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ABSTRACT

The motivation for venturing in alternative jet fuels has partly been due to the elevated level and
volatility of the price of Jet A (a kerosene-based aviation gas turbine fuel) and environmental
impacts on global climate change and air quality.

The model of the annular combustor for the PT6A-27 engine was created using SOLIDWORKS
and exported to ANSYS DESIGN MODELER for further conversion from a solid geometry into
a fluid-based model. Creation of the computational mesh for the geometry using ANSYS
MESHING was done in preparation for the setting up of the CFD simulation in ANSYS FLUENT.
The simulation also included, setting material properties and boundary conditions for a non-
premixed combustion problem, initiating the calculation with residual plotting, calculating the
solution using the pressure-based solver and visually examining the flow and temperature fields
using the post-processing in ANSYS FLUENT.

In the non-premixed combustion, the Standard k-¢ 2 equation turbulence model was used.

The fuel blend from the range of 30% bioethanol and 70% biodiesel (BE30-BD70) to 70%
bioethanol and 30% biodiesel (BE70-BD30) indicated a combustion characteristic consistency
with that obtained from the combustion of Jet-Al. Further, from the comparisons of the blends in
terms of performance and single biofuel combustion simulation the best blend combination was
40% bioethanol with 60% biodiesel (BE40-BD60) whose adiabatic flame temperature was about
2260 Kelvins. The single biofuel combustion simulation best pick was 100% biodiesel whose
adiabatic flame temperature was about 2310 Kelvins.

The blend of 40% bioethanol to 60% biodiesel was observed to have a reduced Fuel NOx footprint.
However, the rise in the calorific energy content of the fuel blend due to the presence of biodiesel
in the mixture contributed to the increase in Thermal NOx production, albeit still less than that
obtained from a pure hydrocarbon fuel of JetA-1. A pure JetA-1 hydrocarbon fuel had a production
rate of Thermal NOXx ranging from 0.002699526 Kgmol/m3 sto 0.002705489 Kgmol/m?3 s.
The Prompt NOXx rate for Jet fuel was observed to be 1.789729 x 10~°Kgmol/m3s . On the
selected fuel blend of biofuels at the proportions of 40% bioethanol and 60% biodiesel, the
observed production rate values of Thermal NOx and Prompt NOx were a range of
4.798448 x 10~°Kgmol/m3s to 5.01322 x 107°Kgmol/m3 s and 2.054488 x 10~7Kgmol/
m3 s respectively. This was indicative of a reduction in both Thermal and Prompt NOx when the
two groups of fuels (Jet-A against 40BE & 60BD blend) were compared.

These results showed that reduction of NOx emissions is achievable for a blend of 40% bioethanol
and 60% biodiesel in a combustion reaction as a substitute for the hydrocarbon JetA in the PT6A-
27 turboprop engine.

v|Page



ACKNOWLEDGEMENTS

It is a great pleasure to acknowledge the people who contributed their support, time, and physical
energy to this project. Foremost, | acknowledge the inestimable guidance, advice, and

encouragement Dr. Edwin Luwaya. ceaselessly provided throughout this study.

| also acknowledge the help rendered by Professor Francis Yamba, for the expertise in combustion.
Further, | render my gratitude to Brig. Gen Stephen Kabanda and Eng. Tanda Siyamunyangwa for
their support. I also extend my gratitude to my friends and colleagues, with whom | shared many

wonderful experiences and friendly diversions.
The financial aid, from the Zambia Air Force (ZAF) for the Tuition Fees is greatly appreciated.

All this work would have been neither possible nor meaningful without the understanding,
patience, and unflagging support from my family. They tolerated amazingly well the time spent

on the project for days on end, time that I could have spent with them.

vi|Page



TABLE OF CONTENTS

CHAPTER 1: INTRODUGCTION. .....uititiitttitiiteistestea st e et e tesaesastesaesaetessesastessesaesessesaasessesaasessesassessesessessesens 13
11 BACKGROUND........ceiteeteite ettt e sttt et ees e s bt e s bt e sbeesbeea b e eaeeehe e eb £ e bt es b e e s b e eE e e ehe e she ekt eabeeabeeabeebe e bt e beebeenbennnas 13
1.1.1 International push for alternative biofuels for aviation gas turbines ...........cccceereiiiiiiiiciiiee 13
1.1.2  Alternative aviation fUBIS ..........oviiiieiie ettt st eb e 14
1.2 PROBLEM STATEMENT ...ctitttettitestettsteseeiesteseesesseseesestesseseaseseeseasessesessesseseasessesessessesessessesessessesessesseseasessesens 14
1.3 AUIM OF STUDY ..ttt ettt ettt et bbbt bbb bRt b bRtk b st et b e st b e e b et et s bt ene st r e 15
1.4 GENERAL OBJIECTIVE . ..ttittteteititesesteseesestessesessesseseasessessasesseseasessessasessessasessessesessesesessessesessensesensessasessessanes 15
141 SPECITIC ODJECTIVES .....cviitiieiicec et b bbbt et b e e b nr s 15
15 RESEARCH QUESTIONS ...ccttiteeittteeesitteeeeetteeeseareeesstbteesaasseeeaasseeeeasbseseaasbaeeaaassssessseeeaasbeeeaasssseesasseeesasbeeenanes 15
1.6 RATIONALE ...ttt ettt ettt h e s h ekt e ek bt e ek bt e e ab e e E et e Re e e ek et e eh b e e s b e e e eb bt e eb b e e nbn e e sbneenbbeesnneennreas 16
1.7 SCOPE OF STUDY .utteteeteeiteattaueeatessseesseesseesseassesseesseesbeesse e st anseasseas e e ab e e beesbeasbeaseeabeesbeeaEeenneanneanneaneenneenreens 16
1.8 ETHICAL CONSIDERATIONS. .....utttteteesteasreassesseesteesseasseasseassesseesseesseassesssesssesseesseeaseanseanneansesseesseenseassessnsssens 16
CHAPTER 2: LITERATURE REVIEW AND THEORY .....ccitiiiiiii ettt st esne e 17
2.1 INTRODUCTION .. .ttittiteetiestees et steesbeesteesbe e st e s ese e ase e sbe e b e e s bt es b e es s e e b e e s b e e nE e e eE e e Rt e an e ene e emeean e e nbe e b e enneenneanneannas 17
2.2 FEEDSTOCK TYPES AND BIOFUELS PRODUCTION .....cutitiuieteiteierestestesestestesestessesastessesassessesessessesessessesessessans 17
2.3 ALTERNATIVE AVIATION FUELS ....ttititit ittt ettt ettt sttt et e beesabe s e beeebs e e sbeesbseesbeeebeeenbneenbneessneennreas 20
2.3.1  AVILION KBIOSENE .. i cvieieite it st sttt etee et ste st e st e ee e e stestesbeeseeseeseesebesbesbeaseaseeseensesteseesbesseaneeseenseneenenas 20
2.3.2  Carbon-Neutral and SUStaIiNaDIE FUEIS ........cocviieieiie et 21
2.3.3  OhEE STUAIES ...ttt bbbt b b s bbbt e bt e e et et sbeeb e beebe e s e e e e nbesre s 22
24 COMBUSTION OF BIOFUELS .....euviitttiteeateeteesteestesseesteesteesteanseasseasseaseesbeenbeesseassesseeabeesbeesbeeaneanneanneaneenneenteens 22
2.5 IMPROVING BIOFUELS PROPERTIES FOR COMBUSTION. ...cutietiaitiriiesiiesieesieesieestee st ssresneesneesbeesbeeneesnessnesneas 27
2.6 MODELLING AND SIMULATION OF BIOFUEL COMBUSTION ......cittetietiasiesinesieesieesteenseannesseesseesseesnessnessnesnnes 28
2.7 CONCLUSION ON THE COMBUSTION OF BIOFUELS.......ccitteittattaeeateeateesteesteesieastesseessesssesssesssesnsesssssssessessseens 30
CHAPTER 3: THEORETICAL FRAMEWORK .....ooiiiiiie ettt stee et st e st et aaan et aenae e 31
3.1 INTRODUCTION «..tttetttetttesttte sttt ettt ettt e st e s s bt e st e s s bt e e abe e eab e e e at e e e ekt e ea b e e ea bt e eab e e ea ket e ke e e ab et e be e et e e e nbneebeeenbneennrean 31
3.2 MATHEMATICAL IMODELS ....coiitiiittesitte sttt sit ettt ettt sit ettt sae et st e shb e e sb e e sab e e s be e e sbe e e sbbeesbb e e sbneenbneesbneennreas 31
3.3 DIFFERENTIAL ANALYSIS OF FLUID FLOW ....titteteesteesteateairesseesteesbee bt s sesssesseesbeesseasneannesssesssesseesnesssessnessnes 32
3.3.1  Mass Conservation (CONTINUILY) .....c.ooeriieiiriaieieriese ettt sttt e et e b seesbesbeebe e e ennesbesae s 32
3.3.2 MOMENTUM CONSEIVALION ...ttt sttt ettt b ettt e b e b sbe bt be e bt e s e e e et saeabesbeabeeseeneebesaens 38
3.3.3  NAVIer STOKES EQUALIONS ......oviiiiiirieiitiiteeet ettt sttt sttt en et 40
3.3.4  Individual SPECieS CONSEIVALION. .......ceivieitiriiietirieiet ettt sttt abeeenes 42
34 CHEMICAL THERMODYNAMICS......uttittesteeteesteestesseesseesteesseesseanssasesassesssesseesseassessssssesssesssessseanseanseansesseeseens 43
I = - U0y A or= I T Lo = g OSSR 44

R S (o] o 0T 111 AU URTURUPRPRTRN 44

vii|Page



3.5 CHEMICAL BEQUILIBRIUM ..ottt ettt ettt s ettt e e e st e aab b e it e e e e s s s bbb b et e e s s s e s bbb bbb e e e e s s ssabbbaaeeeeeeias 45
351 FIrst @nd SECONU LAWS.......eiuiitiiieiiieiieieete sttt sttt ettt st st e st e s e et et seeebesbeeneeseeneebeneens 45
3.5.2  ThermodynNamiC FUNCLIONS ........cccoveieriiiie e stese et e et e e se st e e e e et s te st e teesa e e e e e tesaesbesreeneeseenseeeneens 45

3.6 ENERGY CONSERVATION ...cvtutettateteresteseesesteseesesseseesesseseesessessesesseseasessessesessessesessensesessessesessensasessensasessensans 47
3.6.1 Energy Conservation in Adiabatic Chemical SYStEMS ........c.ccvcvverieieiieiiesisie e 47
3.6.2 Adiabatic Flame Temperature and Equilibrium COompoSItioNn............ccccevviiveieienesie s 48

3.7 COMBUSTION IN TURBULENT FLOWS......cotiitiiiiiiiie st sttt sttt ettt et esbe s steesbeesbeesbeenbessnesneesenanbeens 49

3.8 PROBABILISTIC DESCRIPTION ....eittitteittesttattatteateasteesteessessaesssessessbessseaaseasseassesssesseesseasseassessssssesssesssesnsesnns 50

3.9 TURBULENCE SCALES/MODELS.......ueeutetttestestesteaueaseestestesaessessessesseeseessessessessessessesssessessessessessessesnsessessensenes 50
3.9.1 Underlying Principles of Turbulence Modeling ..........cocooiiiiiiiiiiese s 51
3.9.2  Reynolds (ENSEMDBIE) AVEIAGING .....cveiiiieieitieieeeeiestese et e e ettt re e s e e et e aesaestesreenaeseeeesrenreas 51
3.9.3  Filtered Navier-StoKeS EQUALIONS .......ccveivieieiie ettt te et se e st e e e s reesteeaeeneesneesnaenreens 52
3.9.4  Hybrid RANS-LES FOIMUIALIONS ........ccveiiiiieiie ettt s steesteeae e e sneennaenneens 54
3.9.5 Boussinesq Approach vs. Reynolds Stress Transport MOdelS.........c.ccvevveieiie e siee e 54

3.10  NON-PREMIXED COMBUSTION....cutiitittteiteanttaueeateesteesteesteasaesseessesssesstessseansesssesssesseessesssesssessssssesssesssesssesnes 55

311 MIXTURE FRACTION THEORY ...itiiiiiitieiteesteaieaieesteesteesteesteastesseesieesteesteesseansesssesssesteesbeestessaesseessesssesssesnsennes 56

3.12  MIXTURE FRACTION VS. EQUIVALENCE RATIO....ciiiiiiitiieiseies ettt sttt st 57

3.13  POLLUTANT FORMATION ....iiutiiiiiitiesteesieesteasteaseesseesteesteesteasaesseesseessessseeseanseassesssesseessesssesssessesssesssesssesnsennes 58
3.131 INOX FOIMALION. ...ttt bbbttt bbbt bt b e e e b eb e b sb e bt ebeene e e e nr e b e 58

3.14  NOXMODELING IN ANSY'S FLUENT ....ctiittittitestte sttt sre s e sseesneesne e bt nessnesseesreenneenneenneenns 58
3.141 NOx Formation and Reduction in FIAMES..........cccooiiiiiiiiiii e e 59
3.14.2 Governing Equations fOr NOX TraNSPOIT ........coeviiriiiirieieisieee sttt 59
3.14.3 PT6A-27 Annular COMBUSLOr GEOMELIY ......c.ccuiiieiiieirieiiete ettt 60
3.144 Brief description of PT-6A TUrboprop ENQINE .........ccociiiiiiiiiiiie e 61

CHAPTER 4. METHODOLOGY AND NUMERICAL EXPERIMENT SETUP ......ccociiiiiie e 63

4.1 INTRODUGCTION ...utittittettesteeste ettt be et e bt e et ae e eee e eb e e b e s bt es bt es b e eh e e s b e e nb e e nE e e bt e m e e ea st ehn e eb e e b e et e e b e enbeannenneas 63

4.2 OVERVIEW OF GEOMETRY MODELLING METHODOLOGY ...ccuttiurtiiriatiestieteeieaiesssesieesieesseessesnessnessnesseesseens 63

4.3 OVERVIEW OF SIMULATION IN ANSY S-FLUENT .....ooiiiiit et 64

4.4 SIMULATION IMEETHOD ...ttt sttt ettt b ettt et et eh e bt ekt e bt e s e e s e e e be e sb e e nb e e nbeenneanneenrenneenbeens 64
441 Step 1: Creation Of GEOMELIY ......coiiiiiiiiee bbbt bbbttt 64
442 StEP 2: MESN GENEIALION ......eveivieiiieiiteeet ettt bbbt b ettt b et nbe e 65
4.4.3 Step 3: Selection of physics and fluid ProPerties ... e 65
4.4.4  Step 4: Specification of boundary CONItIONS ..........ccviiiiiiniii e 65
4.45 Step 5: Initialization and SOIULION CONEFOL..........coiiiiiii e s 66
4.4.6  Step 6: MONItOFING CONVEIGENCE ... ccueeueieiterieeteeteeieeee sttt sbeste et ese et esbesbe bt ebeane e besbesbesbeebeareeneeseeseeneas 66
4.4.7 Summary of the Three actual main procedures used in the SIMulations. ............cccoceveriieiinicneienene, 66

4.5 SOLUTION SETUP ...ttt ittt ettt sttt ste ettt s et e s bt e s be e s bt ekt e ae e eh e e eh b e eb e e ke e b e es ke e s b e e he e sbeenbe e bt embeanneennenbnenbeens 67

vii|Page



45.1 Data sources and ColleCtion tECRNIGUES. .........cuieiieieieie ettt 67
4.5.2  BoUNAAIY CONAITIONS ....c.eiuiitiiiitiitiietirtee bbbt bbb bbbt bbb 67
4.5.3  Geometry Creation iN SOIAWOIKS..........cooiiii it sre e 67
45.4 Generated Mesh in ANSYS from imported SOLIDWORKS GEOMELIY.......cccveveierierienesieeeeeeie e 69
455  Solution MEthod ANd CONTIOIS .......ccueiiiii it b s s be e st e s s be e s sba s e ebae e 70
CHAPTER 5: NUMERICAL RESULTS AND DISCUSSION ....oooiiiiiiiiicie ettt 72
5.1 OVERVIEW OF NON-PREMIXED COMBUSTION PERFORMANCE RESULTS ..eiiiiiiiiiiiiiiieeeeesiiriiieee s e s ssvvrnneeseeeens 72
5.2 IMPACT OF NOX EMISSIONS AND THE TYPES ...iitiiiiiitttiiieieessiittttiitsesssssisbasssessssssssbsassesssssssssassessessssssssssssss 74
5.3 IMPLICATIONS OF RESULTS ..iiiiittttiitieeiieiitbtteiseeesssiabbtsteesessssasbaatessessssssabbassseesssssabbbsaeessesssabbbraeseessssasbbranaeas 74
5.4 JETA-1 COMBUSTION PERFORMANCE ........uttiiiiiiiiiiitttiit i e e s s ssibbtes e e s s s s siabbaetsessssssabbbabeesessssbbbbbeaeesssasssbrbesess 75
55 BIOETHANOL AND BIODIESEL BLENDS PERFORMANCE ...vvviiiiiiiiiiiiiieiieeeeiiisiiieieeesssssissssseessssssssssssssssssssssnnes 78
5.6 NOX PRODUCTION RATE L.utttiiiiiiiiiiitiiiiie e e sttt e e s e e st et b et s e e s s s aab b b et s e e e s s s st b b et e eesessabbbbbeeseesssssbbbbeeseesssnsrres 86
CHAPTER 6: CONCLUSION AND RECOMENDATIONS ...ttt svaa e eraee s 88
6.1 [OLe] N[0 I ] (o] N PSP 88
6.1.1 MOl SIMUIALION OVEIVIEW.......vvviiieeeiie sttt e ettt e s et e e st e e e s ettt e s st et e e sbtaeesssbeeessbeaeesarreas 88
6.1.2 Modelling and simulation of combustion of bio derived fuels using ANSYS software. ..........cc.cccvenee. 88
6.1.3  Determining the levels of NOX EMISSIONS. ......ccvciiiiiiiiiiiniieis e 89
6.1.4  IMPlICAIONS OF FESUILS.....c.eiuiiiiiiti ettt bbb 90

6.2 RECOMMENDATIONS. ....ciitttttitie et i eiitbeet e e s e e s sibbbrt e e e e et saabeaaeeseessaatab b beseeeessstabbbaseeeeesssbbbbbeaseesssasbbbbeeseesssssrres 90
REFERENGCES ... ..ottt ettt e ettt e e ettt e e s bt e e e s ea b e e e e eabee e e sabee e e s sbbaeeeeabaeeesbaaeesabbeeesasbassesbbesssasbanesanes 91
F N = N D] B TSR 94

ix| Page



List of Tables

Table 2. 1: Biofuel production, source: Challenges and opportunities, International Journal of

Hydrogen ENErgy (2016). .......oouoiiiieiieieeie sttt sttt be e sreesbe e e sneesneenne s 18
Table 2. 2: Jet Fuel Grades, Source: Biofuels for aviation Feedstocks, Technology and
IMPIEMENtAtioN, 2016. .......cooiieieiie e ettt es 21
Table 2. 3: Summary of key properties of alternative fuels with a comparison of aviation
kerosene, source; Biofuels for aviation Feedstocks, Technology, and Implementation, 2016..... 22
Table 4. 1: Initial parameters obtained from real-time data and used in the geometry design..... 67
Table 4. 2: Pressure-VeloCity COUPIING........cuiiiiiieieieier s 70
Table 4. 3: ViSCOUS MOUEI CONSTANTS........ciiiriiiieiieeieeie ettt 70
Table 4. 4: NOx Formation Solution Method ...........ccooeiiriiiiiiieseecse e 71
Table 4. 5: Non-premixed Combustion and NOx Solution Setup Boundary conditions.............. 71

List of Figures

Figure 3. 1: One-Dimensional and Three-Dimensional Leibniz theorem. Source; Fluid mechanics

fundamentals and aPPHCATIONS ..........ooiiiiiiiee e 32
Figure 3. 2: Schematic drawing of control volume. Source; Fluid Mechanics fundamentals and
APPIICALIONS ...t bbbt b e bbbt bttt b et b ne s 33
Figure 3. 3: Infinitesimal rectangular control volume-source; Fluid Mechanics Fundamentals and
APPIICALIONS ...t b bbbttt b et e bbb 38
Figure 3. 4: Fluid element with hydrostatic pressure-source; Fluid Mechanics Fundamentals and
APPIICALIONS ...ttt b bbbt bbb 40
Figure 3. 5: The principle of energy conservation in the definition of adiabatic flame temperature
....................................................................................................................................................... 49
Figure 3. 6: Combustion Zones; source-"Gas Turbine Combustion and alternative fuels”.......... 60
Figure 3. 7: PT6A series Turboprop Engine- Source, training manual for PT6 turboprop engine
....................................................................................................................................................... 61
Figure 3. 8: Combustion chamber liner. Source training manual for PT6 turboprop engine. ...... 62
Figure 4. 1: Solidworks COMDUSIOr EOMELIY .......ccuoiviiiiiiriiiieee e 68
Figure 4. 2: Sectioned COMDUSIOr GEOMELIY .....cviiiiiiieiieec et 68
Figure 4. 3: 25degree Sectioned cOmMbUSLOr QEOMELIY ......cccuveiiiiiiiieiie e 68
Figure 4. 4: Imported geometry from SOHAWOIKS. ........coveiiiiiiiiic e 69
Figure 4. 5: Mesh generation in ANSYS MESH ... 69
Figure 5. 1: Jet-A non-premixed temperature 2D CONTOUT..........oceiiiiieririiineee e 76
Figure 5. 2:Jet-A non-premixed temperature 3D CONTOUT .........oiiriiiireriniseeeeeee e 76
Figure 5. 3: 100% bioethanol 2D temperature contour NON-premixXed .........ccccveveeivieeiiieiieesneenn, 77
Figure 5. 4: 100% bioethanol 3D temperature contour NON-premixed .........ccccvevveiieeiiieeieesneenn, 77



Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.
Figure 5.

5:100% bioethanol 3D temperature contour NON-PremiXed .........cccccvevvereeiveresiveseenes 77

6: 80% bioethanol, 20% biodiesel 2D temperature contour non-premixed .................. 78
7: 80% bioethanol, 20%biodiesel Side view temperature contour non-premixed ........ 78
8: 80% bioethanol, 20%biodiesel 3D temperature contour non-premixed ................... 78
9: 70% bioethanol, 30%biodiesel 2D temperature contour non-premixed ................... 79
10: 70% bioethanol, 30%biodiesel Side view temperature contour non-premixed ...... 79
11: 70% bioethanol, 30%biodiesel 3D temperature contour non-premixed ................. 79
12: 60% bioethanol, 40%biodiesel 2D temperature contour non-premixed ................. 80
13: 60% bioethanol,40%biodiesel Side View temperature contour non-premixed ...... 80
14: 60% bioethanol, 40%biodiesel 3D temperature contour non-premixed ................. 80
15: 50% bioethanol, 50%biodiesel 2D temperature contour non-premixed ................. 81
16: 50% bioethanol, 50%biodiesel Side View temperature contour non-premixed ..... 81
17: 50% bioethanol, 50%biodiesel 3D temperature contour non-premixed ................. 81
18: 40% bioethanol, 60%biodiesel 2D temperature contour non-premixed ................. 82
19: 40% bioethanol, 60%biodiesel Side View temperature contour non-premixed ..... 82
20: 40% bioethanol, 60%biodiesel 3D temperature contour non-premixed ................. 82
21: 30% bioethanol, 70%biodiesel 2D temperature contour non-premixed ................. 83
22: 30% bioethanol, 70%biodiesel Side View temperature contour non-premixed ..... 83
23: 30% bioethanol, 70%biodiesel 3D temperature contour non-premixed ................. 83
24: 20% bioethanol, 80%biodiesel 2D temperature contour non-premixed ................. 84
25: 20% bioethanol, 80%biodiesel Side View temperature contour non-premixed ..... 84
26: 20% bioethanol, 80%biodiesel 3D temperature contour non-premixed ................. 84
27: 100% biodiesel 2D temperature contour NON-Premixed.........cccvvevveveeieeieeieesnene. 85
28: 100% biodiesel Side View temperature contour non-premixed............cccccvevvervenen. 85
29: 100% biodiesel 3D temperature contour NON-Premixed.........ccccvevveveieeieeiveseenn. 85
30: Jet A Thermal NOx production rate Kgmol/m3 S........ccccoevvviiiiieiineniieneiiinns 86
31: Jet A Prompt NOXx production rate Kgmol/mM3 S .....cccceevvviiiiinieieienene s 86
32: Biofuels Blend Thermal NOx production rate Kgmol/m3 S.......cccccvcvvveriviivnnnnnns 87
33: Biofuel Blend Prompt NOx production rate Kgmol/m3 S .......ccccevvvineiieniennnnnns 87

xi|Page



Definition of Terms

Adiabatic Flame Temperature (AFT)- The temperature attained when all the chemical reaction

heat released heats combustion products.

Computational Fluid Dynamics (CFD)- The use of applied mathematics, physics, and
computational software to visualize how a fluid flows as well as how the fluid interacts with objects
as it flows.

Fluid- a substance that continuously flows or deforms under an applied shear stress or external
force.

Combustion- A high temperature exothermic redox chemical reaction between a fuel and an
oxidant.

Non-Premixed Combustion- Type of Combustion where the fuel and oxidizer streams are
introduced separately, and combustion occurs after the fuel and oxidizer mix.

Turboprop Engine- A jet engine designed to produce thrust principally by means of a propeller
driven by a turbine with additional thrust usually obtained in by a rearward discharge of hot exhaust
gases.

Annular Combustor- Is a combustion chamber shaped in a ring form or cylindrical form and whole
annulus between the compressor and the turbine is used for combustion.
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CHAPTER 1: INTRODUCTION

1.1 Background

1.1.1 International push for alternative biofuels for aviation gas turbines

Throughout the history of aviation there has been a continuous improvement of fuel efficiency
driven by the necessity to save weight and costs and increasingly by environmental concerns. The
aviation sector currently accounts for around 2% of man-made global greenhouse gas emissions.
Though this represents a relatively small share compared to other modes of transport such as road
transport. However, aviation is the fastest growing transport mode and is projected to grow by
around 4% to 5% annually by 2050, (Toop, 2014).

The motivation for venturing in alternative jet fuels has partly been due to the elevated level and
volatility of the price of Jet A (a kerosene-based aviation gas turbine fuel) and environmental

impacts on global climate change and air quality, (Hilleman, 2008).

In 2008 aviation industry was the first transport sector to set targets for cutting its carbon
emissions. They set out their short, medium- and long-term goals. Sustainable alternative fuel will
play a significant role in achieving the industry’s long-term emissions reduction goal, (IATA,
2015).

The sustainable source of energy requirements in the aviation industry is key to developing the
sector. Fossil fuels have for long been a source of concern both locally and globally due to
pollution. The fossil fuels are a depleting resource and thus the need to use sustainable biofuels.
However, replacing fossil fuels with biofuels requires investigation to ascertain compatibility to

specific aircraft gas turbine engines.

The engine and commercial aircraft research and development communities have been
investigating the practicality of using alternative fuels in near, mid, and far-term aircraft.
Presently, it appears that an approach of using a “drop in” jet fuel replacement, which may consist
of a kerosene and synthetic fuel blend, will be possible for use in existing and near-term aircraft.

Future mid-term aircraft may use a bio-jet and synthetic fuel blend in ultra-efficient airplane
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designs. Future, long-term engines and aircraft in the 50-plus year horizon, may be specifically

designed to use a low or zero-carbon fuel, (Dagget, 2007).

This points to the fact that new engines would have to be designed to conform to the bio derived
jet fuels. It is on this premise that studies in ‘drop in’ fuels need to be conducted so that countries
which are unable to develop new engines can operate the aviation gas turbines without

modification.
1.1.2 Alternative aviation fuels

In the report on alternative fuels for aviation use in commercial aircraft Dagget et al (2007)
acknowledged the fact that the synthetic fuels ‘may’ reduce particulate exhaust emissions. This is
an area that requires thorough investigation. It is important to point out that currently Sasol fuel in
South Africa’s Johannesburg airport is a blend with kerosene-based jet fuels. This fuel is used on
specific aircraft engines. The question of whether synthetic fuels are interchangeable on different
gas turbine engines would have to be answered by having the same fuel blend tested on other

engines in determining the compatibility of the fuel with engine operations.

In the 2006 Technical Review of alternative jet fuels, Hemighaus et al (2006), highlighted that
biomass was being increasingly considered as an alternative raw material of transportation fuels.
The report further stated that ethanol and biodiesel had been used in recent years as blend
components for gasoline and diesel fuel respectively, and this use was likely to continue to expand

because of government mandates in many countries and a desire to diversify energy sources.
1.2 Problem Statement

There is an international effort in the aviation industry to push for the use of cleaner and sustainable
biofuels in aviation gas turbine engines. However, countries like Zambia without the
manufacturing capability of aviation gas turbine engines, need as a short-term goal, to carryout
research in the area of drop in biofuels. Drop in fuels would be used as alternative fuels in available
engines without any modifications done to the combustor and the fuel system. The cost
implications for carrying out combustion tests on aircraft engines is high owing to the possibility
of the engine failure if fuels are incompatible. The study in drop in biofuels should therefore be

carried out using numerical methods. Upon review of the simulated results, future tests can be
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carried out on the actual engines. This research will therefore involve modelling of the combustion

chamber and carrying out simulation of the selected biofuels.

There is need to firstly carry out numerical simulations safely to ascertain among other things,
compatibility of the bio derived fuels and the level of emissions.

1.3 Aim of Study

This research sought to model and simulate the combustion of bioethanol and biodiesel and
compare the results with the performance of conventional hydrocarbon fuels. The potential for
high compatibility of biofuels with some selected gas turbine engines exists. The purpose of this
study is to determine if alternative biofuels can be used in the PT6A-27 turboprop engine without
any modification done to the combustor and fuel system. This study will form as a basis for future

practical tests of bio derived fuels in gas turbine engines under Zambia Air Force (ZAF).

1.4 General Objective

To determine engine performance characteristics if powered by bio derived fuels, without any

modification to the PT6A-27 gas turbine engine combustor.

1.4.1 Specific objectives

e To model and simulate combustion properties of bio-derived fuels in a PT6A-27 annular
combustor.

e To determine the adiabatic flame temperature and compare the performance of the
simulated results to those obtained in practical situations.

e To determine the levels of NOx emissions from bioethanol, biodiesel and compare with
emissions produced from Kerosene based jet fuels as obtained from similar literature

results.

1.5 Research questions

1. What are the biofuel combustion properties?

2. What are the differences in combustion properties between simulated results against the

those obtained in practical situations?
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3. What are the differences in NOx emissions if conventional Jet fuels are substituted with

biofuels?
1.6 Rationale

For the local aviation industry to move with the international community in exploring sustainable
biofuels for aircraft, thorough research in combustion compatibility of biofuels need to be
conducted. As a country, Zambia has no manufacturing capacity of gas turbines with modified
combustion chambers and the fuel systems to accommodate biofuels. One government institution
which has been operating aviation gas turbines in Zambia is the Zambia Air Force (ZAF). Zambia
Air Force seeks to undertake research in sustainable aviation. Before practical tests can be carried
out on actual aviation gas turbine engines, it would be safe and cheaper to start these studies with
numerical simulations. Thus, this research will focus on a type of military transport aircraft engine
to be assessed if it can run on biofuels, as well as meeting the power to weight ratio as that obtained
when powered by Kerosene based Jet fuels. The research shall further seek to establish the levels

of emissions produced.
1.7 Scope of Study

This research sought to model and simulate the combustion of biofuels in a PT6A-27 Annular
Combustor using Computational Fluid Dynamics (CFD) software. The research was restricted to
numerical simulations and no physical experiments were conducted. The research further made
use of a fixed model and no modifications to the fuel systems in the geometry were included. The

assumption of no phase separation in the blended biofuels was also considered.
1.8 Ethical Considerations

All real time data regarding the engine and aircraft performance had been gotten with clearance

from the relevant authorities.
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CHAPTER 2: LITERATURE REVIEW AND THEORY

2.1 Introduction

Rodionova et al (2016) defined the term “biofuels” as the energy enriched chemicals generated
through the biological processes or derived from the biomass of living organisms, such as
microalgae, plants, and bacteria. Turbine engine manufacturers, General Electric, Honeywell, Pratt
& Whitney, and Rolls Royce presented a consensus position at the Aviation Alternative Fuel
Workshop held in May 2006 and concluded that there where plausible alternatives to conventional
jet fuel, but these new fuels cannot jeopardize safety and reliability of aircraft systems. Producers
of these new fuels must also account for the lifecycle of the fuel and its total environmental impact
along with health and toxicological effects (Hemighaus et al, 2006). This research also sought to
determine the levels of emissions. The Turbine Engine Manufactures did acknowledge plausibility
of alternative aviation fuels and this research was centered on the combustion of alternative

aviation fuels in particular the bio derived fuels.
2.2 Feedstock Types and Biofuels Production

One of the main factors to be considered in biofuel production is the raw material, i.e., the
feedstock used in the process. Not only is the final cost directly proportional to the price of
available feedstock, but a huge part of the process is also related to different pretreatments required
for different feedstock. This means that by choosing or adopting the right feedstock, advantages
such as high efficiency and low production cost, sustainable processes, and lower environmental
issues could be gained simultaneously. Here, feedstock is discussed as shown in table 2.1 from the
viewpoint of different biofuel generations i.e., first, second and third generation biofuels
(Rodionova, 2016).
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Table 2. 1: Biofuel production, source: Challenges and opportunities, International Journal of
Hydrogen Energy (2016).

Biofuels
Primary Secondary
First generation Second generation Third generation
Firewood, wood chips, Bioethanol or butanol by fermentation Bioethanol and biodiesel produced Biodiesel from
pellets, animal waste, of starch (from wheat, barley, corn, from Conventional technologies but microalgae
forest and crop potato) or sugars (from sugarance and based on novel starch, oil and sugar Bioethanol from
residues, landfill gas. sugar beet.) crops such as Jatropha, cassava or microalgae and
Biodiesel by transesterification of oil Miscanthus; seaweeds
crops (rapeseed, soybeans, sunflower, Bioethanol, biobutanol, syndiesel Hydrogen from green
palm, coconut, used cooking oil, and produced from lignocellulosic microalgae and
animal fats.) materials (e.g. straw, wood and grass) microbes

In contrast to first generation biofuels, second-generation biofuels from waste and renewable
feedstocks could help bridge the gap and enable the airline industry to reach carbon-neutral growth
in the medium-term, and even reduce CO2 emissions over the longer term. Up until 2015, three
second-generation production processes have been certified for blends with petroleum-derived jet
fuels, and many other processes are either expected to receive certification or are still being
explored. Among the certified processes, only HEFA fuels are already being produced at industrial
scale (Chuck, 2016).

Multiple policy targets, measures, and Research and Development (R&D) programs that affect
aircraft manufacturers, airlines, and fuel producers directly or indirectly are already in place or
about to be introduced. However, in many countries, energy policies supporting the deployment
of biofuels have focused on road transportation via cellulosic ethanol and renewable diesel through
mandatory production quotas and fiscal incentives. These policies consist of subsidies, mandatory
production quotas, or other measures. Although comparatively abundant, competition for
cellulosic feedstocks may ultimately arise between road and air transportation. However, once a
level playing field exists that is, subsidies and regulations are applied equally to both sectors, the
market will decide about the quantities consumed in each sector. Given the reduced degrees of
freedom for fuel shifting in air transportation, this sector’s willingness to pay for biofuels may be

larger and thus attract a larger share (Chuck, 2016).

If biofuels were to meet the combustion requirements, they must have the characteristics similar if
not exact with the fossil fuels. Chuck (2016) lists the following fundamental requirements aviation
jet fuel of Aircraft:
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e low weight per unit heat of combustion to increase the payload such as more
people/goods.
e low volume per unit heat of combustion to allow fuel storage without compromising the

aircraft size, weight, and performance.

With regards to fuel efficiency with full safety of aircraft operation he further outlines the

following characteristics:

e Optimum distillation/volatile property: It is important for the mixture formation of air with
fuel at a wide range of operating temperature conditions unlike ground vehicles.
e High ignition quality: Octane number for the aero piston engine and smoke point for the

gas turbine aero engine.

It should be noted that both Synthetic Paraffinic Kerosene (SPK) are mixtures of pure
hydrocarbons of almost all paraffinic nature. Fatty acid methyl esters (FAME), which are the major
components in biodiesel, are considered as contaminants in jet fuel because of their degrading
effect on jet fuel thermal stability. In light of the above concerns, it is clear that any biomass-based
fuel should be first converted to pure hydrocarbon mixtures in order to be accepted as a jet fuel
blending product. This limit, at least with the current technology, the potential biofuels for aviation
to SPK obtained by the FT process from biomass and hydro processed esters and fatty acids
(HEFA). HEFA is derived from animal and vegetable oils, but its composition is similar to SPK,
that is, a mixture of pure paraffinic hydrocarbons. HEFA has also been approved to be blended
with conventional jet fuel up to 50% by volume (ASTM International, 2011). This research
blended only two biofuels in the combustion simulation in varying proportions, however the

proposal at the ASTM conference in 2011 was to blend a biofuel with Jet A up to 50% ratio.

Since the first turbine engine, aviation fuel has evolved into a tightly regulated commodity, and its
specifications have narrowed as engine technology and refining methods have advanced. As a
result, aviation gas turbine engine fuels today are the most highly regulated transportation fuels
with the most extensive set of specifications. Fuel specifications have material and manufacture
requirements limiting the fuel feed stocks to petroleum crude oil, natural gas condensates, heavy
crude oil, shale oil, and oil sands (i.e., hydrocarbons). Two major biofuels are present in the global

fuel market: bioethanol, which is largely produced by the fermentation of sugars or starches, and
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biodiesel, which is produced from the transesterification of vegetable oils such as rapeseed,
soybean, or palm, as well as from animal fats. Ethanol and biodiesel are blended into gasoline and
diesel fuels, respectively, in smaller percentages for ground transportation, (Zingg and Gulder,
2016).

Fossil fuels have been used as a main source of energy for many years; however, the usage of them
is unsustainable and causes environmental issues related to fossil fuel combustion (Rodionova et
al, 2016). Studies into the use of biofuel alternatives in gas turbines are ongoing and this research
would contribute on the proposed blend between bioethanol and biodiesel in a combustion

simulation as the first step prior to actual tests in the Zambia Air Force.

The overarching criterion in developing biofuels for aviation has been the development of drop-in
fuels which can be used in the existing fleet without any modifications. Currently Synthetic
Paraffinic Kerosene (SPK) produced by the Fischer-Tropsch (FT) process either from biomass

sources or coal is allowed to be blended with conventional jet fuel.
2.3 Alternative aviation fuels

Dagget et al (2007), further stated that Synthetic jet fuels manufactured using a Fischer-Tropsch
process, from coal, natural gas or other hydrocarbon feedstocks are very similar in performance to
conventional jet fuel but have almost zero sulfur and aromatics. This may result in lower
particulate exhaust emissions. In addition, synthetic fuels exhibit excellent low-temperature
properties, maintaining a low viscosity at lower ambient temperatures. Thermal stability properties
are also improved, resulting in less fuel system deposits. As synthetic fuels have very good
performance and have already been in use for many years at Johannesburg airport (Sasol fuel) it
will be easy to supplement current jet fuel supplies with synthetic derived fuel. If the additional
CO, that is produced during the manufacturing process can be captured and permanently

sequestered, synthetic fuel could be a good near-term supplement.
2.3.1 Aviation Kerosene

Aviation kerosene-type jet fuel is used by civil gas turbine-based engine aircraft. The different
grades of jet fuels such as Jet A-1, Jet Ts-1, Jet RJ-1, Jet TH and Jet Fuel No. 3 are used in different

countries. The fuel grades are classified mainly based on its fuel quality such as Sulphur, flash
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point, freezing point, energy content and smoke point as shown in Table 2.2. Benzene and toluene
have an aromatic structure. Naphthalene and anthracene are known as polycyclic aromatic
hydrocarbon (PAHC). The aromatic content is higher in crude oil, which helps to increase the
octane number. However, it is responsible for soot/smoke/PAHC emission formation during
combustion. The soot deposits on turbine blades may lead to durability problems. Sulphur in fuel
emits harmful emissions such as SOx, Sulphur acid and sulphate, which enhance the corrosion

problem on blades and other components.

Table 2. 2: Jet Fuel Grades, Source: Biofuels for aviation Feedstocks, Technology and
Implementation, 2016.

Jet Jet Jet Jet Fuel
S. No Jet Fuel Properties A-1 Ts-1 RJ-1 Jet TH No. 3 Diesel
1. Aromatics, % vol 19.5 15.2 19.5 16.5 16
2. Sulphur, % mass 0.02 0.04 0.02 0.01 0.02 50 (mg/kg)
3. Initial boiling point, °C 156 138 140 142 153
4. T10, °C 167 160 154 155 168
5. Flash point, °C 42 31 35 40 39 a5
6. Freezing point, °C -50 —64 —-68 -53 =52 =40 to =34 .4
7. Energy content, M]/ kg, 43.15 432 4324 43.35 45.759
8. Smoke point, mm 25 28 26 22 25

2.3.2 Carbon-Neutral and Sustainable Fuels

Alcohol fuels such as methanol, ethanol and butanol, and biodiesel are carbon-neutral fuels as the
carbon emitted from combustion engines is recycled through crop/plant. This means there is no
new addition of CO, emission into the atmosphere. But alcohol fuels have the problem of lower
energy density, which requires a larger wing and engines, resulting in the reduction of the aircraft’s

fuel efficiency (Table 3).

In case of biodiesel, it has poor cold flow properties and high unsaturated compounds. If hydrogen
is produced from renewable resources, it is a sustainable fuel. Energy density, safety and storage
are the major problems. Fischer-Tropsch. (F-T) diesel also known as gas to liquid fuel is produced
when a gaseous fuel is converted to a liquid and refined to make diesel. F-T diesel is the only
alternative fuel that has a good potential for an aero engine. This sustainable fuel needs to be
explored for aircrafts. Crude oil-based aviation kerosene fuel will play a crucial role for at least
another two decades. A summary of the qualitative comparison of alternative fuels for aircraft with

base aviation jet fuel is presented in Table 2.3.
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Table 2. 3: Summary of key properties of alternative fuels with a comparison of aviation kerosene,
source; Biofuels for aviation Feedstocks, Technology, and Implementation, 2016.

Alcohol
Compressed Liquid Fisher- (Methanol,
Fuel Quality CNG Hydrogen Hydrogen Biodiesel Tropsch Diesel Ethanol)
Volumetric Very Very poor Moderate Good Excellent Poor
energy con- poor
tent (M] /kg)
Freezing point Excellent Excellent Excellent  Poor Excellent Excellent
Infrastructure To be To be built To be built Good for Good for Slight modifi-
built existing existing cation needed
infrastructure infrastructure for existing

infrastructure

2.3.3 Other Studies

Turbine engine manufacturers, General Electric, Honeywell, Pratt & Whitney and Rolls Royce

presented a consensus position at the Aviation Alternative Fuel Workshop held in May 2006

(Hemighaus et al, 2006).

Some of their conclusions are summarized below.

e Kerosene based fuels are the preferred option.

e Biodiesel (FAME) presents major technical and logistical risks at present.

e The Fischer Tropsch (FT) process provides opportunity to produce aviation fuel from

biomass at lower risk and shorter timescales.

e Liquefied gas options have non-gas-turbine-related barriers.

e All alternative fuel options require further study and whole life cycle analysis.

o New fuels will require certification of aircraft and engines.

These conclusions did not rule out the use of biofuels as an alternative. The FAME presented a

major technical and logistical risk. This justifies the need to carry on with the research of

alternative fuels.

2.4 Combustion of biofuels

Recent concerns over energy security and environmental considerations have highlighted the

importance of finding alternative aviation fuels. It is expected that coal and biomass derived fuels
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will fulfil a substantial part of these energy requirements. However, because of the physical and
chemical difference in the composition of these fuels, there are potential problems associated with
the efficiency and the emissions of the combustion process. Over the past 25 years Computational
Fluid Dynamics (CFD) has become increasingly popular with the gas turbine industry as a design
tool for establishing and optimising key parameters of systems prior to starting expensive trials
(Uryga-Bugajska et al, 2008).

Biofuels, such as bioethanol, biobutanol, and biodiesel, are of increasing interest as alternatives to
petroleum-based transportation fuels because they offer the long-term promise of fuel-source
regenerability and reduced climatic impact. From the combustion perspective, the chemical
decomposition and oxidation pathways of current and future biofuels are intimately coupled to the
structure of the respective fuel molecule. Predicting the combustion behavior of these fuels,
including ignition, extinction, heat release, and the formation of potential pollutants, requires the
development of detailed combustion mechanisms. These must include all pertinent species,
reactions, rate coefficients, and related thermochemical and transport parameters as functions of
temperature and pressure. Combustion models which are validated with reliable experiments are
used to examine all important aspects of the combustion performance and to transfer the results
from the laboratory to the industrial process (Kohse et al, 2010). In this research the combustion
simulation in ANSY'S software considers, the different species transport as well as multi chemical

species reaction.

In Ellis et al (2008) carried out an experiment on the Flameless Combustion of biodiesel in a Semi-
Closed Cycle Gas Turbine. Biodiesel-derived from soy and palm oil feed stocks, including a B-20
(20% biodiesel and 80% petroleum diesel) soy blend, were compared to ultra-low sulfur fuel oil
in a semi-closed cycle gas turbine. The behavior of the fuels related to soot production in the
primary combustion zone and exhaust emission characteristics were investigated using two-color
spectrometry and infrared absorption gas analysis. Results demonstrated soot production was
reduced for biodiesels accompanied by a nominal increase in fuel rate. Unburned hydrocarbon
emissions were low possibly due to lower Sulphur content of all fuels and lower aromatics in the
case of biodiesel (Ellis et al, 2008). The CO and NO emissions were similar for all of the fuels
tested. The test concluded that of the four fuels tested for exhaust emission and soot behavior in

the Power gas turbine system at the University of Florida, no operability limitations were observed,
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other than startup, for the fuels tested. Comparing B100 Soy, B100 Palm and B20 Soy biodiesel
with ultra-low sulfur fuel oil, no significant difference in exhaust emissions among the fuels of
unburned hydrocarbon as CH,, CO or NO was measured. The NOx emissions increased with an
increase in load for all the fuels, as expected (Ellis et al, 2008). This is a further illustration that at
certain temperatures, NOx emissions are reduced and that biodiesel irrespective of the raw
materials produces very low unburnt hydrocarbons. This study offers justification in conducting

research on biodiesel due to their lower unburnt hydrocarbons.

Pierre-Alexandre et al, (2009) carried out a study using THERGAS software on Adiabatic Flame
Temperature from biofuels and fossil fuels and derived effect on NOx emissions. While biodiesels
reduce carbon containing pollutants, experimental data from diesel engines show a slight increase
in NOx. The five FAMEs studied were Rapeseed Methyl Ester (RME), Soy Methyl Ester (SME)
and methyl esters of sunflower, palm and tallow. The software THERGAS had been used to
calculate the enthalpy and free energy properties of the fuels and GASEQ for the flame
temperature, acknowledging the fact that “thermal NOx” represents the predominant form of NOx
in gas turbines. The results showed that diesel fuels tend to generate the highest temperatures,
natural gas the lowest and biodiesel lies in-between (Pierre-Alexandre et al, 2009). In this research
determination of thermal NOx was one of the objectives using ANSY'S software in Non-Premixed

Combustion.

Spray characteristics and combustion performance of unheated and preheated liquid biofuels have
been studied by Panchasara et al (2010). In their research, diesel, Vegetable Oil (VO), two types
of biodiesels produced from VO and animal fat were investigated as potential fuels for gas turbines
to generate power. Experiments were performed using a laboratory scale burner simulating gas
turbine combustor operated at atmospheric pressure. A commercially available air blast (AB)
atomizer was used to create the fuel spray. A parametric study of combustion performance (CO
and NOx emissions) and spray characteristics (droplet diameter, drop size distribution, and mean
and RMS axial velocities) was carried out by varying air to liquid mass ratio (ALR), and fuel inlet
temperature in cold spray and spray flame with/without swirl air and without/with enclosure.
Results showed that an increase in the fuel inlet temperature decreases NOx and CO emissions,

which could be attributed to improved fuel atomization resulting from decreased kinematic
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viscosity at higher fuel temperatures (Panchasara, 2010). However, in this research, the inlet

temperatures of the biofuels are treated as a constant without varying it in the simulations.

As the push to make the use of biofuels more pervasive in the airline industry continues, it is
important to understand their broader impact. Jonathan et al (2013) conducted engine performance
simulations using the software Commercial Modular Aero-Propulsion System Simulation 40k (C-
MAPSS40k). Engine performance simulations using C-MAPSS40k demonstrated the
thermodynamic compatibility of biodiesel with existing engines. Biofuel engines will be able to
produce equal amounts of thrust compared to conventionally powered engines with the same
transient responses if the fuel flow controller is redesigned. From a system perspective, the most
detrimental properties of certain biofuels are volume, weight, and freezing point. The volume and
weight of certain biofuels will unavoidably reduce efficiency. Mixing standard fuel and biofuel
would help reduce some of the issues. From a component perspective, biodiesel’s higher viscosity
could also lead to less desirable atomization characteristics, such as increased mean droplet size.
Furthermore, ring sticking, injector coking, and injector deposit problems have all been known to
lead to pump failure in biodiesel truck engines. A mix of biodiesel and standard fuel would
optimize the properties while also alleviating fossil fuel dependency. Despite viscosity issues, it
has been found that biodiesel actually causes less wear in ground vehicle diesel engines (Jonathan
et al, 2013). This reseach included blends of biofuels and no modification to both the simplex and
duplex nozzle diameters. This research will involve simulation of biofuel blends of bioethanol and
biodiesel.

Altaher et al (2014), carried out a Study of biodiesel emissions and carbon mitigation in gas turbine
combustor. The results obtained can be used to estimate pollutant emissions and carbon reductions
by biodiesel in power generation industry and other sectors where gas turbine engines are used.
Liquid fuels (B100, B50, B20 and Kerosene) were injected and premixed with incoming air in a
premixed fuel injector with holes on centres of equal area. The air fuel ratio (equivalence ratio)
was increased in small steps by increasing fuel flow rate and keeping air flow rate constant.
Generally, pure biodiesel and blend fuels (B20&B50) had slightly lower UHC emissions than
kerosene in all operating conditions. However, kerosene fuel had a higher UHC than biodiesel and
biodiesel blend fuels in lean conditions (®< 0.6) (Altaher et al, 2014).
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Biodiesel is receiving increasing attention as an alternative fuel due to the ever-growing demand
for energy. However, the inferior physiochemical properties of biodiesel render it incompatible for
gas turbine application, which needs to meet the standard requirement of gas turbine fuel in
accordance with ASTM D2880 (Saifuddin et al, 2017). Saifuddin et al (2017) studied the
performance and emission characteristics of micro gas turbine (MGT) engine fueled with
bioethanol-diesel-biodiesel blends. The research work was carried out to study experimentally the
performance and exhaust emission characteristics of a 25kW micro gas turbine engine (Capstone
Model C30) fueled with biodiesel-diesel-bioethanol blends. The assessment on the improved fuel
properties of biodiesel by blending with bioethanol had shown more superior atomisation
characteristics performance compared to unmodified biodiesel. Moreover, the performance test in
the micro gas turbine was limited up to 20% blend of biofuel, which showed improved thermal
efficiency during the test. Subsequently, the emission test carried out in this work also showed
significant enhancement in emissions, except nitrogen oxides (NOx) which contributed to the
higher formation in comparison with the distillate diesel. Finally, B80E20 (80:20 of biodiesel-
bioethanol) was proposed to be selected as an ideal blended fuel ratio to be applied in micro gas
turbine engine due to its adaptability to replace diesel fuel, while showed better performance and

emission properties as compared to the pure petroleum diesel, (Saifuddin et al, 2017).

Maiorova et al (2017) analysed the atomization and burning of biofuels in the combustion
chambers of gas turbine engines. The research analysed the effect of physical properties of liquid
fuels with high viscosity (including biofuels) on the spray and burning characteristics. The study
showed that the spray characteristics behind devices well atomized fuel oil, may significantly
deteriorate when using biofuels, until the collapse of the fuel bubble. To avoid this phenomenon,
it is necessary to carry out the calculation of the fuel film form when designing the nozzles. Several
measures were recommended to modernize the conventional combustors when using biofuels in
gas turbine engines. for carrying out of hot tests in aviation combustor mixed biofuel based on
aviation kerosene (as most close relating to a turbine engine) has been chosen as alternative fuel.
The combustion value of biofuels is significantly lower than that of fossil fuels. Furthermore, the
viscosity of vegetable oils is ten times greater than the viscosity of the organic fuel. Therefore, for
aircraft engines blend of biofuels with conventional aviation fuels is preferable than pure biofuels.

Various versions of a percentage ratio of components of combustible mixtures based on plant oil
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and ethanol have been investigated. In the capacity of the main component aviation kerosene TS
1 and gasoline have been chosen. The mix in a ratio of 40 % of kerosene TS 1, 20 % of castor oil,
40 % of ethanol has been chosen as the most homogeneous and well mixed without any
precipitations and stratifications (Maiorova et al, 2017).

2.5 Improving Biofuels Properties for Combustion.

Hong (2011) carried out an experimental study of nanoadditives for biofuel combustion
improvement. An experimental investigation of the combustion behavior of nano-aluminum (n-
Al) and nano-aluminum oxide (n-Al,03) particles, stably suspended in biofuel ethanol as a
secondary energy carrier was conducted. The heat of combustion (HoC) was studied using a
modified static bomb calorimeter system. Combustion element composition and surface
morphology were evaluated using a SEM/EDS system. N-Al and n-Al,05) particles of 50 nm and
36 nm diameters, respectively, were utilized in this investigation. Combustion experiments were
performed with volume fractions of 1%, 3%, 5%, 7%, and 10% for n-Al, and 0.5 %, 1%, 3%, and
5% for n-Al,05). The results indicate that the amount of heat released from ethanol combustion
increases almost linearly with n-Al concentration. N-Al volume fractions of 1% and 3% did not
show enhancement in the average volumetric heat of combustion, but higher volume fractions of
5%, 7%, and 10% increased the volumetric heat of combustion by 5.82%, 8.65%, and 15.31%,
respectively. N-AlI203 and heavily passivated n-Al additives did not participate in combustion
reactively, and there was no contribution from AI203 to the HoC in the tests (Li Calvin Hong,
2011).

Other tests in Combustion characteristics of improved biodiesel in diffusion burner by Kumaran
et al in 2014, have shown that there is an improvement in the combustion of biofuels when the
source of raw materials and other additives are incorporated. In the case of bio diesel SGB showed
improved properties whereas bioethanol its heating value had increased by addition of nano-
additives. these studies offer a possibility of the practicality of using pure biofuel blends for
aviation gas turbines. The first steps which involve a much economical approach to such tests in

developing countries like Zambia is CFD simulations in combustion of biofuels in gas turbines.

Kumaran et al (2014), evaluated the combustion characteristics of improved biodiesel or Second-
Generation Biodiesel (SGB). In their work they addressed an alternative and inexpensive method
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of performing combustion studies of such improved biodiesel. A diffusion burner which has
similar combustion dynamics to a gas turbine combustor had been used to evaluate the combustion
characteristics of improved biodiesel or Second-Generation Biodiesel. Biodiesel is considered as
an alternative fuel for gas turbine application. However, the properties of biodiesel need further
improvement to meet the combustion dynamics of a typical gas turbine (Kumaran et al, 2014 ).
The combustion characteristics of the improved biodiesel have been evaluated in terms of fuel
burning rate, flame length and emissions. Subsequently, the results were compared with biodiesel
or First-Generation Biodiesel (FGB) and distillate diesel (DD). The results indicated improvement
in physical properties; SGB and its blends possess better combustion characteristics in terms of
flame length, mass of fuel flow rate and emissions compared to FGB and DD. They concluded
that SGB can be considered as an alternative fuel for use in gas turbines and a 50% blend of SGB
with DD had shown promising results compared to other blend ratios (Kumaran et al, 2014 ).

2.6 Modelling And Simulation of Biofuel Combustion

Bugajska et al (2008) assessed performance of alternative fuels in a Modern Airspray Combustor
(MAC). In the paper titled “Assessment of Performance of Alternative Fuels in a MAC”, the
performance of a typical aviation fuel, kerosene, an alternative aviation fuel, biofuel and a blend
had been examined using CFD modelling. The properties of a bio/aviation fuel had been
investigated for a MAC using the recently developed detailed reaction mechanisms, AFRMv2.0,
and a CFD simulation approach. The CFD predictions for kerosene were validated against
experimental data from QinetiQ (Uryga-Bugajska et al, 2008). They concluded that the impact of
using the blended fuel has been shown to be very similar in combustion performance to that of the
100% kerosene. The detailed reaction mechanism was validated against experimental data for
kerosene and subsequently applied to blend and biofuel. The predicted temperature and NOXx
profile were in good agreement with the experimental values particularly at the exhaust. Although
at the exhaust, the amount of NOx observed in the blended biofuel, was like that of kerosene, a
substantially increased value was observed close to the injector. This phenomenon is primarily
attributed to the increased oxygen content of the methyl ester molecule which effects changes to

the combustion chemistry close to the injector (Uryga-Bugajska et al, 2008).

When using 100% biofuel there is a significant impact to the performance of the process. At the

operating conditions considered in this work, 100% biofuel would result in a significant reduction
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on combustion enthalpy. To improve the reliance on the theoretical work, it is essential to carryout

experimental work using blend and biofuel for validation purpose (Uryga-Bugajska et al, 2008).

A primary interest for the CFD simulations was also to investigate the effect of fuel on NOx
formation route and emission levels in the exhaust. The NOx profile in MAC combustor was
computed with a partial equilibrium approach using the previously calculated temperature and
species mixture fractions. Turbulence/chemistry interaction was modelled using a joint probability
density function (pdf) approach using two statistically independent variables. It was observed that
in both the kerosene and blend cases that, as dictated by the extended Zeldovich mechanism, most
of the NOx formation occurs in the post/flame volume area where the gas temperature and OH/O
concentration is high. The predicted NOx formation results show that the predominant source of
NOx is from thermal, with prompt supplying less than 10%. The reactions used in the NOXx post
processor that are responsible for most of the NOx are taken from the extended Zeldovich

mechanism (Uryga-Bugajska et al, 2008).

Laranchi et al (2013) conducted a CFD analysis of an annular micro gas turbine (MGT)
combustion chamber fueled with liquid biofuels. A CFD numerical analysis was carried out to
investigate the behavior of bioethanol as a fuel for an MGT with an annular combustion chamber.
The computational model was developed in CD-ADAPCO STAR CCM+ environment. The
analysis consisted of three simulations of bioethanol combustion, with different computational
domains: original design, modified injector and modified injector with lower number of dilution
air holes. A reduced combustion mechanism for ethanol combustion taken in literature was
implemented in CHEMKIN format file and inserted in the hybrid kinetics-EBU non-premixed
combustion model of the software. The results of the three simulations were compared with
measured data and results of NG combustion. From comparison between natural gas (NG) and
bioethanol simulations it appeared that the modifications of the geometry seemed to compensate
adequately the variation in gas composition maintaining constant characteristics at the turbine
inlet. In conclusion the modified injector and a dilution in the dilution air holes overall area were
sufficient to achieve a comparable power and efficiency with respect to the NG case (Laranchi et
al, 2013).
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Maiorova et al (2017) analysed the effect of physical properties of liquid fuels with high viscosity
(including biofuels) on the spray and burning characteristics. In their paper titled “the atomization
and burning of biofuels in the combustion chambers of gas turbine engines” recommended that
several measures should be taken to modernize the conventional combustors when using biofuels
in gas turbine engines. The combustion value of biofuels is significantly lower than that of fossil
fuels. They further concluded that for aircraft engines blend of biofuels with conventional aviation
fuels is more preferable than pure biofuels. Various versions of a percentage ratio of components
of combustible mixtures on the basis of plant oil and ethanol have been investigated in the capacity
of the main component aviation kerosene TS 1 and gasoline have been chosen. The mix in a ratio
of 40 % of kerosene TS 1, 20 % of castor oil, 40 % of ethanol has been chosen as the most

homogeneous and well mixed without any precipitations and stratifications (Maiorova et al, 2017).

2.7 Conclusion on the combustion of biofuels

Jonathan et al (2013) simulated the use of alternative fuels in a turbofan engine. As the push to
make the use of biofuels more pervasive in the airline industry continues, it is important to
understand their broader impact, (Jonathan et al, 2013). A positive example of the engine
performance simulations using C-MAPSS40k had demonstrated the thermodynamic compatibility
of biodiesel with existing engines. Biofuel engines will be able to produce equal amounts of thrust
compared to conventionally powered engines with the same transient responses if the fuel flow
controller is redesigned (Jonathan et al, 2013). From a system perspective, the most detrimental
properties of certain biofuels are volume, weight, and freezing point. Even with a fuel such as
ethanol, which has significantly lower energy content than standard jet fuel, simple controller gain
modifications were shown to completely recover the engine response, albeit with a higher fuel
flow rate. Therefore, the simulation modified to accept tables representing the properties of a
variety of alternative fuels, can be used to evaluate the impact of using these fuels on thrust specific
fuel consumption, temperatures, and other variables, and these in turn can be used to evaluate the
impact on aircraft weight and range (Jonathan et al, 2013). It is evident that most studies in the
research area of biofuels for gas turbines have largely been from biodiesel, partly due to the higher
heating value. The use of bioethanol in gas turbines has however not received the same attention.
There is need to carry out research in bioethanol and its blends with biodiesel combustion through

simulations to determine thermal compatibility in the PT6A-27 annular combustor.
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CHAPTER 3: THEORETICAL FRAMEWORK

3.1 Introduction

Combustion modelling is the simulation of a physical process on a scale, or by a method, which
enables combustion investigations to be carried out which would be difficult, if not impossible, to
perform on the real combustor. The model mimics selected aspects of the real combustor processes
and therefore predicts or simulates its characteristics and responses to certain design or operating
changes.

3.2 Mathematical Models

This study uses mathematical modelling to simulate fluid flow and mixing, combustion and heat
transfer phenomena. The steady state flow of gases and liquids plays a vital role in many kinds of
engineering applications and devices. The problem of flow and heat transfer in furnaces and
combustors are of a multidisciplinary nature, and hence, attention is focused on the general
principles which govern the behaviour of the flow in complex configurations. The conservation
equations of mass, momentum, species and energy are expressed through partial differential forms
(Khalil, 1982).

These equations form the foundation and represent mathematical statements of the conservation
laws of physics upon which all prediction procedures are based either directly or indirectly. The
governing equations do not themselves provide complete specification of the mathematical
problem, as additional information is required. This first information deals with the turbulent
nature of the flow necessary to solve the set of momentum equations in turbulent flows and
generally form turbulence models. The second type of information deals with reactive flows i.e.,
the specification of the rate of fuel consumption, heat release and flame properties including
geometry of the reaction chamber. The various ways of preparation techniques of fuel and air result
in diffusion, premixed and arbitrarily fired flames. These flames differ fundamentally from each
other right from flame initialisation, development and stability. The difference become even more
complex when these flames are analysed in turbulence regime. This information is important in

understanding aspects of combustion modelling (Khalil, 1982).
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Heat transfer to the workload in the chamber, in many situations, is the main requirement from the
combustion process. This heat transfer is utilised to heat up the workload. Radiation and
convective heat transfer models take care of this aspect. Radiation contribution to the energy
balance is needed to complete the specification of the energy balance equation. To complete
specification of the problem, details of thermodynamic properties are needed. To solve the

equations, boundary and inlet conditions should be specified (Khalil, 1982).

3.3 Differential analysis of fluid flow

The differential equations of fluid motion, namely, conservation of mass (the continuity equation)
and Newton’s second law (the Navier—Stokes equation) are derived. These equations apply to
every point in the flow field and thus enable us to solve for all details of the flow everywhere in
the flow domain (Cengel and Chimbala, 2014).

3.3.1 Mass Conservation (Continuity)
Derivation of the Reynolds Transport Theorem-RTT as presented by Cengel and Chimbala (2014).
A mathematical derivation of the Reynolds transport theorem is done through use of the Leibniz

theorem. Considering figure 3.1, the theorem allows one to differentiate an integral whose limits

of integration are functions of the variable with which you need to differentiate.
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Figure 3. 1. One-Dimensional and Three-Dimensional Leibniz theorem. Source; Fluid mechanics
fundamentals and applications

The one-dimensional Leibniz theorem is required when calculating the time derivative of an

integral (with respect to x) for which the limits of the integral are functions of time. The three-
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dimensional Leibniz theorem is required when calculating the time derivative of a volume integral
for which the volume itself moves and/or deforms with time. It turns out that the three dimensional
form of the Leibniz theorem can be used in an alternative derivation of the Reynolds transport
theorem

System (material volume)
ard control volume at thme !
f

Sysiem at time 7+ Af

Flow

Control wolume al tme ¢ 4 A

Figure 3. 2: Schematic drawing of control volume. Source; Fluid Mechanics fundamentals and
applications

Considering figure 3.2, the material volume (system) and control volume occupy the same space

at time t (the greenish shaded area) but move and deform differently. Later, they are not coincident.

One-Dimensional Leibniz theorem is given as.

x=b(t) baG db da
— G, t)dx = | —+—G(bt) ——G(at Eq.1.0
dtfxza(t) (x, t)dx fa ot T (0D~ g 6@t 1

The Three-Dimensional Leibniz theorem thus takes the form;
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d G —
— G(x,y,z)dx=f —dV+fGVA n dA Eq.1.1
dt Jy v 0

Where V (t) is a moving and/or deforming volume (a function of time), A (t) is its surface
(boundary), and Va is the absolute velocity of this (moving) surface (Fig. 2). Equation 1.1 is valid
for any volume, moving and/or deforming arbitrarily in space and time. Setting integrand G to pb

for application to fluid flow,

Applying the above equation 2.1 to fluid flow.

d 9]

(pb)dv +] pbV .7 dA Eq.1.2
dt V(t) V(t) at

A(t)

Applying the Leibniz theorem to the special case of a material volume (a system of fixed identity
moving with the fluid flow), then VA = V everywhere on the material surface since it moves with

the fluid. Here V/ is the local fluid velocity, and Eq. 1.2 becomes.

d

0
dt

stys 7 =
f pbdV = —— = (pb)dVv + f pbV .ndA Eq.1.3
v(t) dt v Ot At)

Equation 2.3 is valid at any instant in time t. We define our control volume such that at this time
t, the control volume and the system occupy the same space; in other words, they are coincident.
At some later time t + At, the system has moved and deformed with the flow, but the control

volume may have moved and deformed differently (Fig. 2) above. The key, however, is that at
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time t, the system (material volume) and control volume are one and the same. Thus, the volume
integral on the right-hand side of Eqg.1.3 can be evaluated over the control volume at time t, and
the surface integral can be evaluated over the control surface at time t. Hence, general RTT,
nonfixed CV:

dByys ] o,
= | =(pb)av bV .7 dA Eq.14
Tt fcvat(p ) +fcsp n q

This expression is valid for an arbitrarily shaped, moving, and/or deforming control volume at

time t.

Through application of the Reynolds transport theorem, we have the following general expression
for conservation of mass as applied to a control volume: Eqgn. 1.4 of unit mass reduces to egn. 1.5
and is valid for both fixed and moving control volumes, provided that the velocity vector is the

absolute velocity (as seen by a fixed observer).
dap S
Ozf —dV+f pV.ndA Egn. 1.5
cv at CcS
Applying the divergence theorem to Eq. 1.5

j@ﬁ.édv = fé.ﬁdA Eqn. 1.6
14

A
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Eqgn. 2.6 applies to any volume, so choosing the control volume of Eq. 1.5. We also let G = pl7

since G can be any vector. Substitution of Eqn. 1.6 into Eq. 1.5 converts the area integral into a

volume integral,
dp N
0= f —dv + f V. (pV)dVv
cv ot cv
Combining the two volume integrals into one

op . -
f [—p+V.(pV)]=O Eqn. 1.7
cv Lot

Equation above implies the integrand equals zero. Therefore, the continuity equation is expressed

as.

p . _
7’; +V.(pV)=0 Eqn.1.8

The above equation is the compressible form of the continuity equation. Alternatively, the

continuity equation can be expressed in the following form.

% +V.(pV) = % +V.Vp+pV. V. Where % +V.Vp is the Material Derivative of

density (p). Dividing through by(p) reduces to.
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1Dp _..
;E-I'V.V:O Equ 1.8.1

The continuity equation in Cartesian coordinates is expressed as.

dp d(pu) d(pv) 0d(pw)
ot T Tox oy TTaz 0

Eqn 1.8.2

Special cases of the continuity equation:

If the flow is compressible but steady, a/at of any variable is equal to zero eqn. 1.8 reduces to:
V.(pv) =0

In Cartesian coordinates it becomes:

d(pu) N a(pv) N d(pw) _

0 Eqn 1.8.3
0x dy 0z an

If flow is estimated as incompressible, the density is not a function of time and space.
dp .

Thus, /c’)t ~ 0. Equation therefore reduces to.

V.V=0

In Cartesian coordinates equation is expressed as:

du 0Jv Jw B

— 4 —+—-—= Eqn 1.8.4
ax+6y+az 0 qn 1.8
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3.3.2 Momentum Conservation

Positive components of the stress tensor in Cartesian coordinates on the positive (right, top, and
front) faces of an infinitesimal rectangular control volume as shown in figure 3.3. Positive
components on the negative (left, bottom, and back) faces are in the opposite direction of those

shown here.

Figure 3. 3: Infinitesimal rectangular control volume-source; Fluid Mechanics Fundamentals and
Applications

Through application of the Reynolds transport theorem, we have the general expression for the

linear momentum equation as applied to a control volume,

=3 a - e
ZF=] pﬁdV+] aij.ﬁdA=J —(pV)dV+J (pV)V.7idA Eq.1.9
cv CS CVat CS

The above equation applies to both fixed and moving control volumes provided, the velocity is

absolute velocity. For the cases of well-defined inlets and outlets, the equation reduces to.

= =3 =3 a — .= -
z F= z Fyoay + Z Feurface = f 3% (pV)dv + Z priV — Z % Eqn.1.9.1
cv

out in

The extended divergence theorem is expressed as below.

74 A
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Replacing G;; with the quantity (p 17)17, a second order tensor in the extended divergence theorem

the last term in Eq. 1.9 becomes.
(0 7) 7.7 dA = j V(o 77) av
CcS cv

Similarly, replacing G;; in the extended divergence theorem equation by the stress tensor g;; , the

second term on the left-hand side of Eg. 1.9 becomes

f Jl]ﬁdA =§ Vjo'ij dv
csS cv

The two surface integrals of Eg. 1.9 become volume integrals. Combining and rearranging Eq. 1.9,

the result becomes.
a — —_— ——> > —
LV [& (pV)+V.(pVV)—pg—V.Gij] av =0 Eq.1.9.2

Finally, arguing that Eq.1.9.2 must hold for any control volume regardless of its size or shape. This
is possible only if the integrand (enclosed by square brackets) is identically zero. Hence a general

differential equation for linear momentum, known as Cauchy’s equation,
a e —_— —_— > —_—
5% (pV) +V.(pVV) —pg —V.0;; =0

a — — —— —
% (pV) +V.(pVV) = pg + V.0;; Eqn.2.0

Alternatively, the Cauchy equation can be expressed as.

—

OV @A = o2 = g+
P ot . —PDt—PQ - 0ij

In Cartesian coordinates, the three components of the Cauchy equation can therefore be expressed

as.

do. do do.
p + yx + zxX

ox ay 0z

X- component: pl,;—I: = pgy +
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Y- component: PO =PIy T 2y | oz

6sz aUyz aO'ZZ
ax T ay T 0z

Z- component: pl;—vtv =pg, +

Cauchy’s equation is not very useful as it is, because the stress tensor o;; contains nine
components, six of which are independent (because of symmetry). Thus, in addition to density and
the three velocity components, there are six additional unknowns, for a total of 10 unknowns. (In
Cartesian coordinates the unknowns are r, U, V, W,0xx , Oxy, Oxz Oyy, 0y, and o,;). Meanwhile,
there are only four equations namely continuity (one equation) and Cauchy’s equation (three
equations). Of course, to be mathematically solvable, the number of equations must equal the
number of unknowns, and thus six more equations (constitutive equations) are needed. These
equations aid in writing the components of the stress tensor in terms of the velocity field and
pressure field. The first thing to do is to separate the pressure stresses and the viscous stresses.
When a fluid is at rest, the only stress acting at any surface of any fluid element is the local
hydrostatic pressure P, which always acts inward and normal to the surface.

3.3.3 Navier Stokes Equations

v

dx | P

Figure 3. 4: Fluid element with hydrostatic pressure-source; Fluid Mechanics Fundamentals and
Applications

For fluids at rest as depicted schematically in figure 3.4, the only stress on a fluid element is the

hydrostatic pressure, which always acts inward and normal to any surface.

For a fluid at rest:
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Oxx Oxy Oxz —P 0 0
0;j=|%x O9yy Oyz|=| 0 —-P 0 Eq.3.0

Ozx Ozy Ozz

When a fluid is moving, pressure still acts inwardly normal, but viscous stresses may also exist.

The above equation for moving fluids is generalized as:

Oxx Oxy Oxz —P 0 0 Txx Txy Txz
0 0 -P

Ozx Ozy Ozz Tzx Tzy Tzz

Viscous stress tensor for an incompressible Newtonian fluid with constant properties can be
expressed as:

Tl'j = Z,USU Eq32

Where ¢;; the strain rate tensor and Eq.3.2 shows that stress is linearly proportional to strain. In

Cartesian coordinates, the nine components of the viscous stress tensor are listed, only six of which

are independent due to symmetry:

) u <6u N 619) (au 4 GW)
. . . K dx K dy 0x H dz Ox
(T” it T“) 99 . ou 5,99 99 . ow
Tij=\|tyx tyy lyz|= ,u(— —) U= H(— —)
fex fay Tz gfv gﬁ ow ayaa ” av.? g
-+ — -+ — 24—
# (E)x * 62) # <6y * az) # 0z

In Cartesian coordinates the stress tensor of Eq. 3.2 thus becomes

SRNCO. ) RN
0x Jdy Ox dz Ox
(P00 99 ou 99 99 ow
Tl'j—(g —OP _0P>+ M(ai‘@) Zﬂ@ M(£+E> Eq.3.4
ow Jdu ow 09 ow
(o+a) Gz w5
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Now we substitute Eq. 3.4 into the three Cartesian components of Cauchy’s equation. Let’s

consider the x-component first. Cauchy Equation becomes.

Du P 0%u 0 (619 0u> 0 (aw au)

o 2 —— (=, (., =
Por = Tax POt Al TG G T ay) TRz \Bx T a2

Rearranging viscous terms

Du _ 8P+ N 6(6u+619+6w>+62u+62u+62u
Poe = " ax T PTG Gk dy 0z) 09x?  0y? 0z2

Assuming incompressibility, the term in parenthesis equal zero; the last three terms are the
Laplacian of velocity component u in Cartesian coordinates. Thus, the X,y and z-components of

the momentum equation are written as

X- component: pZ—? = —g—z + pgy, + uViu

Y- component: p% = —Z—; +pgy + uvy
. bw _ _opP 2

Z- component.p; =—5,tpg; + uvew

Combining the three components into one vector equation; the result is the Navier—Stokes equation

for incompressible flow with constant viscosity.

DV

P = —VP + pg + uvav Eq.3.5

3.3.4 Individual Species Conservation

As derived by Law Chung K, in the book “Combustion Physics”: Consider an extensive fluid
property ¥ whose magnitude depends on the size of the control volume V, and its corresponding
intensive quantity y, which is the “density” of W per unit volume of the fluid. The rate of change
of ¥ is then given by the sum of the temporal change of ¥ within V and the loss/gain of ¥ through
fluxes across the surface of V. The general equation describing the rate of change of ¥ is expressed

as
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8‘P_f<61/)+v V)dV Eq.4.0
st J,\ot v 4.

If W is the mass m; of the ith species, then w is its partial density p; . The above equation then

becomes.
om =f(%+v.p-V)dV Eq.4.1
5t J,\at '

There are two sources which can lead to a change in m;. The first is volumetric in nature, caused
by the presence of chemical reaction as represented by the rate of production of i per unit volume
w;. The second is a surface process, due to diffusion across the control surface when spatial
nonuniformity exists in the concentration of i. This diffusive transport is affected through
molecular collision and its magnitude is proportional to the mass flux p;V; of the molecular random

motion. Thus

sm;

8—": = fV WldV - fs(prln)dS = fV(Wl' - V. prl)dV
Equating the two equations above, yields

J0:
ATV VI =w  i=12.N Eq.4.2

Equation above is the conservation equation for the ith species.

3.4 Chemical Thermodynamics

Law (2006) defines chemical thermodynamics as branch concerned with the description of the
equilibrium states of reacting multicomponent systems. Compared to single-component systems
in which only thermal equilibrium is required. Since practical combustors are designed to ensure
that fuel and air have sufficient residence time to mix, react, and attain thermodynamic
equilibrium, global performance parameters such as the heat and power output can frequently be

estimated by assuming thermodynamic equilibrium of the combustion products.

In the past several decades, combustion has evolved from a scientific discipline that was largely
empirical to one that is quantitative and predictive. These advances are characterized by the
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canonical formulation of the theoretical foundation; the strong interplay between theory,
experiment, and computation; and the unified description of the roles of fluid mechanics and
chemical kinetics (Law, 2006).

3.4.1 Practical Reactants

For most of the practical combustion devices generating heat and power, the oxidizer is simply the

oxygen in air.

For practical calculations air can be considered to consist of 21 percent oxygen and 79 percent
nitrogen in molar concentrations, implying that for every mole of oxygen there are 3.76 moles of

nitrogen. Therefore, we can write.
Air =0.210, + 0.79N, or 4.76Air = 02 + 3.76N,

3.4.2 Stoichiometry

The combustion intensity between a fuel and an oxidizer depends on their relative concentrations.
When their concentration ratio is chemically correct in that all the reactants can be totally
consumed in the reaction, then the combustion intensity is close to the highest and we call this

mode of burning stoichiometric combustion.

To measure the relative concentrations of fuel and oxidizer in a mixture, we define a fuel-oxidizer
ratio, F/O, as the ratio of the mass of fuel to the mass of oxidizer in the mixture. Similarly, a fuel-
air ratio, F/A, can also be defined. To indicate the deviation of a mixture’s concentration from

stoichiometry, an equivalence ratio @ is defined as

F/O

=Tl

Eq.5.0

The definition of @ is asymmetrical relative to fuel-lean (0 < @ < 1) and fuel rich

(1 <@ <o) cases.
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3.5 Chemical Equilibrium
3.5.1 Firstand Second Laws

The first law of thermodynamics states that for a closed system, which is one with a fixed mass,
the heat 6Q added to the system in an infinitesimal process is used to increase its internal energy
by dE and to perform a certain amount of work, dW.

Thus
5Q = dE + W Eq.5.1

Note that E is a property of the system, and hence, dE an exact differential of the process, whereas
dQ and 8W are path-dependent quantities. Since we are developing the thermodynamics of
equilibrium chemical systems, we need consider only the pdV work done by volume change,
where p is the pressure, and V is the total volume.

Thus, equation above can be written as
8Q = dE + pdV Eq.5.1.1

The second law of thermodynamics states that there exists a quantity S, called the entropy, which

has the property that for an infinitesimal process in a closed system,
TdS = §Q Eq.5.2

Where T is the temperature. For all-natural processes the inequality holds. Equality holds only if

the process is reversible.
Relations (5.1.1) and (5.2) then imply that.
dE < TdS - pdV Eq.5.3

3.5.2 Thermodynamic Functions

Based on the functional form of Eq.5.3, we can define a thermodynamic function E as follows.
Since we have assumed that there is only one mode of reversible work, pdV, the state of a single-

component thermodynamic system in equilibrium can be completely characterized by two
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independent variables, say S and V as indicated in EQ.5.3. For a multicomponent system, the
composition also needs to be specified, say by the number of moles of the ith species, Ni. The same
species in different phases is treated as different thermodynamic species by considering phase

transition as a chemical reaction. Therefore, we can write, in general, that.
E = E(S,V,Ni) Eq.5.3.1

Which can be differentiated to yield.

N
o0E

dE—( ) ds+(aE) dv+Z(aE) AN Eq.5.4
~\as /g, v su, aN; i >

i=1 VSN j(jzi)

By comparing Eq. (1.2.5) with (1.2.4), the temperature T and the pressure p can be defined as

7= (g P =~ s

Further, defining chemical potential as

= (3w

SN (i)

Then Eq.5.4 can be written as
dE = TdS - pdV + YN, i, dN; Eq.5.5

Where the overbar indicates a partial molar quantity. The corresponding symbol without the
overbar indicates the same quantity based on per unit mass. Using Eq.5.5 analogous forms of

energy can be obtained for the enthalpy.

H = E + pV, Helmholtz function A= E — TS, and Gibbs function G=H — TS as

N
dH = TdS + Vdp + Z i dN; Eq.5.5.1

=1
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N
dA = —SdT + pdV + Z i dN, Eq.5.5.2
i=1

N

dG = —SdT + Vdp + Z i dN; Eq.5.53
i=1

where,

_ <8H) _ 8A> _(0G

*=oN, = =

dN; dN;
VSN j(ji) Y TV.NjGzi VTN (i)

3.6 Energy Conservation

During reactions, exchanges in chemical and thermal energy take place. Typically, we are given a
cold combustible mixture consisting of reactants and inerts. During the subsequent reaction
sequence with net exothermicity, chemical energy is released as the reactant molecules are
transformed into the product molecules. This chemical heat release is used to heat the product
mixture to the final, adiabatic flame temperature. Since the total energy of the system is conserved,
the difference between the initial and final states is simply a rearrangement of the different amounts

of thermal and chemical energies in each state.

3.6.1 Energy Conservation in Adiabatic Chemical Systems

For a constant pressure process in a closed system, the total enthalpy per mole of species i, at
temperature T, h;(T; T°), is the sum of its heat formulation at T°, h?(T), and the sensible heat at
T relative to T°, i (T; T?),

hi(T;T%) = R)(T®) + h{(T; T°) Eq 6.0

Therefore, energy conservation for a gas mixture before and after a chemical reaction, respectively

designated by subscripts 1 and 2, is.

N N
D Wiy BTy 570 = ) Nyg (T, 5 T9) Eq.6.1
i=1 i=1
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Substituting Eq.6.0 into above equation

N N N N
D Ny BT = Y N R = Y NGB (T, T = ) Ny BT+ T Eq.62
i=1 i=1 i=1 i=1

The LHS side of Eq. 6.2 is the chemical heat release at the standard state, and the

RHS represents the difference between states 1 and 2 in the total sensible heat relative to To. Thus,
for an initial composition Ni: and temperature Ti, the unknowns in Eq. 6.2 are the final
composition Ni2 and temperature T». T2 is called the adiabatic flame temperature, designated by
Tad.

3.6.2 Adiabatic Flame Temperature and Equilibrium Composition

If a given uniform mixture with an initial temperature and composition is made to approach
chemical equilibrium through an adiabatic, isobaric process at pressure p, then the final
temperature is the adiabatic flame temperature, Tag as shown in figure 3.5. This quantity is of
importance in the study of combustion because it not only indicates the exothermicity and the
maximum attainable temperature of this mixture when equilibrium is attained, it also directly
affects the reactivity of the various chemical processes including those involving pollutant

formation.
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Figure 3. 5: The principle of energy conservation in the definition of adiabatic flame temperature

3.7 Combustion in Turbulent Flows

Most flows in practical combustion devices are turbulent, characterized by the presence of rapid,
random fluctuations of the flow velocity and scalar properties at a given point in space. These
fluctuations spread out in a manner similar to molecular diffusion as the flow evolves in time
and/or proceeds downstream (Law, 2006).

Recognizing the importance of inertia and viscosity on flow stability, the relevant non-dimensional
parameter characterizing the tendency for a flow to become unstable and subsequently turbulent
is the Reynolds number, Re = pUL/u, which is the ratio of the inertial force to the viscous force

in the flow, where U and L are respectively the characteristic velocity and dimension of the flow.

49 |Page



Consequently, the general structure of a turbulent flow is one that consists of large eddies created
by abstracting energy from the mean flow motion. These eddies then continuously break up into

smaller ones until a certain size range is reached over which viscous dissipation becomes effective.

There is a crucial difference when modeling the physical phenomena between laminar and
turbulent flow. For the latter, the appearance of turbulence eddies occurs over a wide range of
length scales. With the present-day computing power, the computing requirements for a direct
numerical solution (DNS) of the time-dependent Navier-Stokes equations of fully turbulent flows
at high Reynolds numbers are still truly phenomenal. Meanwhile, engineers require computational
procedures that can supply adequate information about the turbulent processes but wish to avoid
the need to predict all the effects associated with each and every eddy in the flow. This category
of CFD users is almost always satisfied with information about the time-averaged properties of the
flow (e.g., mean velocities, mean pressures, mean stresses, etc.). This process of obtaining mean
quantities is applied on the incompressible, two-dimensional equations of continuity, and the
conservative form of momentum and energy that produces the time averaged governing equations

or more popularly known as the Reynolds-Averaged Navier-Stokes (RANS) (Tu, 2008).

3.8 Probabilistic Description

Although the Navier—Stokes equation and the conservation equations for energy and species are
deterministic in that unique solutions should exist for properly specified boundary and initial
conditions, for large Reynolds number flows the solutions are highly sensitive to conditions at
points sufficiently away from the boundaries and/or at sufficiently early times. In other words,
minute changes in these conditions can lead to huge changes in the solutions.

3.9 Turbulence Scales/models

A turbulent flow is often characterized by a spectrum of eddies. An eddy is a canonical structure
represented by a vortical flow unit riding on the mean flow, for which the average rotational
velocity and diameter characterize the relevant velocity and length scales (Law, 2006). Some of
the available turbulence models in ANSYS Fluent include: Spalart-Allmaras Model Standard,
RNG, and Realizable k — w Models,
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Standard and SST k —w models, k — kl — wTransition Model, Transition SST Model
Intermittency Transition Model, The V2F Model, Reynolds Stress Model (RSM), Scale-Adaptive
Simulation (SAS) Model, Detached Eddy Simulation (DES), Large Eddy Simulation (LES)
Model, Embedded Large Eddy Simulation (ELES), Near-Wall Treatments for Wall-Bounded
Turbulent Flows, Curvature Correction for the Spalart-Allmaras and Two-Equation Models,
Production Limiters for Two-Equation Models (ANSYS, Inc, 2013).

3.9.1 Underlying Principles of Turbulence Modeling

The underlying principles discussed hereunder for turbulence modeling include: The Reynolds
(Ensemble) Averaging, Filtered Navier-Stokes Equations, Hybrid RANS-LES Formulations and
the Boussinesq approach vs. the Reynolds Stress Transport Models, (ANSYS, Inc, 2013).

3.9.2 Reynolds (Ensemble) Averaging

In Reynolds averaging, the solution variables in the instantaneous (exact) Navier-Stokes equations
are decomposed into the mean (ensemble-averaged or time-averaged) and fluctuating components.
For the velocity components (ANSYS, Inc, 2013):

u; = U; +uj Eq.7.0
Where #; and u; are the are the mean and fluctuating velocity components

i = (1,2,3..) Likewise, for pressure and other scalar quantities,

0, =0, +0 Eq.7.1

Where @ denotes a scalar such as pressure, energy, or species concentration.

Substituting expressions of this form for the flow variables into the instantaneous continuity and

momentum equations and taking a time (or ensemble) average (and dropping the overbar on the
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mean velocity,ut) yields the ensemble-averaged momentum equations. They can be written in

Cartesian tensor form as:

dp 0

dp 9 9
n (pu;) + ox, (puiuy) = o

6ui+6uj 28 oy, N 0 ﬁ) Ea.73
K ax] axi 3 b axl X pulu] a7

Eq.7.2 and Eq. 7.3 are the Reynolds-averaged Navier-Stokes (RANS) equations. They have the
same general form as the instantaneous Navier-Stokes equations, with the velocities and other
solution variables now representing ensemble-averaged (or time-averaged) values. Additional

terms now appear that represent the effects of turbulence. These Reynolds stresses, pw,u; ,must be

1%y
modeled in order to close Eq.7.3 (ANSYS, Inc, 2013).

For variable-density flows, Eq.7.2 and Eq.7.3 can be interpreted as Favre averaged Navier-Stokes
equations, with the velocities representing mass-averaged values. As such, both equations can be
applied to variable-density flows (ANSYS, Inc, 2013).

3.9.3 Filtered Navier-Stokes Equations

The governing equations employed for LES are obtained by filtering the time-dependent Navier-
Stokes equations in either Fourier (wave-number) space or configuration (physical) space. The
filtering process effectively filters out the eddies whose scales are smaller than the filter width or
grid spacing used in the computations. The resulting equations therefore govern the dynamics of
large eddies (ANSYS, Inc, 2013).

360 = [ 0G) G ¥ Fq.74
D
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Where D is the fluid domain, and G is the filter function that determines the scale of the resolved

eddies. In ANSYS Fluent, the finite-volume discretization itself implicitly provides the filtering

operation:
— 1
B(x) = Vf O(x')dx’ ,x' € v Eq.7.5
L xev
G(x,x") ={ v’ Eq.7.6
0, x'otherwise

Filtering the continuity and momentum equations, yields.

dp
— = Eq.7.7
%73 o, (pu) 0 q

P g
(pul) +o- (pu ) = (al-j - Eq.7.8
Xj

Where g;; is the stress tensor due to molecular viscosity defined as;

0ij = [,u <@+ axi> /3,uax1 5 Eq.7.9

Where 1;; is the subgrid-scale stress defined by
Tij = pU U, — pU;l; Eq.8.0

Filtering the energy equation, the equation below is obtained.

dphs 0dpii;hy 0P aP a (_ 0T _
Pls Il 7 < ) — k)| Eq.8.1

at | ox, ot Uox, ox\ ox

0
ax; = a_xl [p(ulhs

Where p(u,hs — ;hs) is the sub grid enthalpy flux and A and h; are the thermal conductivity and
sensible enthalpy respectively.
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The subgrid enthalpy flux term in the Eq.8.1 is approximated using the gradient hypothesis:

_ MSGstaT

p(whs — u;hg) = Proosdx, Eq.8.2

Where g 1S a subgrid viscosity, and Prgg is a subgrid Prandtl number equal to 0.85.

3.9.4 Hybrid RANS-LES Formulations

At first, the concepts of Reynolds Averaging and Spatial Filtering seem incompatible, as they
result in different additional terms in the momentum equations (Reynolds Stresses and sub-grid
stresses). This would preclude hybrid models like Scale-Adaptive Simulation (SAS) or Detached
Eddy Simulation (DES), which are based on one set of momentum equations throughout the RANS
and LES portions of the domain. However, it is important to note that once a turbulence model is
introduced into the momentum equations, they no longer carry any information concerning their
derivation (averaging). Case in point is that the most popular models, both in RANS and LES, are
eddy viscosity models that are used to substitute either the Reynolds- or the sub-grid stress tensor.
After the introduction of an eddy viscosity (turbulent viscosity), both the RANS and LES
momentum equations are formally identical. The difference lies exclusively in the size of the eddy-
viscosity provided by the underlying turbulence model. This allows the formulation of turbulence
models that can switch from RANS to LES mode, by lowering the eddy viscosity in the LES zone

appropriately, without any formal change to the momentum equations (ANSYSS, Inc, 2013)

3.9.5 Boussinesq Approach vs. Reynolds Stress Transport Models

The Reynolds-averaged approach to turbulence modeling requires that the Reynolds stresses in
Eq.7.3 are appropriately modeled. A common method employs the Boussinesq hypothesis to relate
the Reynolds stresses to the mean velocity gradients.

aui auj

—pu'u = 4 _2/(k+ aﬂ)é‘ Eq.8.3
p [y ] #t ax] axl 3 p ‘uaxk Ly q' .

The Boussinesq hypothesis is used in the Spalart-Allmaras model, the k — ¢ models, and the k —

o models. The advantage of this approach is the relatively low computational cost associated with
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the computation of the turbulent viscosity, u,. In the case of the Spalart-Allmaras model, only one
additional transport equation (representing turbulent viscosity) is solved. In the case of the k — ¢
and k — w models, two additional transport equations (for the turbulence kinetic energy, k, and
either the turbulence dissipation rate, &, or the specific dissipation rate, w) are solved, and u; is
computed as a function of k and € or k and w. The disadvantage of the Boussinesq hypothesis as
presented is that it assumes y; is an isotropic scalar quantity, which is not strictly true. However,
the assumption of an isotropic turbulent viscosity typically works well for shear flows dominated
by only one of the turbulent shear stresses. This covers many technical flows, such as wall
boundary layers, mixing layers, jets, etc. The alternative approach, embodied in the RSM, is to
solve transport equations for each of the terms in the Reynolds stress tensor. An additional scale-
determining equation (normally for € or w) is also required. This means that five additional
transport equations are required in 2D flows and seven additional transport equations must be
solved in 3D.

In many cases, models based on the Boussinesq hypothesis perform very well, and the additional
computational expense of the Reynolds stress model is not justified. However, the RSM is clearly
superior in situations where the anisotropy of turbulence has a dominant effect on the mean flow.
Such cases include highly swirling flows and stress-driven secondary flows (ANSYS, Inc, 2013).

3.10 Non-Premixed Combustion

In non-premixed combustion, fuel and oxidizer enter the reaction zone in distinct streams. This
contrasts with premixed systems, in which reactants are mixed at the molecular level before
burning. Examples of non-premixed combustion include pulverized coal furnaces, diesel internal-

combustion engines and pool fires.

Non-premixed modeling involves the solution of transport equations for one or two conserved
scalars (the mixture fractions). Equations for individual species are not solved. Instead, species
concentrations are derived from the predicted mixture fraction fields. The thermochemistry
calculations are preprocessed and then tabulated for look-up in ANSYS Fluent. Interaction of
turbulence and chemistry is accounted for with an assumed-shape Probability Density Function

(PDF). Non-premixed combustion and mixture fraction theory are analysed under the following:
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Mixture Fraction Theory, Modeling of Turbulence-Chemistry Interaction, Non-Adiabatic

Extensions of the Non-Premixed Model and Chemistry Tabulation.

Under certain assumptions, the thermochemistry can be reduced to a single parameter: the mixture
fraction. The mixture fraction, denoted by f , is the mass fraction that originated from the fuel
stream. In other words, it is the local mass fraction of burnt and unburnt fuel stream elements
(C,H,C0, ,H,0,0,)and so on in all the species. The approach is elegant because atomic
elements are conserved in chemical reactions. In turn, the mixture fraction is a conserved scalar
quantity, and therefore its governing transport equation does not have a source term. Combustion
is simplified to a mixing problem, and the difficulties associated with closing non-linear mean
reaction rates are avoided. Once mixed, the chemistry can be modeled as being in chemical
equilibrium with the Equilibrium model, being near chemical equilibrium with the Steady
Diffusion Flamelet model, or significantly departing from chemical equilibrium with the Unsteady

Diffusion Flamelet model.

3.11 Mixture Fraction Theory

The basis of the non-premixed modeling approach is that under a certain set of simplifying
assumptions, the instantaneous thermochemical state of the fluid is related to a conserved scalar
quantity known as the mixture fraction, f The mixture fraction can be written in terms of the
atomic mass fraction as
Zi - Zi ox
f=g""TF-F-FT Eq.9.0

Zi,fuel - Zi,ox
whereZ; is the elemental mass fraction for element, i. The subscript ox denotes the value at the
oxidizer stream inlet and the subscript fuel denotes the value at the fuel stream inlet. If the diffusion
coefficients for all species are equal, then EQ.9.0 is identical for all elements, and the mixture
fraction definition is unique. The mixture fraction is therefore the elemental mass fraction that

originated from the fuel stream.

Under the assumption of equal diffusivities, the species equations can be reduced to a single
equation for the mixture fraction, f. The reaction source terms in the species equations cancel

(since elements are conserved in chemical reactions), and therefore f is a conserved quantity.
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While the assumption of equal diffusivities is problematic for laminar flows, it is generally
acceptable for turbulent flows where turbulent convection overwhelms molecular diffusion. The

Favre mean (density-averaged) mixture fraction equation is

Wyt e
Ot

%(pf) + V. (p‘?f) = V( vf) + Sm + Suser Eq91

Where g, is the laminar viscosity and y, is the turbulent viscosity. The source term S,,, is due solely
to transfer of mass into the gas phase from liquid fuel droplets or reacting particles (for example,

coal). S,,s.r IS any user-defined source term.

3.12 Mixture Fraction vs. Equivalence Ratio

The mixture fraction definition can be understood in relation to common measures of reacting
systems. Consider a simple combustion system involving a fuel stream (F), an oxidant stream (O),

and a product stream (P) symbolically represented at stoichiometric conditions.

yields
F+rO0—— (1+1r)P Eq.9.2

Where r is the air-to-fuel ratio on a mass basis. Denoting the equivalence ratio as ¢,

uel/air
¢ — (f / )actual Eq. 92.1
(fuel/alr)stoichiometry
the reaction in Eq.9.2.1, under more general mixture conditions can be written as,
yields
¢F +1r0 —> (¢ + r)P Eq.9.2.2

Looking at the left side of this equation, the mixture fraction for the system as a whole can then be
deduced to be.
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f=¢(ir Eq.9.3

Eq.9.3 allows the computation of the mixture fraction at stoichiometric conditions (¢ = 1) or at
fuel-rich conditions (¢ > 1), or fuel-lean conditions (¢ < 1) (ANSYS, Inc, 2013).

3.13 Pollutant Formation

The theory behind the models available in ANSY'S Fluent for modeling pollutant formation. These
models include NOx Formation, SOx Formation, Soot Formation, and Decoupled Detailed
Chemistry Model (ANSYS, Inc, 2013). This research however focused on the NOx Formation.

3.13.1 NOx Formation

NO, emissions consist of mostly nitric oxide (NO), and to a lesser degree nitrogen dioxide (NO,)
and nitrous oxide (N,0). NO, is a precursor for photochemical smog, contributes to acid rain and

ozone depletion. Thus, NO,. is a pollutant.

3.14 NOx Modeling in ANSYS Fluent

The ANSY'S Fluent model provides the capability to model thermal, prompt, and fuel NO,

formation, as well as NO, consumption due to reburning in combustion systems. It uses rate
models developed at the Department of Fuel and Energy at The University of Leeds in England,
as well as from the open literature. NO, reduction using reagent injection, such as selective non-
catalytic reduction (SNCR), can be modeled in ANSYS Fluent, along with an N,0 intermediate
model that has also been incorporated. To predict NO, emissions, ANSYS Fluent solves a

transport equation for nitric oxide (NO), concentration.

When fuel NO, sources are present, ANSYS Fluent solves additional transport equations for
intermediate species ( HCN and/or NH3). When the N,0 intermediate model is activated, an
additional transport equation for N,0 will be solved. The NO, transport equations are solved
based on a given flow field and combustion solution. In other words, NO,, is postprocessed from
a combustion simulation. It is therefore evident that an accurate combustion solution becomes a
prerequisite of NO, prediction. For example, thermal NO, production doubles for every 90 K

temperature increase when the flame temperature is about 2200 K. Great care must be exercised
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to provide accurate thermophysical data and boundary condition inputs for the combustion model.

Appropriate turbulence, chemistry, radiation, and other sub-models must be employed.

To be realistic, one can only expect results to be as accurate as the input data and the selected
physical models. Under most circumstances, NO,. variation trends can be accurately predicted, but
the NO, quantity itself cannot be pinpointed. Accurate prediction of parametric trends can cut
down on the number of laboratory tests, allow more design variations to be studied, shorten the
design cycle, and reduce product development cost. That is truly the power of the ANSY'S Fluent

NO, model and, in fact, the power of CFD in general.

3.14.1 NOx Formation and Reduction in Flames

In laminar flames and at the molecular level within turbulent flames, the formation of NO,, can
be attributed to four distinct chemical kinetic processes: thermal NO, formation, prompt
formation, fuel NO,, formation, and intermediate N, 0 . Thermal NO, is formed by the oxidation
of atmospheric nitrogen present in the combustion air. Prompt NO,, is produced by high-speed
reactions at the flame front. Fuel NO, is produced by oxidation of nitrogen contained in the fuel.
At elevated pressures and oxygen-rich conditions, NO,, may also be formed from molecular
nitrogen (N, ) via N, 0. The reburning and SNCR mechanisms reduce the total NO, formation by

accounting for the reaction of NO with hydrocarbons and ammonia, respectively.

3.14.2 Governing Equations for NOx Transport

ANSYS Fluent solves the mass transport equation for the NO species, considering convection,
diffusion, production, and consumption of NO and related species. This approach is completely
general, being derived from the fundamental principle of mass conservation. The effect of
residence time in NO, mechanisms (a Lagrangian reference frame concept) is included through
the convection terms in the governing equations written in the Eulerian reference frame. For

thermal and prompt NO,, mechanisms, only the NO species transport equation is needed:

d N

5% (pYno) + V. (pVYyo) = V.(pDVY¥y0) + Sno Eq.10
The tracking of nitrogen-containing intermediate species is important. ANSYS Fluent solves a

transport equation for the HCN or NH; species, in addition to the NO species.
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0 _
%(PYHCN) +V.(pVYyucn) = V. (pDV¥en) + Sucw Eq.10.1
0 _

5% (pYnm,) + V. (pVYyh,) = V.(pDVYyy,) + Sy, Eq.10.2

0 _
a(pYNZO) +V.(pVY¥y,0) = V.(pPDV¥y,0) + Sn,0 Eq.10.3

Where Yycn, Yyu,, Yu,0 and Yy, are mass fractions of, HCN, NH3, N, 0 and NO in the gas phase,

and D is the effective diffusion coefficient. The source terms are to be determined for different

NO, mechanisms such as thermal NO,., prompt NO,. and fuel NO,.

3.14.3 PT6A-27 Annular Combustor Geometry

In this type, an annular liner is mounted concentrically inside an annular casing. In many ways it
is an ideal form of chamber, because of its clean aerodynamic layout results in a compact unit of
lower pressure loss than other combustor types. The three main stages of the annular combustor

are, the primary zone, secondary zone, and the dilution zone.

Lefebvre, in his book “Gas Turbine Combustion, Alternative fuels and emissions™ describes the
three zones of the annular combustor. The primary zone anchors the flame and provide sufficient
time, temperature, and turbulence to achieve essentially complete combustion of the incoming
fuel—air mixture. creation of a toroidal flow reversal that entrains and recirculates a portion of the
hot combustion gases to provide continuous ignition to the incoming air and fuel. The intermediate
zone or the secondary zone drops the temperature to an intermediate level by the addition of small
amounts of air. This encourages the burnout of soot and allows the combustion of CO and any
other unburned hydrocarbons (UHC) to proceed to completion.
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Figure 3. 6: Combustion Zones; source-"Gas Turbine Combustion and alternative fuels"
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The role of the dilution zone is to admit the air remaining after the combustion and wall-cooling
requirements have been met, and to provide an outlet stream with a temperature distribution that
IS acceptable to the turbine This temperature distribution is usually described in terms of “pattern
factor” or “temperature traverse quality.” The amount of air available for dilution is usually
between 20 and 40% of the total combustor airflow (Lefebvre, 2010). Figure 3.6 shows a schematic

diagram of combustion zones.

3.14.4 Brief description of PT-6A Turboprop Engine

The turboprop engine has played a major role in short haul commuter aircraft and military transport
and patrol aircraft where speed is not critical (Saravanamuttoo, 1987). The PT6 power plant is a
lightweight, free-turbine engine. Pressure ratio varies from 6.3:1 for early model engines to 10.0:1
for the second generation. Power ranges from 475 to 1700 SHP are achieved. The engine utilizes
two independent turbine sections: one (compressor turbine) driving the compressor in the gas
generator section, and the second (power turbine — two-stage in larger model engines) driving the

output shaft through a reduction gearbox.

Figure 3. 7: PT6A series Turboprop Engine- Source, training manual for PT6 turboprop engine

Inlet air enters the rear of the engine through annular plenum chamber formed by the compressor
inlet case where it is directed forward to the compressor. The compressor consists of three axial
stages combined with a single centrifugal stage assembled as an integral unit. The rotating
compressor blades and impeller add energy to the air passing through them by increasing its
velocity (United Turbine Corp, 2016). Figures 3.7 and 3.8 shows a cross section of the PT62A-27

Turboprop engine and the annular combustor schematic drawing respectively.
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CHAPTER 4: METHODOLOGY AND NUMERICAL EXPERIMENT SETUP

4.1 Introduction

The purpose of this chapter is to gain improved understanding of the complex physical flow and
chemical processes in the PT6A-27 annular combustion chamber. This was achieved by simulating
the combustion of kerosene-based jet fuel and was used as the baseline data for the subsequent
simulations with biodiesel surrogates and bioethanol. The obtained flow regime was compared
with the experimental data from literature sources. To validate the simulated results, surrogate
fuels were used, and results compared with the kerosene-based jet fuel. It was on the established
validation premise that the surrogate for biodiesel was used and mixed in varying proportions with
bioethanol. To examine the combustion characteristics of alternative fuels in the annular
combustor of the PT6A-27 engine, the operating parameters of the engine such as the bulk air mass
flow rate, fuel injection pressure and simplex nozzle configuration were used. To have a substantial
appreciation of the combustion thermal chemical processes Two combustion models were used.
These included non-premixed combustion and the NOx sub model. The contour plots obtained are
presented together with the associated resultant computational data in the ensuing figures of

chapter 5.

The modelling and simulation of combustion of bioethanol and biodiesel blend in a PT6A-27
Turboprop annular combustor involved two general procedures of, modelling the annular
combustor in SOLIDWORKS CAD Software and subsequently running simulations in a CFD
software, ANSYS-FLUENT. The specific parameters to be assessed included:

e Thermal stability
e Adiabatic flame temperature

e Emissions

4.2  Overview of Geometry Modelling methodology

The annular combustor was modelled based on the design procedure proposed by Melconian and
Modak (1985). The input equations and mass air flow distribution are as shown in the Appendix.
Additionally, the available annular combustor design parameters from the PT6A-27 Turboprop
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engine served as initial input data. The initial design parameters used where the compressor exit

and turbine inlet constraint.

4.3 Overview of Simulation in ANSYS-FLUENT

The PT6A-27 Turboprop annular combustor simulation was done using a non-premixed model.
The reaction was modeled using the species transport model and the non-premixed combustion
model. The combustion simulation approach for bioethanol, biodiesel and their blends using the

non-premixed combustion model for the reaction chemistry was as follows:

e Defining inputs for modeling non-premixed combustion chemistry.

e Preparation of the Probability Density Function table in ANSYS FLUENT software.

e Solving a bioethanol/biodiesel combustion simulation problem.

e The Discrete Ordinates (DO) radiation model for combustion was used to account for heat
transfer.

e The k — & turbulence model was used to account for turbulence.

The non-premixed combustion model uses a modeling approach that solves transport equations for
conserved scalars (mixture fractions) using the pressure-based solver in ANSYS FLUENT.
Multiple chemical species, including radicals and inter mediate species, may be included in the
problem definition. Their concentrations will be derived from the predicted mixture fraction
distribution. Property data for the species are accessed through a chemical database and

turbulence-chemistry interaction is modeled using a g function for the PDF (ANSYSS, Inc, 2013).

4.4  Simulation Method

The six-step approach as outlined by Tu et al (2008), were used for the combustion analysis of the
biodiesel, bioethanol, and their blends. The steps are as outlined.

4.4.1 Step 1: Creation of geometry

The first step was to create a 3-D geometry of the annular combustor in SOLISWORKS based on
the equations as proposed by Melconian and Modak (1985). The other input data which included

the gravimetric flow rate of air and fuel, the turbine inlet temperature and compressor exit
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temperature was obtained from the operating parameters of the PT6A-27 engine. The created

geometry was sectioned at 25°, for the purpose of computational economy.

4.4.2 Step 2: Mesh Generation

The Mesh was created in ANSYS MESH with number of elements and nodes at 2.639487 x 10°
and 5.00298 x 10° respectively. The Tetrahedral mesh method was used, with the element order
being linear. The element size ranged between 5.0 x 10~*m to 8.0 x 10~*m. The growth rate of
the elements was set at 1.2. Mesh generation constitutes one of the most important steps during
the pre-process stage after the definition of the domain geometry. CFD requires the subdivision of
the domain into several smaller, non-overlapping subdomains to solve the flow physics within the

domain geometry that has been created.

4.4.3 Step 3: Selection of physics and fluid properties

The selection of physics and fluid properties included the activation of different models to aid in
running a non-premixed combustion simulation. The energy equation was activated as well as the
standard k — epsilon (2 equetion) under the viscous model coupled with the enhanced wall
treatment. Enhanced Wall Treatment is recommended for general single-phase fluid flow problems
when using the k-epsilon model (ANSYS, Inc, 2013). Under the radiation model, the Discrete
Ordinates (OD) radiation model was also activated to account for heat transfer. The DO radiation
model was chosen because it provides a high degree of accuracy. The species model was also
activated and subsequently the NOx model was used after creation of Probability Density Function
in the Non-Premixed Combustion. The solution setup for NOx modelling is as indicated in the
solution setup section of this chapter.

4.4.4 Step 4: Specification of boundary conditions

To obtain a unique solution to this combustion simulation, the boundary conditions were set. The
gravimetric fuel flow rate, and air flow rate was set at 0.142 kg/s and 2.0 Kg/s respectively. The
model back flow temperature for computational economy and to avoid the software shut down was
set at 1000 K. The turbulent kinetic energy and turbulent dissipation rate were set at 1 m?/s? and
1 m?/s3 respectively. The simulation was set to run at 1000 iterations and solution convergency

was observed at 500 iterations.
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Step 5: Initialization and solution control

The fifth step of the simulation involved two prerequisite processes within the solver, which are

initialization and solution control. Firstly, the iterations were set at 1000 iterations with a backflow

temperature of 1000 K to avoid shut down of the software during simulation. The relaxation factors

were set at 0.2 and 0.8 for density and body forces respectively.

4.4.6

Step 6: Monitoring convergence

The iteration converged at 500 iterations from the commanded 1000 iterations. All the indicative

lines including governing equations such as the continuity line, energy equation line converged at

half the commanded iterations.

4.4.7

Summary of the Three actual main procedures used in the simulations.

The annular combustor geometry was created using SOLIDWORKS software.

The created model was imported into ANSYS Software.

ANSYS Workbench software was launched to access the ANSYS Fluent platform for fluid
flow analysis.

The FLUENT fluid flow analysis system was created in ANSY'S Workbench.

The imported model was Meshed using ANSYS MESHING.

The CFD simulation was set in ANSYS FLUENT, and it included:

- Setting material properties and boundary conditions for a non-premixed combustion

problem.
- Initiating the calculation with residual plotting.
- Calculating a solution using the pressure-based solver.

Then finally visually examining the flow and temperature fields using the post-processing
tools available in ANSYS FLUENT.
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4.5 Solution Setup
4.5.1 Data sources and Collection techniques

The PT6A-27 engine combustion chamber operating parameters were obtained from a standard
operating manual. With time, heat engines operating parameters do shift hence other data was also
obtained in real time engine operation. The biodiesel and bioethanol data were obtained from

literature.

4.5.2 Boundary Conditions

The suitable fluid flow boundary conditions were required to accommodate the fluid behavior
entering and leaving the flow domain. Table 4.1 shows the input boundary conditions in the
solution setup.

Table 4. 1: Initial parameters obtained from real-time data and used in the geometry design.

parameter value units
ms 2.0 Kals
Ts 315 K
P; 1.0 Pa
me 0.142 Kals

4.5.3 Geometry Creation in Solidworks

With all input data available for geometry creation. The geometry of an annular combustor was
created in Solidworks software. The correct number of perforations for air intake in the
recirculation, primary, secondary and dilution zones were critical, this was an iterative process to
achieve results closest to actual conditions. Any variations would result in an otherwise unbalanced
reactor. For computational costs to be maintained at manageable levels, the geometry was

sectioned at 25 degrees as shown in the following figures 4.1, 4.2 and 4.3.
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Figure 4. 1: Solidworks combustor geometry

SECTIONED COMBUSTOR
SOUDWO&S GENERATED ANNULAR COMBUSTOR

Figure 4. 3: 25degree Sectioned combustor geometry
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45.4 Generated Mesh in ANSY'S from imported SOLIDWORKS Geometry

The figure 4.4 shows the sectioned imported geometry into ANSYS and figure 4.5 shows the

generated mesh and quality of the element order was about 90% as shown. The closer to unity

(100%) the element order is, the more refined the mesh would be.
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Figure 4. 4: Imported geometry from Solidworks.
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455 Solution method and controls

Having used the density-based solver, the solution controls were used to specify various
parameters associated with the solution to be used in the calculation of results. The tables 4.2, 4.3
and 4.4 show the solution controls for pressure velocity coupling, viscous model constants and the
NOx model controls. Table 4.5 shows the boundary conditions for obtaining a unique solution in
the simulation in the non-premixed and NOx models. These controls aid in under-relaxation factors

which are required to ensure a robust and stable calculation.

Table 4. 2: Pressure-velocity coupling

Spatial discretization Method

Gradient Least square cell based
Pressure Second order
momentum Second order upwind
Turbulent kinetic energy First order upwind
Turbulence dissipation rate First order upwind
Temperature variance Second order upwind
Energy Second order upwind
C12H33 ,C;HsOH, 03, H, 0 Second order upwind
Pollutant no Second order upwind

Table 4. 3: Viscous model constants

Turbulence model Model constants
Standard k — ¢ (2 eq) Cmu: 0.09
Cl: 192

TKE Prandtl number: 1

TDR Prandtl number: 1.3

Energy Prandtl number: 0.85
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Wall Prandtl number: 0.85

Turbulent Schmidt number: 0.7

Table 4. 4: NOx Formation Solution method

Formation | Formation model Turbulence interaction model
parameters
Thermal [0] partial equilibrium | PDF mode-Temperature
NOXx PDF type-beta
[OH] Model-none PDF points 1
Prompt Temperature variance-transported
NOXx Tnax Option- global Ty, 4,
Fuel carbon number- 1
Equivalence ratio-0.76

Table 4. 5: Non-premixed Combustion and NOx Solution Setup Boundary conditions

Boundary Mass Initial Turbulence | Turbulent Turbulent Inlet Species Backflow
flow gauge method Kinetic Dissipation rate | temperature temperature
rate pressure energy
(kg/s) m?/s3 (K)

(Pa) m?/s?

Fuel inlet 0.143 8.618 k—¢ 1 1 300 Ci,H,3

and
C,H;OH

Recirculation 0.67 1.0 k—e¢ 1 1 315 0,

zone

Primary zone 0.67 1.0 k—e¢ 1 1 315 0,

Secondary zone | 0.33 1.0 k—e¢ 1 1 315 0,

Dilution zone 0.33 1.0 k—e¢ 1 1 315 0,

Outlet 1,000
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CHAPTER 5: NUMERICAL RESULTS AND DISCUSSION

5.1 Overview of non-premixed combustion performance results

The sectioned combustor at 25 degrees is presented and varying proportions of biofuels
combustion simulations ranging from 100% bioethanol and 0% biodiesel to 100% biodiesel and
0% bioethanol. The biofuels were varied at 10% reduction intervals in bioethanol and 10%
increment in the biodiesel. Figure 5.1 shows the simulated combustion of JetA-1 via surrogates.
The recirculation and primary zones show a high-level activity of combustion with adiabatic flame
temperature around 2300 K. This model’s adiabatic flame temperature result can be considered a
safe reference for the biofuel blends used in this study based on experimental studies undertaken
by Xu et al (2015) for the National Jet Fuel Combustion Program where they tested 9 different
Kerosene based Aviation fuels and reported the range of adiabatic flame temperature of 2280 K to
2300 K.

The combustion simulation for a non-blend of 100% bioethanol as shown in figure 5.3 with
temperature contours in the recirculation zone, did not show higher temperature distribution as
expected for the recirculation zone. This can be attributed to the low specific heat content of
bioethanol. Similarly for the 80% bioethanol and 20% biodiesel blend, shown in figure 5.6, the
temperature distribution was observed to be higher in the dilution zone and recirculation zone. The
primary zone temperature distribution was not consistent with the annular combustor temperature
distribution. Blending with biodiesel from range of 70% bioethanol and 30% biodiesel (70BE-
30BD) to 30% bioethanol with 70% biodiesel (30BE-70BD) as shown in figures 5.9 to 5.23, the
temperature contours distribution and the adiabatic flame temperatures showed a consistence in

comparison with the combustion of JetAl as shown in figure 5.1.

The levels of NOx emissions were determined through consideration of the different types of NOx
emissions namely: Thermal NOx, Fuel NOx and Prompt NOx. From the fuel composition, Fuel
NOX is evidently higher in the conversional Jet fuels. However, it was observed that an increase
in the Adiabatic Flame Temperature directly increased the levels of Thermal NOx. The blend of
40% bioethanol to 60% biodiesel was observed to have a reduced Fuel NOx footprint, however,

the rise in the calorific energy content of the fuel blend due to the presence of biodiesel in the
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mixture contributed to the increase in Thermal NOx production, albeit still less than that obtained

from a pure hydrocarbon fuel of JetA-1 as shown in figures 5.30 to 5.33.

A pure JetA-1 hydrocarbon fuel had a production rate of Thermal NOx ranging from
0.002699526 Kgmol/m3 s t0 0.002705489 Kgmol/m? s. The Prompt NOX rate for Jet fuel was
observed to be 1.789729 x 10~°Kgmol/m3s . On the selected fuel blend of biofuels at the
proportions of 40% bioethanol and 60% biodiesel, the observed production rate values of Thermal
NOXx and Prompt NOx were a range of 4.798448 x 10~°Kgmol/m3 s t05.01322 x 10~ °Kgmol/
m3 s and 2.054488 x 10~7"Kgmol/m3 s respectively as shown in figures 5.32 and 5.33. This was
indicative of a reduction in both Thermal and Prompt NOx when the two groups of fuels (Jet-A
against 40BE & 60BD blend) were compared.

Kent Hoekman and Curtis Robbins (2011) in their research concluded that “literature contains a
rich amount of information regarding the effects of biodiesel on NOx emissions. In most cases
though certainly not all use of biodiesel or biodiesel blends increases NOx emissions in
comparison with baseline petroleum diesel fuel. One reason for inconsistency in the literature is
that no single factor is responsible for these NOx effects. Rather, numerous factors contribute, and
their relative importance varies with engine technology and operating conditions” (Kent &
Robbins,2011). This statement holds, considering the many contributing factors to the production
rate of Thermal NOx. This research, however, did not attempt to evaluate the effects of combustor
and fuel injection mechanisms to reduce NOx production but the introduction of a lower energy
content bioethanol in the blend with biodiesel showed a reduction in the thermal NOx production
rates.

In another study Silitonga et al (2018) published the findings of their study. They stated “the effect
of bioethanol-diesel blends on engine performance characteristics had been studied, and it is found
that these blends significantly reduce the exhaust emissions of compression ignition engines. It has
been proven in previous studies that these blends improve the cetane number (and thus, ignition
quality), which reduces the carbon monoxide (CO) and NOx emissions, as well as smoke opacity,
(Silitonga et al 2018).” Despite this study by Silitonga et al (2018) not being a study on gas turbine
engines, the combustion characteristics remain the same irrespective of the reacting chamber

geometry. This study validates, the numerical simulations of this research on the NOx emissions.
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5.2 Impact of NOx emissions and the types

Elevated levels of NOx are harmful to the environment especially vegetation. It damages the
foliage decreasing growth or reducing crop yields. This research looked at the rate of NOXx
production for Thermal NOx and Prompt NOx. Fuel NOx is produced when the chemically bonded
Nitrogen to fuel converts to NOXx in the exhaust gases. Prompt NOX is produced when atmospheric
nitrogen in the early stages of combustion reacts with fuel radicals atomic oxygen and hydroxides,
it is also not temperature dependent. From the results, prompt NOx accounts for a smaller part of
the overall NOx emissions. Thermal NOXx is temperature dependent and is formed when nitrogen
combines with atomic oxygen and hydroxides. The higher the temperature the more it is produced.

The results showed also confirmed that it was temperature dependent.

5.3 Implications of results

The adiabatic flame temperature is an important combustion characteristic. Part of the objectives
of this research was to determine the adiabatic flame temperature for different percentage
compositions of the bioethanol and biodiesel blends. The implication of the reported adiabatic
temperature value of 2260 K for 40% bioethanol and 60% biodiesel blend is key in conducting

actual experimental tests. This result entails that.

e The quality of the fuel is good enough at the reported blend ratio of 40% bioethanol and
60% biodiesel.

e The blend is suitable for use in the PT6A-27 annular combustor.

e For any modifications and scaling up procedures, this blend ratio is still suitable for use in
the PT6A-27 annular combustor.

e The fuel blend can be used as a replacement to the pure hydrocarbon Jet fuel in the PT6A-
27 annular combustor.

e At this reported blend ratio, the level of thermal NOx production is lower than that
produced by the pure hydrocarbon Jet fuel.

Jonathan et al (2013) simulated the use of alternative fuels in a turbofan engine. As the push to
make the use of biofuels more pervasive in the airline industry continues, it is important to
understand their broader impact, (Jonathan et al, 2013). A positive example of the engine
performance simulations using C-MAPSS40k had demonstrated the thermodynamic compatibility
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of biodiesel with existing engines. In this study the 100% biodiesel combustion simulation equally
showed thermodynamic stability, however, due to the expected higher levels of NOx emissions
from biodiesel. It is proposed that the blend ratio of 40%bioethanol and 40% biodiesel is suitable

for application in the PT6A-27 turboprop annular combustor.

The experimental study by Saifuddin et al (2017) on the performance and emission characteristics
of micro gas turbine engine fueled with bioethanol-diesel-biodiesel blends. The performance test
in the micro gas turbine was limited up to 20% blend of biofuel, which showed improved thermal
efficiency during the test. Subsequently, the emission test carried out in this work also showed
significant enhancement in emissions, except nitrogen oxides (NOx) which contributed to the
higher formation in comparison with the distillate diesel. Finally, B80OE20 (80:20 of biodiesel-
bioethanol) was proposed to be selected as an ideal blended fuel ratio to be applied in micro gas
turbine engine due to its adaptability to replace diesel fuel, while showed better performance and
emission properties as compared to the pure petroleum diesel. (Saifuddin et al, 2017). This study
was aimed at substituting a pure petroleum diesel and their findings showed that the ratio of 20%
bioethanol and 80% biodiesel was suitable. This research however proposes that the ratio of 40%
bioethanol and 60% biodiesel blend is suitable for use in the PT6A-27 annular combustor.

The scope of this research did not take into account the phase separation in the proposed blends
and any precipitation presence in the blend nor did the research attempt to modify fuel lines, nozzle
configurations and perforations as proposed by Laranchi et al (2013), that a modified injector and
the dilution air holes overall area were sufficient to achieve a comparable power and efficiency in

relation to substituting Natural gas with bioethanol.

5.4 JetA-1 Combustion Performance

Figures 5.1 and 5.2 show the simulated combustion of JetA-1 via surrogates. The recirculation and
primary zones show a high-level activity of combustion with adiabatic flame temperature around
2320 K. This model was used as a validation model for the other blends of bioethanol and biodiesel
simulations. The profile is consistent with what is expected in the annular combustor, with the
coolest temperatures in the dilution zone with the combustion products exiting at about maximum
600 K.
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This particular result can be considered a safe reference for the biofuel blends used in this study
based on experimental studies undertaken by Xu et al (2015) for the National Jet Fuel Combustion

Program where they tested 9 different Kerosene based Aviation fuels and reported the range of
adiabatic flame temperature of 2280 K to 2300 K.
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Figure 5. 1: Jet-A non-premixed temperature 2D contour

o 0.035 0.070 (m)
- i

Figure 5. 2:Jet-A non-premixed tempefature 3D Contour

76 |Page



Figures 5.3, 5.14 and 5.5 show the simulated combustion for a non-blend of 100% bioethanol. The
temperature contours in the recirculation zone, did not show higher temperature distribution as
expected for the recirculation zone. This can be attributed to bioethanol being an oxygenated fuel
and the low specific heat content of bioethanol. The adiabatic flame temperature was at 2240 K.

This result means the use of non-blend bioethanol is not suitable for use as an alternative fuel for

the PT6A-27 annular combustor.
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Figure 5. 3: 100% bioethanol 2D temperature contour non-premixed

Figure 5. 4: 100% bioethanol 3D temperature contour non-premixed

Figure 5. 5:100% bioethanol 3D temperature contour non-premixed
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5.5 Bioethanol and Biodiesel blends Performance

For the 80% bioethanol and 20% biodiesel blend, shown in figures 5.6, 5.7 and 5.8, the temperature
distribution was observed to be higher in the dilution zone than in the recirculation and primary
zones. This could be because of near complete combustion in the dilution zone due to more air
present. This temperature distribution was not consistent with the annular combustor temperature
distribution profile. The adiabatic flame temperature was observed to be 2270 K.

This result of the 80% and 20% blend of bioethanol and biodiesel respectively would pose a
problem for the turbine blades as the ensuing flow discharge would be at a higher temperature
leading to more thermal loads on the blades.
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Figure 5. 6: 80% bioethanol, 20% biodiesel 2D temperature contour non-premixed
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Figure 5. 7: 80% bioethanol, 20%biodiesel Side view temperature contour non-premixed

Figure 5. 8: 80% bioethanol, 20%biodiesel 3D temperature contour non-premixed
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Figures 5.9, 5.10 and 5.11 show a blend of 70% bioethanol and 30% biodiesel (70BE-30BD). The
temperature contours distribution and the adiabatic flame temperatures showed a consistence in
comparison with the combustion of JetAl as show in figures 5.1 and 5.2 with adiabatic flame
temperature around 2280 K. The temperature contours in the recirculation and primary zones
indicate a near complete combustion due to the presence of oxygen in the bioethanol. The
secondary zone temperature distribution shows some stability of the combustion.

This particular result suggests that a blend of 70% bioethanol and 30% biodiesel can be used as an
alternative fuel in place of Kerosene based hydrocarbon fuel.
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Figure 5. 9: 70% bioethanol, 30%biodiesel 2D temperature contour non-premixed
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Figure 5. 10: 70% bioethanol, 30%biodiesel Side view temperature contour non-premixed

Figure 5. 11: 70% bioethanol, 30%biodiesel 3D temperature contour non-premixed
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Figures 5.12, 5.13 and 5.14 show a blend of 60% bioethanol and 40% biodiesel (60BE-40BD).
The temperature contours distribution showed more chemical interaction in the secondary zone.
The adiabatic flame temperature was around 2290 K. The secondary zone temperature distribution
shows some stability of the combustion. However, the chemical interaction was not higher in the
recirculation and primary zones, hence more temperature concentration in the center (Secondary
Zone). This distribution could be because of near complete combustion in the secondary zone.

This result indicates that for this blend, the expected combustion characteristics as that of using a

pure hydrocarbon fuel would be achieved.
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Figure 5. 12: 60% bioethanol, 40%biodiesel 2D temperature contour non-premixed
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Figure 5. 13: 60% bioethanol,40%biodiesel Side View temperature contour non-premixed

Figure 5. 14: 60% bioethanol, 40%biodiesel 3D temperature contour non-premixed
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Figures 5.15, 5.16 and 5.17 show a blend of 50% bioethanol and 50% biodiesel (50BE-50BD).
The temperature contours distribution showed more chemical interaction in the secondary zone.
The adiabatic flame temperature was around 2350 K. The rest of the profile is like the 60BE-40BD
(figures 5.12, 5.13 & 5.14) blend except for the recirculation and primary zones. There are higher

temperatures in the primary zones contributing to the reported adiabatic flame temperature.
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Figure 5. 15: 50% bioethanol, 50%biodiesel 2D temperature contour non-premixed
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Figure 5. 16: 50% bioethanol, 50%biodiesel Side View temperature contour non-premixed

Figure 5. 17: 50% bioethanol, 50%biodiesel 3D temperature contour non-premixed
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Figures 5.18, 5.19 and 5.20 show a blend of 40% bioethanol and 60% biodiesel (40BE-60BD).
The temperature contour in the primary and recirculation zones showed consistency with the
combustion in an annular combustor. There was more heat concentration in this region and the
thermal stability across the sections including the secondary and dilution zones. The adiabatic
flame temperature of about 2260 K was observed. This blend was further chosen in analyzing NOx

emissions. The increase in biodiesel concentration contributed to this outcome.

The implication of this result is that the blend of 40% bioethanol and 60% biodiesel is the best
combination among the other blends. This research recommends this blend for any future

experimental trials on gas turbines by the Zambia Air Force (ZAF).
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Figure 5. 18: 40% bioethanol, 60%biodiesel 2D temperature contour non-premixed
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Figure 5. 19: 40% bioethanol, 60%biodiesel Side View temperature contour non-premixed

Figure 5. 20: 40% bioethanol, 60%biodiesel 3D temperature contour non-premixed
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Figures 5.21, 5.22 and 5.23 show a blend of 30% bioethanol and 70% biodiesel (30BE-70BD).

The temperature contour in the primary and recirculation zones showed consistency with the

combustion in an annular combustor. There was more heat concentration in this region and the

thermal stability across the sections including the secondary and dilution zones. The adiabatic

flame temperature of about 2380 K was observed.

This result indicates that at this reported adiabatic flame temperature there would be more thermal

NOx produced. However, this blend can be used as an alternative to the aviation pure hydrocarbon

fuels.
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Figure 5. 21: 30% bioethanol, 70%biodiesel 2D temperature contour non-premixed
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Figure 5. 23: 30% bioethanol, 70%biodiesel 3D temperature contour non-premixed
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Figures 5.24, 5.25 and 5.26 show a blend of 20% bioethanol and 80% biodiesel (20BE-80BD).
The temperature contour in the primary and recirculation zones did not show high combustion
activity as indicated by presence of low temperature zone (bluish patch). There was more heat
concentration in the secondary and dilution regions. The adiabatic flame temperature of about
2320K was observed.

This result indicates that the lack of combustion activity and a high temperature region in the
dilution zones makes the blend of 20% bioethanol and 80% biodiesel not suitable for use in the
PT6A-27 annular combustor.
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Figure 5. 24: 20% bioethanol, 80%biodiesel 2D temperature contour non-premixed
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Figure 5. 25: 20% bioethanol, 80%biodiesel Side View temperature contour non-premixed

Figure 5. 26: 20% bioethanol, 80%biodiesel 3D temperature contour non-premixed
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Figures 5.27, 5.28 and 5.29 show the simulated combustion of biodiesel only. The temperature
contour in the primary and recirculation zones showed consistency with the combustion in an
annular combustor. There was more heat concentration in this region and the thermal stability
across the sections including the secondary and dilution zones. The adiabatic flame temperature of
about 2310 K was observed.

This result suggests that biodiesel can be used as an alternative fuel in this combustor. The

similarity in the temperature contour with the JetA-1 simulation further indicate that biodiesel as

opposed to bioethanol non blend can be used for experimental tests.
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Figure 5. 27: 100% biodiesel 2D temperature contour non-premixed
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Figure 5. 28: 100% biodiesel Side View temperature contour non-premixed

Figure 5. 29: 100% biodiesel 3D temperature contour non-premixed
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5.6 NOx Production Rate

The levels of NOx emissions were determined through consideration of the different types of NOx
emissions namely: Thermal NOx, Fuel NOx and Prompt NOx. From the fuel composition, Fuel
NOX is evidently higher in the conversional Jet fuels. However, it was observed that an increase
in the Adiabatic Flame Temperature directly increased the levels of Thermal NOx. The blend of
40% bioethanol to 60% biodiesel was observed to have a reduced Fuel NOx footprint, however,
the rise in the calorific energy content of the fuel blend due to the presence of biodiesel in the
mixture contributed to the increase in Thermal NOx production, albeit still less than that obtained
from a pure hydrocarbon fuel of JetA-1 as shown in figures 5.30 to 5.33.

A pure JetA-1 hydrocarbon fuel had a production rate of Thermal NOx ranging from
0.002699526 Kgmol/m3 s to 0.002705489 Kgmol/m3 s. The Prompt NOX rate for Jet fuel was
observed to be 1.789729 x 10~°Kgmol/m?3 s.
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Figure 5. 30: Jet A Thermal NOx production rate Kgmol/m3 s
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Figure 5. 31: Jet A Prompt NOx production rate Kgmol/m3 s
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For 40% bioethanol and 60% biodiesel, the observed production rate values of Thermal NOx and
Prompt NOx were a range of 4.798448 x 10"°Kgmol/m?3 s t0 5.01322 x 10°Kgmol/m3 s
and 2.054488 x 10~ Kgmol/m3 s respectively as shown in figures 5.32 and 5.33. This was
indicative of a reduction in both Thermal and Prompt NOx when the two groups of fuels (Jet-A
against 40BE & 60BD blend) were compared.

The implication of this result is that for the purpose of experimental tests and eventual use of the
40% bioethanol and 60% biodiesel blend there will be less thermal NOx emissions than that

obtained using the pure hydrocarbon JetA-1 in the PT6A-27 annular combustor.
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CHAPTER 6: CONCLUSION AND RECOMENDATIONS

6.1 Conclusion
6.1.1 Model Simulation Overview

This chapter summarises the results and presents the approach taken in obtaining the results. The
PT6A-27 Turboprop Annular combustor was modelled and simulations on the combustion of
biofuels using ANSYS Fluent CFD software. The levels of emissions particularly the NOx
emissions were determined, and the profile of emissions was consistent with what is reported in
literature sources and other experiments conducted. As pointed out by Navia (2010) that “For an
accurate CFD analysis result of a gas turbine combustion chamber, it needs to simulate combustion
and turbulence simultaneously. Thus, the design of the combustor was based on the combustion-
turbulence interaction model. The equivalence ratio for the primary zone should be chosen
assuming that the air and fuel injected in this region will form a flammable mixture before ignition;
so, the equivalence ratio for the primary zone should be within the mixture flammable envelope
for the reactants established” (Navia, 2010). The turbulence interaction model of k-e was adopted

in this research.

6.1.2 Modelling and simulation of combustion of bio derived fuels using ANSY'S software.

The geometry of the annular combustor was created using SOLIDWORKS and exported to
ANSYS DESIGN MODELER for further conversion from a solid geometry into a fluid-based
geometry. Creation of the computational mesh for the geometry using ANSYS MESHING was
done in preparation for the setting up of the CFD simulation in ANSYS FLUENT. The simulation
further included, setting material properties and boundary conditions for a non-premixed
combustion problem, initiating the calculation with residual plotting, calculating the solution using
the pressure-based solver and lastly visually examining the flow and temperature fields using the
post-processing tools available in ANSYS FLUENT. The results are as presented in Chapter 5 of
this Thesis. The different blends of biodiesel and bioethanol combustion were simulated, and the
temperature distribution profiles with a specific combustion characteristic of adiabatic flame
temperature reported at around 2300 K. The fuel blend from the range of 30% bioethanol and 70%
biodiesel (BE30D70) to 70% bioethanol and 30% biodiesel (BE70BD30) indicated a combustion

characteristic consistency with that obtained from the combustion of Jet-Al. Further, from the

88 |Page



comparisons of the blends and single biofuel combustion simulation the best blend combination
was 40% bioethanol with 60% biodiesel (BE40-BD60) whose adiabatic flame temperature was
about 2260 K. The single biofuel combustion simulation best pick was 100% biodiesel whose
adiabatic flame temperature was about 2310 K.

6.1.3 Determining the levels of NOx emissions.

The levels of NOx emissions were determined through consideration of the different types of NOx
emissions namely: Thermal NOx, Fuel NOx and Prompt NOx. From the fuel composition, Fuel
NOXx is evidently higher in the conversional Jet fuels. However, it was observed that an increase
in the Adiabatic Flame Temperature directly increased the levels of Thermal NOx. The blend of
40% bioethanol to 60% biodiesel was observed to have a reduced Fuel NOx footprint. However,
the rise in the calorific energy content of the fuel blend due to the presence of biodiesel in the
mixture contributed to the increase in Thermal NOx production, albeit still less than that obtained
from a pure hydrocarbon fuel of JetA-1. A pure JetA-1 hydrocarbon fuel had a production rate of
Thermal NOx ranging from 0.002699526 Kgmol/m3sto 0.002705489 Kgmol/m3s. The
Prompt NOX rate for Jet fuel was observed to be 1.789729 x 10~®Kgmol/m3 s . On the selected
fuel blend of biofuels at the proportions of 40% bioethanol and 60% biodiesel, the observed
production rate values of Thermal NOx and Prompt NOx were a range of 4.798448 X
10~%Kgmol/m3 s to 5.01322 x 107°Kgmol/m3s and 2.054488 x 10~7’Kgmol/m3 s
respectively. This was indicative of a reduction in both Thermal and Prompt NOx when the two
groups of fuels (Jet-A against 40BE & 60BD blend) were compared.

These results showed that reduction of NOx emissions is achievable for a blend of 40% bioethanol
and 60% biodiesel in a combustion reaction as a substitute for the hydrocarbon JetA in the PT6A-

27 turboprop engine.

89 |Page



6.1.4 Implications of results

The adiabatic flame temperature is an important combustion characteristic. Part of the objectives
of this research was to determine the adiabatic flame temperature for different percentage
compositions of the bioethanol and biodiesel blends. The implication of the reported adiabatic
temperature value of 2260 K for 40% bioethanol and 60% biodiesel blend is key in conducting

actual experimental tests. This result entails that.

e The quality of the fuel is good enough at the reported blend ratio of 40% bioethanol and
60% biodiesel.

e The blend is suitable for use in the PT6A-27 annular combustor.

e For any modifications and scaling up procedures, this blend ratio is still suitable for use in
the PT6A-27 annular combustor.

e The fuel blend can be used as a replacement to the pure hydrocarbon Jet fuel in the PT6A-
27 annular combustor.

e Atthis reported blend ratio, the level of NOx production is lower than that produced by the

pure hydrocarbon Jet fuel.

6.2 Recommendations
The following are the recommendations:

e The simulations to be carried out using the Large Eddy Simulation (LES) model to have a
thorough visualization of the combustion and fluid interaction. This research could not
carryout this LES due to the huge computational costs.

e There is need to carry out the actual tests on a gas turbine engine and measure the emissions
including observation of the effects of bioethanol and biodiesel on the spray pattern of both

the simplex and duplex nozzles in the annular combustor.
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APPENDIXES

APENDIX I: Annular Combustor Design Theory and Mass Air Flow Distribution

Melconian and Modak (1985) proposed the design of an annular combustor using equations
presented in the table below.

Nomenclature used in Annular design.

Parameter Parameter unit
D, Outer diameter m
13 Inlet air mass flow rate Kg/s
1y, Dilution zone air mass flow rate Kagls
Mpcool Dome cooling air mass flow rate Kag/s
Tipy Primary zone air mass flow rate Kag/s
Mgy Recirculation zone air mass flow rate Kals
Mgy Swirler air mass flow rate Kals
Mgy Secondary zone air mass flow rate Kals
My, Annulus air mass flow rate Kals
1001 Cooling air mass flow rate Kg/s
ms Fuel mass flow rate Kgls
AP3_4 Combustor pressure drop factor -
qref
AP3_, Combustor pressure loss -
P
AP, Liner pressure drop factor -
qref
APgy Swirler pressure drop factor -
qref
AP ;¢ Diffuser pressure loss -
P
A Inlet (compressor exit) area m?
AL Liner area m?
Ag Snout area m?
Agw Swirler flow area m?
Ay Annulus area m?
Aof Reference area m?
Cgs Snout discharge coefficient m
D, Inlet diameter m
Dyuwp Injector hub diameter m
D, Liner diameter m
Dgw Swirler diameter m
D, Inner diameter m
D, Snout outer diameter m
Dot Reference diameter m
Kow Swirler concordance factor
Lpg Dilution zone length m
Ly Liner length m
Lpy Primary zone length m
Lgy Recirculation zone length m
Lgy Secondary zone length m
Lpome Dome length m
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My Molecular weight Kg/mol

P, Inlet pressure Pa
R Arrhenius molar rate of creation/destruction -
R4 Inlet radius M
R, Snout outer radius M
T; Inlet temperature K
T, Exit temperature K
Tin Zone inlet temperature K
T max Maximum outlet temperature K
Tout Zone exit temperature K
K, Backward rate constant
K Forward rate constant
ng Number of Swirler blades
qref Reference dynamic pressure
AT Temperature rise K
CAD Computer Aided Design
CFD Computational Fluid Dynamics
CPF Circumferential Pattern factor
FAR Fuel air ratio
HP High Pressure
R Reactant
RPF Radial Pattern Factor
SFC Specific Fuel Consumption
A Empirical Constant A=4.0
B Empirical Constant B=0.5
C Molar Concentration Mol/m3
N Number of reactions
P Product
PF Pattern Factor
R Universal gas Constant N.m(Kg.K)
R Net rate of production
Y Mass fraction
ij Species
r reaction
Bsw Turning angle of the airflow Degree
n Rate exponent for reactant
n” Rate exponent for product
Nee Combustor efficiency %
Ory Recirculation zone angle Degree
9 Stoichiometric coefficient for reactant
9 Stoichiometric coefficient for product
r Net effect of third bodies on reaction rate
D density Kg/m?3
1) Diffuser angle degree

Table 0.1: Basic Equations for combustor modelling

Parameter Equation

0.5

Casing Area R (m3TOS\ APs_y (APs_\
Aref = [ < ) ]

2 P3 qref P3
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Combustor Ap, = 0.664,f
sectional area: Liner
area

Difference between | Ag, = A,cr — A,
the casing area and
liner area: Annulus

area
Pattern factor PF = Tnax —Ta

T4 - T3
Liner length ~D

L, = AP
0.05—Lin(1 — PF)
qref

Primary zone length Ly, 3,

4

Dilution zone length | L, = D, (3.38 — 11.83PF + 13.4PF?)

Diffuser dimensions
Snhout outer area M

Ay =—4
0 Man an
1
Diffuser angle Aidif A2P? 122
@ =tan! 3 1z
. 502.4(1—-52) mirT
Diffuser length ( AO) M3ls
Swirler dimensions |, _ (Ry — R3)
aif — =
Snout area tang
Swirler flow area As =4 s Cye
A12*ef
o Asw = — 2
Swirler diameter APsw -1 ( T, ) + <Aref) cos2
Qref SW \hgyy AL sw
Recirculation zone " 2
length: 2Dgy, — sw o (T pz V2
Dow = ng * (4 ’”‘b)rr
Recirculation zone
angle
9 _ Cos_l _DL(DL - ZDsw) - (DL - 4LRZ)\/(D5 - 4DLDSW + 4D§W - 8DLLRZ + 161322)
Rz 2D? — 4D, Dgy, + 4D2,, — 8D, L, + 1613,
Dome length Dy, — Dsw

L =
Dome ™ 5 tan6g,
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Mass Air Flow Distribution

For conventional design about half of the primary zone air mass flow rate would be admitted
through the Swirler.

Mass Air Flow Distribution

Parameter Air mass flow rates Percentage %

1, Inlet air mass flow rate 100
Tilgy Recirculation zone/snout air mass flow rate 20
ey Swirler air mass flow rate 12

Mpcool Dome cooling air mass flow rate 8
1, Annulus air mass flow rate 80
Tipy Primary zone air mass flow rate 20
Tilgy Secondary zone air mass flow rate 10
LY Dilution zone air mass flow rate 10
Mol Cooling air mass flow rate 40
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