        while (pimple.loop()) 

        { 

            if (!pimple.flow()) 

            { 

                if (pimple.models()) 

                { 

                    fvModels.correct(); 

                } 

 

                if (pimple.thermophysics()) 

                { 

                    #include "YEqn.H" 

                    #include "EEqn.H" 

                } 

            } 

            else 

            { 

                if (pimple.firstPimpleIter() || moveMeshOuterCorrectors) 

                { 

                    // Store momentum to set rhoUf for introduced faces. 

                    autoPtr<volVectorField> rhoU; 

                    if (rhoUf.valid()) 

                    { 

                        rhoU = new volVectorField("rhoU", rho*U); 

                    } 

 

                    fvModels.preUpdateMesh(); 

 

                    // Do any mesh changes 

                    mesh.update(); 

 

                    if (mesh.changing()) 

                    { 

                        gh = (g & mesh.C()) - ghRef; 

                        ghf = (g & mesh.Cf()) - ghRef; 

 

                        MRF.update(); 

 

                        if (correctPhi) 

                        { 

                            #include "correctPhi.H" 

                        } 

 

                        if (checkMeshCourantNo) 

                        { 

                            #include "meshCourantNo.H" 

                        } 

                    } 

                } 

 

                if (pimple.firstPimpleIter() && !pimple.simpleRho()) 

                { 

                    #include "rhoEqn.H" 

                } 

 

                if (pimple.models()) 

                { 

                    fvModels.correct(); 

                } 
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                #include "UEqn.H" 

 

                if (pimple.thermophysics()) 

                { 

                    #include "YEqn.H" 

                    #include "EEqn.H" 

                } 

 

                // --- Pressure corrector loop 

                while (pimple.correct()) 

                { 

                    #include "pEqn.H" 

                } 

 

                if (pimple.turbCorr()) 

                { 

                    turbulence->correct(); 

                    thermophysicalTransport->correct(); 

                } 

            } 

        } 

 

        forAll(wallPatch,faceI) 

        {        

 

             

            vector pos0(mesh.points()[wallPatch[faceI][0]]); 

            vector pos2(mesh.points()[wallPatch[faceI][2]]); 

 

 

            scalar r1=pos0[0]; 

            scalar L=pos2[2]-pos0[2]; 

            scalar Tw=thermo.T().boundaryFieldRef()[patchID][faceI]; 

            scalar Tr=373; 

            scalar thickness=0.002; 

            scalar r2=r1+thickness; 

            scalar arcLength=pos2[1]-pos0[1]; 

            scalar R=pos2[0]-pos0[0]; 

           

 

            if(L==0) 

            {    

             dimensioned<double> Q_Loss=(Tw-

Tr)/((1/(k*R*arcLength/thickness))+(1/(h*R*arcLength))); 

                    thermo.he().boundaryFieldRef()[patchID][faceI]-=Q_Loss.value(); 

            } 

            else 

            { 

             dimensioned<double> Q_Loss=(Tw-

Tr)/((std::log(r2/r1)/(L*k*(arcLength/r1)))+(1/h*L*(arcLength))); 

                    thermo.he().boundaryFieldRef()[patchID][faceI]-=Q_Loss.value(); 

            } 

        } 

 

        rho = thermo.rho(); 

 

        runTime.write(); 

 

        Info<< "ExecutionTime = " << runTime.elapsedCpuTime() << " s" 

            << "  ClockTime = " << runTime.elapsedClockTime() << " s" 

            << nl << endl; 

    } 

 

    Info<< "End\n" << endl; 

 

    return 0; 

} 

// ************************************************************************* // 
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Case files: 

thermophysicalProperties 

 

/*--------------------------------*- C++ -*----------------------------------*\ 

  =========                 | 

  \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox 

   \\    /   O peration     | Website:  https://openfoam.org 

    \\  /    A nd           | Version:  dev 

     \\/     M anipulation  | 

\*---------------------------------------------------------------------------*/ 

FoamFile 

{ 

    version     2.0; 

    format      ascii; 

    class       dictionary; 

    location    "constant"; 

    object      thermophysicalProperties; 

} 

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * // 

 

thermoType 

{ 

    type            hePsiThermo; 

    mixture         multiComponentMixture; 

    transport       sutherland; 

    thermo          janaf; 

    energy          sensibleEnthalpy; 

    equationOfState perfectGas; 

    specie          specie; 

} 

 

defaultSpecie N2; 

wall "wall2"; 

fuel        CH4; 

 

k k [1 1 -3 -1 0 0 0] 14.4; //Source = 

https://www.engineeringtoolbox.com/thermal-conductivity-metals-d_858.html 

h h [1 1 -3 -1 0 0 0] 50000; 

#include "speciesThermo" 

 

// ************************************************************************* // 

  



73 

 

Appendix B: Numerical schemes and Solution algorithms of DLR Flame 

simulation 

Table 14: Numerical schemes of DLR flame 

Time schemes localEuler 

Gradient schemes Gauss linear 

Divergenc

e schemes 

div(phi,U)           Gauss limitedLinearV 1 

div(phi,Yi)          Gauss limitedLinear01 1 

div(phi,h)           Gauss limitedLinear 1 

 div(phi,K)         Gauss limitedLinear 1 

div(phid,p)       Gauss limitedLinear 1 

div(phi,epsilon)    Gauss limitedLinear01 1 

div(phi,Yi_h)      Gauss limitedLinear01 1 

div(phi,k)           Gauss limitedLinear01 1 

div(((rho*nuEff)*dev2(T(grad(U

)))))      

Gauss linear 

Laplacian schemes Gauss linear orthogonal 

Interpolation schemes linear 

Surface normal gradient schemes orthogonal 

 

Table 15: Solution algorithms of DLR flame 

 solver           preconditioner   tolerance        relTol           

rho.* diagonal    

GFinal PCG DIC 1e-5 0 

p            PCG DIC 1e-6 0.01 

p_rgh PCG DIC 1e-6 0.01 

pFinal PCG DIC 1e-6 0 

p_rghFinal PCG DIC 1e-6 0 

U,h,k,epsilon PBiCGStab DILU 1e-6 0.1 

U,h,k,epsilon 

Final 

PBiCGStab DILU 1e-6 0.1 

Yi.* PBiCG DILU 1e-8 0.1 
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Appendix C: Numerical schemes and Solution algorithms of small-scale 

combustion chamber simulation 

Table 16: Numerical schemes of small-scale combustion chamber 

  

Time schemes localEuler 

Gradient schemes Gauss linear 

Divergenc

e schemes 

div(phi,U)           Gauss linearUpwind grad(U) 

div(phi,Yi)          Gauss limitedLinear01 1 

div(phi,h)           Gauss limitedLinear 1 

 div(phi,K)         Gauss limitedLinear 1 

div(phid,p)       Gauss limitedLinear 1 

div(phi,epsilon)    bounded Gauss limitedLinear01 1 

div(phi,Yi_h)      Gauss limitedLinear01 1 

div(phi,k)           bounded Gauss limitedLinear01 1 

div(((rho*nuEff)*dev2(T(grad(U

)))))      

Gauss linear 

Laplacian schemes Gauss linear limited corrected 0.5 

Interpolation schemes linear 

Surface normal gradient schemes limited corrected 0.5 

 

Table 17: Solution algorithms of small-scale combustion chamber 

 solver           preconditioner   tolerance        relTol           

rho.* diagonal    

GFinal PCG DIC 1e-5 0 

p            PCG DIC 1e-6 0.01 

p_rgh PCG DIC 1e-6 0.01 

pFinal PCG DIC 1e-6 0 

p_rghFinal PCG DIC 1e-6 0 

U,h,k,epsilon PBiCGStab DILU 1e-6 0.1 

U,h,k,epsilon 

Final 

PBiCGStab DILU 1e-6 0.1 

Yi.* PBiCG DILU 1e-8 0.1 
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Appendix D: Biogas combustion simulator 

 


