DEVELOPMENT OF A BIOGAS COMBUSTION CFD
MODEL FOR THE ANALYSIS OF TRACE EMISSIONS

Janaka Nayanajith Bandara

208018E

Degree of Master of Science

Department of Chemical and Process Engineering

University of Moratuwa
Sri Lanka

September 2021



DEVELOPMENT OF A BIOGAS COMBUSTION CFD
MODEL FOR THE ANALYSIS OF TRACE EMISSIONS

Adikarinayaka Mudiyanselage Janaka Nayanajith Bandara

208018E

Thesis submitted in partial fulfilment of the requirements for the degree Master of
Science (Major Component of Research)

Department of Chemical and Process Engineering

University of Moratuwa
Sri Lanka

September 2021



DECLARATION

| declare that this is my own work and this thesis/dissertation2 does not incorporate
without acknowledgement any material previously submitted for a Degree or
Diploma in any other University or institute of higher learning and to the best of my
knowledge and belief it does not contain any material previously published or
written by another person except where the acknowledgement is made in the text.

Also, | hereby grant to University of Moratuwa the non-exclusive right to reproduce
and distribute my thesis/dissertation, in whole or in part in print, electronic or other
medium. | retain the right to use this content in whole or part in future works (such
as articles or books).

Signature: .........ccceveiiiiiiinn... Date: ......ceviiiinnn

Declaration (Supervisor)

The above candidate has carried out research for the Masters/MPhil/PhD thesis/
dissertation under my supervision.

Signature of the Supervisor: ........................ Date: ......ccoovviiinnna.
Prof. Mahinsasa Narayana

Professor

Department of Chemical & Process Engineering

University of Moratuwa

Signature of the Co-Supervisor: ..................o.e.. Date: .........coeevinnnnn,
Prof. Christoph Bayer,
Technische Hochschule Nurnberg Georg Simon Ohm,

Nurnberg, Germany.



TABLE OF CONTENTS

DECLARATION . ...ttt e e e e et aeeaeas i
TABLE OF CONTENTS. ...t e e iv
LIST OF FIGURES ......cooiii oottt e e a e e e e e e Vi
LIST OF TABLES ..ot e e e Vil
LIST OF APPENDICES.......ccc ettt e e Vil
NOMENCLATURE ...t viil
AB ST RA CT .. e e e e e e e e e e e e e iX
ACKNOWLEDGEMENTS ...t X
1. INTRODUCTION ..o e e sarer e e e e e e 1
1.1, ODJECHIVE ..ottt 2
1.2, MethodolOgY ......cooveiiiieiiieie e 2
1.3.  Industrial waste treatMment............coouveeriieeiiie e 3
1.4, BiOQas QENEIALION . .......ciiiiiiieiiieiieeiee ettt 3
1.5.  Applications of Biogas COmMBUSLION ...........ccoiveiiiiiiiiiiiiiie e 5
1.6. Biogas COMPOSITION .......eeiiiieiiiiie et e e sbeeeeree e 5
1.7. Emissions of Biogas COMDUSHION ..........ccceeiiiveiiiie e siee e 5
1.8. NO Formation MeChaniSmS..........ccceovuriuiiiiiiiie e 7
1.9. NO formation control Methods ...........ccoovviiiiiiiiei 8
1.10.  Experimental combustion analysis..........c..cccccveeviieeiiiecniie e 14
1.11.  Analysis of COMDbUSLION ProCESS .........eeeiivireeiiieeciee e see e 16
1.11.1.  A/F emisSioN @NalySIS........ccveeiiireeiiieeiiieessiee e sree e siee e 17
1.11.2.  EMISSION AISPEISION ....ccvvieiiireeciieeeciieestie e stee e e srre e s e e saeee s 18

2. DEVELOPMENT OF MATHEMATICAL MODEL FOR BIOGAS
(010171 21U S I L ] PSR TOPPPI 19
2.1. Biogas ComMDBUSLION ..........ccoiiieiiiic e 19
2.1. CFD model development............cccoviveiiiii i 20
2.1.1 Control VOIUME ......oovieiiiieiicee e 20
2.1.2. Energy transfer inside a control volume...........c.cccoeoveeviieeiiieccininn, 20
2.1.3.  GOVErning eqUALIONS ........cc.eeiiireiiie e e st 20
2.1.4.  Combustion MOGEL...........ccouiiiiiiieiceie s 21
2.1.5.  Chemical KINBLICS ........civuieiiieiie e 22

3. CFD SIMULATION FOR DLR FLAME .......cccccoviiiiiiiieiiece e 24



3.1. Development of CFD model for DLR flame..........ccccooviiiiiiiiiiciee, 24

3.2, Model Validation ...........cocviiiiiiiiie e 29
3.2.1.  Axial profile comparison of DLR flame ............c.cccooiiiiiiiinnennn. 29
3.2.2. Radial profile comparison of DLR flame...........c.cccooiiiiiiiiinnennn. 33

4, MODELLING OF SMALL-SCALE BIOGAS COMBUSTION CHAMBER
39

4.1. Mesh generation of small-scale combustion chamber .................c.c....... 39

4.2, CFD MOGBL......iiiiiieiii e 41
4.2.1.  Solver develOpmMEeNt.......cccviiiiiiieiiee e 41

4.3. Equivalent Ratio ANalySIS ........ccccooiiiiiiiiiii 45

5. EMISSIONS FROM INDUSTRIAL BURNER .......cccccoiiiiiieiicei, 52

5.1. Modelling of the BUINEr...........cooiiiiiiii e 53

5.2.  Atmospheric dispersion modelling ..........cccovveiiiiiiiniieiee e 54
5.2.1.  Model Validation ..........cccooiiiiiiiiiiieeee s 56

5.3, EMISSION ..ttt 58
5.3.1.  Environmental [eVelS...........cccoiiiiiiiiii 58
5.3.2.  Pollutant dispersion Simulations ............ccccocvveivveeiie e 58

6.  CONCLUSION ..ottt 62
APPENDIX ..ot 68



LIST OF FIGURES

FIQUIE L2 AIN STAGING . ..teie ittt e et e et ee et eeanteee s 10
Figure 2: FUEl StAgING ....ooiviieiiie ettt 12
Figure 3: Effect Of FGR ratio........cccovviiiiiiiiie e 13
Figure 4: Engine exhaust analyse experimental SEtup............ccevvvviiiniiiniennenne, 14
Figure 5: Experimental setup of flame propagation speed ............c.cccevvvvvivennnnne 15
Figure 6: Experimental setup to identify flame profile .............ccccoiiniien, 15
Figure 7: Effect of A/F 0n COMBUSTION........cooiiiiiiiiiiiecc e 17
Figure 8: Control VOIUME.........cooiiiiieiie e 20
Figure 9: TDAC algorithm........cccoooiiiiiiii e 23
Figure 10: Geometry of simulation mesh ... 24
FIQUIE 11: 2D WEAGE ....eeiieeiieeeeiee ettt 25
Figure 12: 2D wedge mesh which is used for simulation................ccccccveveniennnn, 26
Figure 13: FIOW PATEIN.......oiiiieii et 26
FIQUIE 142 INHETS. ..o 27
Figure 15: Axial Temperature profile of DLR flame ...........cccccovveiiiiiiiee, 30
Figure 16: Axial Velocity Profile of DLR Flame .........ccccccoviiiiieniiinieie e, 30
Figure 17: Axial Specie Concentrations of DLR Flame...........cccccoovviicnicnnen, 31
Figure 18: Axial Specie Concentrations of DLR Flame...........cccccooiiiiicnncnnen, 31
Figure 19: Comparison with published simulation results of DLR Flame............. 32
Figure 20: Comparison with published simulation results of DLR Flame............. 32
Figure 21: Axial distances to the radial profiles considered in validation............. 33
Figure 22: Radial velocity profile at 0.001m axial distance ............c.ccccevvvvervnnnn. 34
Figure 23: Radial velocity profile at 0.04m axial distance ..........c...c.cccevvvveinnnnn, 34
Figure 24: Radial velocity profile at 0.08m axial distance...........c.ccccoceevvvveiinnnnn, 35
Figure 25: Radial velocity profile at 0.16m axial distance ..............c.ccccevvvveinnnn, 35
Figure 26: Radial velocity profile at 0.32m axial distance ..............cccccevvvvvevinnnnn, 36
Figure 27: Radial velocity profile at 0.48m axial distance...............c.ccccevvvvvevnnnen, 36
Figure 28: Radial velocity profile at 0.64m axial distance...............c.ccccevvvvvevinnnn, 37
Figure 29: Small-scale experimental SEtUP ........ccuveviireiiire i 39
Figure 30: Dimensions of small-scale Combustion chamber ............c..ccccceevinnn. 40
Figure 31: Mesh size of small-scale combustion chamber...............ccccooiieiinn, 41
Figure 32: Heat loss from the wall .............cccoooiiiiiiii e, 42
Figure 33: Maximum flame temperature............ccccovvee e e 45
Figure 34: Temperature profile vs equivalent ratio..............cccceevvveiiiieeiiiee s, 46
Figure 35: Temperature at different axial diStanCes.............ccccevvveevieeeiiieeiiinnn, 46
Figure 36: NOx x rho vs AXial DIStanCe..........cccovveiiiiee i 47
Figure 37: Axial Temperature Profile .........cccccoovviiiiiii e, 48
Figure 38: Axial distance to the location with highest temperature..................... 49
Figure 39: Axial concentrations and heat release rate profile...........c...cccceonin 50
Figure 40: Flame Temperature and NOx emiSSION.........ccccovvveeeiiieeeiineeeiiiee i 51
Figure 41: Dissipation of smoke emitted from an industrial chimney .................. 52
Figure 42: 20KW DUINer gEOMELIY .......cvviiiiie e 53
Figure 43: Geometry Of dOMaiN........cccoiiiiriiiiiiiie e 55

Vi


https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053792
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053795
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053796
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053797
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053799
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053801
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053802
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053812
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053820
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053821
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053822
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053823
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053825
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053832
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053833
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053834

Figure 44:

Geometry of the domain used to validate atmospheric wind model ....56

Figure 45: Wind velocity profile ... 56

Figure 46: Comparison of SFe dispersion Experimental and Simulation data ......57
Figure 47: Geometry of the domain used to simulate atmospheric dispersion......59
Figure 48: Height to the area that exceeds permissible level of NO..................... 59
Figure 49: Height to the area that exceeds permissible level of SO;..................... 60
Figure 50: NO2 concentration at ground level .............c.coccooeiiiiiiinne, 60
Figure 51: SO> concentration at ground level ..., 61
LIST OF TABLES
Table 1: ComPpOSItion Of BIOGAS.........cuueiiiiiiiiiieiiee et 5
Table 2: Emissions of Biogas COMBUSEION...........ccoiiiiiiiieiiiiie e 5
Table 3: Applicability of different emission control method................cccceevnenne. 14
Table 4: Boundary conditions of DLR flame simulation .............ccccccevvieevinnnnne 27
Table 5: Turbulent Parameters ..........ooeeiieiiiie s 29
Table 6: R-Squared values of radial velocity comparison............cccceevveiiiennenne. 37
Table 7: R-Squared values of axial profile comparison ............cccoveviieiiiennennn. 38
Table 8: Biogas COMPOSITION.......ccuiiiiiiiiieiii e 39
Table 9: Parameters of Combustion Chamber Simulation .............cccooeeviiiinennnn. 40
Table 10: Boundary conditions of small-scale combustion chamber.................... 43
Table 11: Parameters of 20KW DUIMET ........ccoviiiiiiiieiieeee e 53
Table 12: Composition Of EMISSIONS.........c.ueeiiireiiiieiiiie e see e 54
Table 13: Composition Of MISSIONS ........cvveeiiireiiiee e 58
Table 14: Numerical schemes of DLR flame............cccccoviiiiiniiiiei e 73
Table 15: Solution algorithms of DLR flame ...........ccccooveivivi i, 73
Table 16: Numerical schemes of small-scale combustion chamber..................... 74
Table 17: Solution algorithms of small-scale combustion chamber ..................... 74
LIST OF APPENDICES
Appendix A Code for wall heat loss 68
Appendix B Numerical schemes and Solution algorithms of DLR 73

Flame simulation

Appendix C  Numerical schemes and Solution algorithms of small- 74

scale combustion chamber simulation

Appendix D  Biogas combustion simulator 75

Vil


https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053835
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053836
https://uniofmora-my.sharepoint.com/personal/150057c_uom_lk/Documents/MSc/Final%20Submission/Final%20thesis.docx#_Toc88053838

NOMENCLATURE

A/F Air to fuel ratio

(A/F)swic  Air to fuel ratio in the stoichiometric mixture

A Equivalent ratio

Q Rate of heat transfer

w Power

h Enthalpy

v Velocity

g Acceleration of gravity

m Mass flowrate

z Elevation

p Density

Yi Mass fraction of specie ‘1’ in the control volume
Uj Velocity

Di Diffusion coefficient

Ri Reaction source term

Muw,i Molecular weight of specie ‘1’

R;, Molar rate of creation/destruction of specie ‘i’ in reaction ‘r’
Nr Number of reactions

Nr Number of chemical species in reaction ‘r’

Cir Molar concentration of specie ‘j’ in reaction ‘r’
N'jr Forward rate exponent

n"jr Backward rate exponent

Ker Rate constant

A Pre-exponential factor of reaction ‘r’

Er Activation energy for the reaction ‘r’

R Universal gas constant

T Absolute temperature

E Total energy

p Pressure

q Heat flux vector

T Viscous stress tensor

g Gravitational constant

r Total heat released/absorbed by reactions
u

Wind speed
Ur Known wind speed at reference height
Zr Reference height
Y Kinematic viscosity
F Sum of body forces (gravity)
Fe Coriolis force
To Reference temperature
B Coefficient of thermal expansion
m Mass
® Angular velocity of the earth
\ Tangential velocity
o Latitude of the location

viii



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 SO..
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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