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Abstract

Detonation is a self-sustaining combustion wave with a rapid reaction process and a
propagation speed. It is a central topic in combustion and serves a significant role in
the theory and the application of combustion. The volatility of petroleum products and
crude oil in the downstream and upstream sectors of the oil and gas industry constitutes
a high degree of fire explosion risks and disasters thereby leading to losses of over 528
lives, more than 1,289 persons injured, over 1,280 nearby homes burnt, and numerous
workshops destroyed, large quantities of barrels of crude oil spilled into the
environment and billion dollar projects burnt down. The aim of this project is to
explore the effects and influences of chemical kinetics and geometric configurations
to the wave behaviours using computational fluid dynamics (CFD) approach.
Mathematical models and numerical methods will be employed in solving the
problems in this research work. This project report focused on numerical investigation
of indirect initiation of detonation using direct numerical simulations (DNS). In this
simulation, the chemical combustion reactions are ignited in a shock tube and then the
processes of transition of deflagration to detonation (DDT) were explored. The DNS
database provides a source to investigate the influences and effects of chemical
kinetics of explosions on hydrogen-oxygen and propane oxygen combustion reaction
processes were explored. For this work, the CFD programme employed is an Adaptive
Mesh Refinement in object-oriented C++ (AMROC) tools which can be executed in
parallel processes to obtain an accurate DNS database on the chemical kinetics of the
elements.

From the simulation results, the influences, and the effects of chemical kinetics of
explosions on hydrogen-oxygen and propane oxygen combustion reaction combustion
reactions were investigated; and slow flame (called laminar flow), fast flame, DDT
and Detonation data were obtained. When the concentration was low, the reaction rate
was very slow, no DDT and no detonation were achieved, but when the concentration
was high/large, the reaction rate was very fast, and thus DDT and detonation would be
formed and consequently explosion occurred. Exploring the influence of free radical
H on flame propagation, it was found that in each case study, as the concentration of
the reacting species increases, the flame speed increases for each propagation for

certain limited duration. The results showed that as the flame moves through more
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volume, more fuel is thereby being burnt and so, less free radical, H around that is
being burnt.

Moreover, in this research work, the influences and effects of geometric configurations
on explosion of hydrogen-oxygen and propane -oxygen mixtures using numerical
simulation method were equally investigated. Hence, when vent is created in the tube,
DDT will occur and consequently detonation is achieved, and vent explosion took
place. Moreover, for closed end tube such as that of case study with one Block, the
block constituted an artificial obstacle, hence, FD, DDT, and detonation were formed,
and explosion would consequently occur. Therefore, the main significance of this work
showed that chemical kinetics and geometric configurations have influences and

effects on explosion of hydrogen-oxygen and propane -oxygen reaction mixtures.

PhD Thesis Vi



Table of Contents

Statement of Original AUtNOISNIP ......c..oiiiiiiiiee s ii
ACKNOWIBAGEIMENTS.......veiieiiieie ettt e e e s be e e e sreete e besreesbesteaneeneas iii
KBYWWOTUS ... bbb bttt b b b n e iv
AADSTTACT ... bbb bbbt %
Chapter L INTrOTUCTION.........cciiie ettt e st e saesreeraenre s 1
1.1 BACKGIOUNG ..ottt bbb 1
1.1.1 Previous accidents in petroleum tank farm exploSions............ccocovvrenenereieinnnnns 4
1.1.2 Description of tank farm fire/explosion acCidents.........cccccevevevviiieveciese s 4
1.1.3 Causative factors of tank farm fire/explosion accidents............ccccovviiveveiciciennne 6
1.1.4 Consequences of accidents and SoCi0-economic factors ............ccocvvevereieiiniinnnne 9
1.1.5 Prevention and protection of industrial explosions..........cc.cccocvveviiiiiicic e, 11
1.2 Statement of problem and originality..........cccooiiiiiiinini 15
1.3 Aim and objectives Of thiS PrOJECE .........cceiiiiiiiiirere e 16
1.4 OUtling OF thiS thESIS ....veiueiieieiecie e neas 16
Chapter 2 Chemical EXPIOSION WAVES ..........ccoviiieiiiiiiinesie e 21
2.1 OVErVIEW OF EXPIOSIONS .....c.viiiiiiiciieiisie st 21
2.1.1 DEflagrations.........cveiiiiiiiieiieiterieieee et 22
2.1.2 DELONALIONS ... .cveeiieiieieeiesie ettt sttt e b ettt se et eneenenneas 22
2. L3 FIASNOVET ...ttt sttt nre s 25
N T Uod o [ U i USRS 25
2.2 Explosion disasters in 0il and gas iNAUSEIY ..........ccoceiiiieiieie e 25
2.2.1 Piper AlIPha diSASEEN ......cciveiieiiecie ettt sre et b 26
2.2.2 The Deepwater HOrizon eXplOSION ...........ccoiiiiiiiinieiieieieisesese e 27
2.2.3 Petrobras P-36 Oil drilling rig eXploSion............ccoeveiiiiiiiinneceeeeie 29
2.3 EXPIOSION DIASE WAVES.......ocviiiiiiecticie ettt sttt ettt s be e besneenre s 31
2.4 Deflagration and detOnatioN..........c.cocviiierieiiiie et 34
2.4.1 Deflagration WAVES .........c.cceiiiieieie et ete st sie e e e e ste et sta e e sneeneennens 34
2.4.2 DEtONALION WAVES.......eiviieiiteieeiesieiesieseeresieste st ste st e seesesseesessessestesseseeseeneeseenensens 38
2.4.3 HUQONIOt CONTITIONS. ....c.viiiieiiieiee et 39
2.4.4 Rankine-Hugoniot relations............ccoviiiiieiiieie e 40
2.4.5 Chapman—JOUQUET WAVES. .........ccueiieeeierieeienieeie e eiee e see e see e e saeseeeneeseeeseeneeas 42
2.4.6 Upper CJ and Lower CJ Point curves of detonation.............cccccoevevvneiieieninnnns 43
2.5 Deflagration-to-detonation tranSitioN..........c.ccevveieieir e 44
Chapter 3 Basic Equations and Numerical SChemes...........cccccovvviievivcene s 51
200 1011 oo 14 A o) o OSSPSR 51
3.2 Reactive Navier — StOKES EQUALIONS.........c.oiieieieiieeeieeie et enee e 51
3.2.1 CoNtiNUILY EQUALIONS ......cuveiiiiiitiiieeie ettt eie s 51
3.2.2 EQUALion OFf MOMENTUM ......ooiiiiiiiieiee et 52
R =l (- (o g I (0] =10 T=1 {0 | SRR 52
3.2.4 Equation for species mass CONCENIAtIONS...........ccevvveereseerieseeiese e see e 55
3.2.5 Thermodynamical properties of the MIXtUre .........ccccocvevvvvie v, 56
3.2.6 Boundary and initial CONAItIONS..........ccoooiiiiiiiieere e 59
3.3 NUMEFICAI MELNOUS ..ot 60
3.3.1 Finite VOIUME MENOGS .......coviviiiiiiiieieiee e 60
3.3.2 Calculations of various fluxes on the surfaces of control volumes ..................... 60

PhD Thesis vii



3.3.3 Calculations Of the SOUICES .......eeieeeeiieeet ettt e et e e e e e s ee e eeeeeees 62

3.3.4 EXPICIT SCNEIMES ...ttt sre et sre e 64
3.3.5 EXPlCit-IMPlIiCIt SCNEMES ....cviiiieiiiecie e 64
3.3.6 Method of fractional StEPS ..........ceoiiirieieeec e 64
3.3.7 Courant-Friedrichs Lewy (CFL) CONdition ........c.ccoovrvriiiniiniiniesenenese e 65
3.4 Adaptive Mesh ReFINEMENT .........ociiiiiiee e 66
3.4.1 Adaptive mesh refinement Strategies.........oovvviirererereeee e 66
3.4.2 Block structured adaptive mesh refinement.............coeveveiiinininncsceeene 68
3.4.3 Object-oriented iIMplemMentation .............ccccveveieeiiii s 70
3.4.4 AMROC’S DAGH ..ottt sttt 72
3.4.5 Capabilities of AMROC over other CFD SOftware...........ccccoovvviiienencicicinns 73
3.4.6 Limitation 0f AMROC ........ccooiiiiiiiiieee e 73
3.5 Validation and verification of this research Work............ccocooevvviniiiiiniiieeeen 73
Chapter 4 Chemical KINELICS ..ot 74
I 1o oo [ Tod o o USSR 74
4.2 BasiC CONCEPLS ON FEACLION FALES .......civiiieeiiiieiee e ste et e et te e sre e sre et re e aeste e sras 74
4.2.1 Law OF MASS QCLION ....c.veiveeieiieeie ettt sttt saesre e e 74
4.2.2 Reversible and multiStep reactions ..........ccccocvvirinereieneeeceee e 75
4.2.3 Reaction eqUIlIBIIUM ......c.coiiiii e 77
4.2.4 Arrhenius law: theories of reaction ratesS ..........ccovverereienieniisesiese e 78
4.2.5 Rates of reactions and their temperature dependence...........cccocvverenenereeiiennn. 80
4.3 Chain reaCtion thEOMY .......cviiieiie ettt s re et be e ras 81
4.3.1. Straight-chain reactions: the Hydrogen—Halogen system...........ccccoovvevevvenenne. 81
4.3.2 Branched-Chain FEACTIONS. ........ccueiiviieieie et 84
4.4 Combustion mechanisms of hydrocarbon fUels...........cccooeviiiiiici e 87
4.5 Oxidation mechanisms of hydrogen and carbon monoxide reactions...........cc.ccccceevennne. 88
4.5.1 Hydrogen and carbon monoxide oxidation reaction..........c..cccocevvviviivevvineiene. 90
4.5.2 Detailed reaction mechanisms for Hy + O reaction ..., 92
4.5.3 Calculations Of reaCtioN FALES..........ccoeveieerieire e 93
4.6 Oxidation of NYAroCarDONS...........cviveiiii e eas 96
Chapter 5 Chemical Reaction Mechanisms of EXPIOSIONS ..........ccccovivinineneicisieinins 100
L300 111 oo 141 o) o PSSR 100
5.2 Setup OF SIMUIBLIONS.......cviiiiiiieiiisse bbb 100
5.2.1 DOMAIN MESN ....oeiitiiiiiie ettt et be e st eetbeebeere e 101
5.2.2 Initial conditions and igNitioN SOUICES ........cccuevrrereereirieaie e 104
5.3 Comparison of numerical simulation with experimental results.............cccocevervrnennne. 108
5.4 Effects of kinetics of Ha-O, combustion reactions ............ccccvevveriiieveneese e 110
5.5 BT SUMMAIY ...ttt sttt sttt seeeneenaesreenee e 126
Chapter 6 Effects of Complex Geometric Configurations ............cccccoveveveniiiiencnnnnenn. 128
8.1 INEFOTUCTION ...t ettt st bttt 128
6.2 Setup Of SIMUIALIONS.........ecieice et 128
6.2.1 DOMAIN MESN ...ttt 129
6.2.2 Initial Conditions and iZNItION SOUICES ....c.veiveereerieerreesiersreeieesseeseeeseesessssesnns 132
6.2.3 Chemical KINBLICS. ........coiiiiiiiie e 133
6.3 Effects of Geometric configurations of H,-O, combustion reactions .............cccccecveeenee. 135

PhD Thesis viii



6.4 BIIET SUMIMAIY ...t 153

Chapter 7 Conclusions/Limitations/Recommendations .............cccccevevieevienenieeiesessnennes 155
7.1 CONCIUSIONS ...ttt sttt bbbttt ettt be bt e et e s e e 155
7.2 Limitations of this research Work............ccoovio i 157
7.3 Recommendations for the future reSEarches ... 158
RETEIEINCES ...ttt bbbttt bbbt 159
AAPPENTICES. ...ttt bbb 171
APPENAIX L. e e 171
APPENAIX 2.ttt 172
APPENAIX 3.ttt 176
ADPENAIX . 179
APPENAIX 5.t e 181
N 013 T < 184
Appendix 7 Publications and Presentations. ...........ccccovveriiiniiiiiieiienieeeete e 189

PhD Thesis ix



List of Figures

Figure 1.1: Incipient stage of Amuay Refinery fires, Venezuela ..........................oal. 2
Figure 1.2: Final stage of Amuay Refinery fires, Venezuela .....................cooiiiiiis, 2
Figure 1.3: Fishbone diagram of Accident Causes .............ocoiuiiiiiiiiiiiiiiiiiiiiinann, 7
Figure 1.4: Fishbone Diagram of Accident Prevention ................cocoviiiiniiiininnnnnn 12
Figure 2.1(a): Piper Alpha Offshore Qil Rig, Britain prior to the incident...................... 27
Figure 2.1(b): Piper Alpha Offshore Oil Rig after the incident ...................coooviiiinnn, 27
Figure 2.2(a): Deepwater Horizon Drilling rig prior to the incident......................c.......... 28
Figure 2.2(b): Deepwater Horizon Drilling rig after the incident....................ceviien. 28
Figure 2.3(a): Petrobras P-36 rig, Brazil prior to the incident. .................ccooviiiieninnin, 30
Figure 2.3(b): Last minute of P-36 rig after the incident.......................cooviiiiininn... 30
Figure 2.4: Blast wave generated by an exXplosion.............coevviriiiiiiiiiriniiiinieiannen, 31
Figure 2.5: lllustration of the structure of a laminar flame front in a premixed gas ........... 34
Figure 2.6: Laminar burning velocity for methane-, ethylene- and hydrogen-air .............. 35
Figure 2.7: Positive feedback loop causing flame acceleration due to turbulence ............. 36
Figure 2.8: Detonation WAVES .........c.cuiieirintitit ettt et e e eee e 39
Figure 2.9: Schematic identifying the Rankine —Hugoniot solutions ................c........... 43
Figure 2.10: Position of deflagration and detonation in a combustion wave ................... 46
Figure 2.11: Compressible flows within complex Geometries than Shock Tube .............. 49
Figure 2.12: Velocities used in analysis of detonation problem .......................coeuenes 50
Figure 3.1: Unstructured refinement Strategy .............ocovueuiuiuiiiinininaieiiiniieieeanennns 66
Figure 3.2: Mesh and local quadtree-tree of structured mesh refinement strategy............ 67
Figure 3.3: Block structured refinement grids of AMR method for sub grids............. 68
Figure 3.4: Object-oriented design of the AMROC framework .................covvevvieennn 71
Figure 4.1: Potential energy diagram showing the concept of reaction activation ............ 79
Figure 4.2: C-shaped pressure-tempt. Explosion limits by mechanisms and wall.................. 86
Figure 4.3: Explosion Limits of a Stoichiometric Hz----O2 Mixture ..............ccevevnen... 90
Figure 5.1: Computational mesh and its simulated results at a time instant. .....................102
Figure 5.2 Computational mesh and its simulated results at another time instant................ 103
Figure 5.3 Visualisation of a part mesh enlarged and refined in Figure 5.2 ................... 104
Figure 5.4 Comparison of numerical results with experiments by Liberman etal............... 109
Figure 5.5 Comparison of numerical solutions and experiments of Urtiew etal ............. 109
Figure 5.6: Concentration (kg/m? against flame speed (m/s) for case study R» ... .. .. 110
Figure 5.7: Concentration (kg/m?® against flame speed (m/s) for case study Rs ............... 111
Figure 5.8: Concentration (kg/m?) against flame speed (m/s) for case study R4 ............. 111
Figure 5.9: Concentration (kg/m?) against flame speed (m/s) for case study Rs ............. 112
Figure 5.10: Concentration (kg/m?) against flame speed (m/s) for case study Ra ............ 114

PhD Thesis X



Figure 5.11: Concentration (kg/m?) against flame speed (m/s) for case study Re............ 115
Figure 5.12: Concentration (kg/m?®) against flame speed (m/s) for case study Re............ 115
Figure 5.13: Concentration (kg/m?®) against flame speed (m/s) for case study Rq ............... 115
Figure 5.14: Concentration (kg/m?®) against flame speed (m/s) for case study Re ............ 116
Figure 5.15: Concentration (kg/m?) against flame speed (m/s) for case study Rz ........... 120
Figure 5.16: Concentration (kg/m?) against flame speed (m/s) for case study R ........... 121
Figure 5.17: Concentration (kg/m?) against flame speed (m/s) for case study Rao............... 121
Figure 5.18: Concentration (kg/m?) against flame speed (m/s) for case study Rs; ........... 122
Figure 5.19: Concentration (kg/m?®) against flame speed (m/s) for case study Ry ........... 122
Figure 6.1 Time is at 0.0001 second from ignition, ignition state............................... 129
Figure 6.2: Time is at 0.000145 second, slow flame mode of combustion waves................ 130
Figure 6.3: Time is at 0.000195 second, fast flame mode of combustion waves.............. 130
Figure 6.4: Time is at 0.00022 second at which the detonation is initialized .................. 131
Figure 6.5: Detailed mesh structure for the detonation ... 132
Figure 6.6: Concentration (kg/m?) against flame speed (m/s) for case — Block................... 136
Figure 6.7: Concentration (kg/m?) against flame speed (m/s) for case - Step.................. 136
Figure 6.8: Concentration (kg/m?) against flame speed (m/s) for case - Wall..................137
Figure 6.9: Concentration (kg/mq) against flame speed (m/s) for case study A ............... 140
Figure 6.10: Concentration (kg/m?®) against flame speed (m/s) for case study B.............. 140
Figure 6.11: Concentration (kg/m?) against flame speed (m/s) for case study C ............. 141
Figure 6.12: Concentration (kg/m?®) of propane against flame speed for case Ra................ 145
Figure 6.13: Concentration (kg/m?®) of propane against flame speed for case Ro1. ... 146
Figure 6.14: Concentration (kg/m?®) of propane against flame speed for case Rso.......... 146
Figure 6.15: Concentration (kg/m?) of propane against flame speed for case Raox........... 147
Figure 6.16: Concentration (kg/m?®) of propane against flame speed for case Rai ............ 147
Figure 6.17: Concentration (kg/m?) of propane against flame speed for case Ra; ............ 148

PhD Thesis

Xi



List of Tables

Table 1.1: Tank Farm Explosion Incidents ..............ccooiiiiiiiiiiiiiiiii e, 3
Table 2.1: Qualitative differences between deflagration and detonations in gases ................ 23
Table 2.2: Blast damage and personal injury pressures and impulses.................cccceeee0.32
Table 2.3: Relationship between deflagration and detonation ................cccoevveereieiennnnn 47
Table 3.1: Refinement after the last time step with AMROC’s DAGH ...............ccee.0 72
Table 4.1: Heats reaction steps for the halogen—hydrogen systems at 300 K................... 83
Table 4.2: Oxidation of Ha----CO MiXtUIES .......vvviriniiiit it 90
Table 5.1: Initial conditions of kinetics for 4 case studies of H>-O, combustion.................. 104
Table 5.2: Initial conditions of kinetics for 5 case studies of H>-O, combustion.................. 105
Table 5.3: Initial conditions of kinetics for 5 case studies of propane combustion........... 105
Table 5.4: Elements Considered for simulation ...............coviiiiiiiiiiiiiiiieienenn., 105
Table 5.5: Reacting species considered .........o.ovviviiiiiiiiiiiriiiee e eeeeens 106
Table 5.6: Reactions considered (K = AT e ®RD) 106
Table 5.7: Comparison of induction time for simulations and Experiments............c......... 108
Table 5.8: Effects and influences of kinetics on H2-O, combustion processes .........c.......... 110
Table 5.9: Effects of kinetics on H»-O, combustion of case studies 2, 3,4 and 5................ 112
Table 5.10: Effects and influences of kinetics on H,-O, combustion processes................... 114
Table 5.11: Effects of kinetics on H,-O, combustion of cases a, b, ¢, dande................. 116
Table 5.12: Effects and influences of kinetics on propane combustion processes................ 119
Table 5.13: Effects of kinetics on Propane for cases 20, 21, 30, 31,and 40 ....................123
Table 6.1: Initial conditions of complex geometry for 3 case studies .......................... 132
Table 6.2: Initial conditions of complex geometry for 3 case studies ......................... 132
Table 6.3: Initial conditions of complex geometry for 6 case studies of propane ............... 133
Table 6.4: Elements Considered for hydrocarbon simulation .....................occoevnna 133
Table 6.5: Reacting Species considered ...........oiviiiiiiiiiiiiiiii e 134
Table 6.6: Reactions considered (K = AT e ®RD) 134
Table 6.7: Effects of geometric configuration on H2-Oz combustion ........................... 135
Table 6.8: Effects of geometric configuration for cases Block, step and wall................ 137
Table 6.9: Effects of geometric configuration with vent on H.-O, combustion................... 139
Table 6.10: Effects of geometric configuration for cases A, B,and C......................... 141
Table 6.11: Effects of geometric configuration on propane combustion ..........................144
Table 6.12: Effects of complex geometry on cases 20, 21, 30, 30x, 31, 31X....cccevvrvernrnnn 148

PhD Thesis xii



Lists of symbols, abbreviations and their definitions

Table i: List of symbols

s/no. nomenclature
1 K(T)

2 R

3 Ea

4 b

5 A

6 AHc

7 qr

8 \Y/

9 Pa

10 Q

11 Q.
12 p

13 Qr

14 w
15 A
16 X;
17 P
18 T
19 M,;
20 CFD

21 FDS

22 E

23 HRR

24 NFPA
25 API

26 m/s

27 ASME
28 USEPA
29 USCSB
30 USCSHB
31 n
32 T

33 qi

34 CFL

35 At
36 Ax
37 u
38 AHg

definitions of used formula symbols

the chemical reaction rate constant that depends on temperature
universal gas constant (8.314 j/mol/k)
activation energy (j/mol)

index of T

pre-exponential factor (frequency of collision)
heat of combustion (j)

radiative heat flux (kw/m2)

velocity (m/s)

pressure (pascal)

total heat release by fire (kw)

total radiative heat release rate (kw)

density of fuel (kg/m®)

internal production rate for thermal energy
reaction rate

fraction of total radiant heat

mole fraction of species i

pressure pa

absolute temperature in kelvin at which reaction occurs
molecular weight of species i

computational fluid dynamics

fire dynamics simulation

specific inner energy.

heat release rate (kw)

national fire protection association

american petroleum institute
unity of flame speed in metre per second

american society of mechanical engineers

united states environmental protection agency
united states chemical safety board

united states chemical safety & hazard board
efficiency of combustion

transmissivity of air

heat flux (kw) of species j
courant-friedrichs-lewy

time step

the length interval

the magnitude of the velocity

standard enthalpy of formation

PhD Thesis

xiii



Table ii: List of abbreviations

s/no abbreviations acronyms

1 LF low flame

2 FD fast deflagration

3 DDT Deflagration-to-Detonation Transition
4 DD direct detonation

5 DNS direct numerical simulation

6 HRR heat release rate (kw)

7 CFD computational fluid dynamics

8 FDS fire dynamic simulation

9 PMS premium motor spirit

10 AMROC adaptive mesh refinement in object-oriented C++
11 DAGH Distributive Adaptive Grid Hierarchies
12 Q heat

13 BC boundary condition

14 CFL Courant-Friedrichs Lewy

15 W (omega) Reaction rate

PhD Thesis

Xiv



Chapter 1 Introduction

This chapter will cover background to this work, statement of problem, aim and
objectives of this research, originality and the outline of this thesis. Explosions
occasionally happen in industrial processes and in daily life. When they occur, they
can produce big overpressures and associated fires which can usually make a great

amount of damage and may be catastrophic.

Explosions have posed one of the greatest threats to the oil and gas Industry (in areas
of human losses, environmental damages, economic/financial losses coupled with
property loss such as storage tank damage) [1]. A good understanding of the
mechanisms and consequences of explosion is a key for designing fire safety
management programmes not only to protect the assets of an organization, but also to

ensure the safe evacuation of all personnel present.

Explosions could be classified as either mechanical explosion (e.g. caused by
mechanical failure of a pressure vessel), or chemical explosion that is driven by
chemical reactions, i.e. by strong premixed combustion [2]. The combustion mostly
takes place in gaseous mixture. When solid and liquid fuels undergo combustion, they
are converted to gaseous state by the application of energy in the form of heat thereby
breaking the molecules to form chemically reactive species called free radicals which
then combine with oxidizer [3]. Usually, combustion occurs when the fuel is converted
to vapour or gaseous state because the oxidizer occurs as a gas and its combustion
involves both oxidizer and fuel in the gaseous state for recombination to occur [4]. A

chemical explosion will be addressed in this project.

1.1 Background

Petroleum products are stored in downstream tank farms and their volatility poses
explosion hazards. However, recent study [1] outlined over 85% explosion accidents,
and of petroleum bye-products, petroleum hydrocarbon gas is prone to explosions due
to its low flash point. Researches have shown that tank farm explosions cost over £10
million [2] and loss of lives [3], [4]. Some works studied other gases [5], but no
detailed study of hydrocarbon gases such as propane and butane. Other researchers

investigated detonation combustion mechanisms and low Mach number [6], [7], [8].
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Figure 1.1: Incipient stage of Amuay Refinery fires, Venezuela [9].

R

Figure 1.2: Final stage of Amuay Refinery fires, Venezuela [9].
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Table 1.1: Tank Farm Explosion Incidents [9], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19]

Explosion Incidents

Causes

Cost Effects

Amuay Refinery fire explosion,

Venezuela.
25/08/2012

Sabotage

()48 deaths.

(ii) 86 persons injured.

(iii) 500 nearby homes burnt.
(iv) 956,000 bbl/day lost.

Oil Field fire explosion,
Mississippi, USA.
05/06/2006

Fire explosion

(1)650 gallons of crude oil lost.
(ii) 1 person Killed.
(iii) 3 contractors Killed.

Exxon Mobil Oil Refinery Fire | Gas leakage ()4 workers injured

explosion, USA. (ii) 561,000 barrels of oil spilled.
23/12/2021

Chevron Qil Tank fire Lightning ()2 workers killed.

explosion, Escravos, Nigeria.
20/07/2002

(ii) 180,000 bbl/day lost.
(iii) Billion dollars gas project burnt down.

Chemicl explosion,
Binhai Tianjin, China
12/08/2015

Auto-ignition of
chemical

(1)173 deaths.

(ii) 801 people injured
(iii) 1 bn pounds lost
(iv) 8 persons missing

Buncefield fire explosion,
Hertfordshire, UK.
11/12/2005

Human failure/
instrumentation
failure

(i)£10 million materials burnt.

(ii) 630 nearby homes burnt.

(iii) Nearby businesses burnt.

(iv) 500 livelihoods of people affected.

Kaohsiung gas explosion,
Taiwan,
31/7/2014.

Gas leakage

(1)32 Worker killed
(ii) 321 workers injured

Refinery tank Fire explosion,
Louisiana,

Hurricane striking
the refinery tanks

(1)25,110 barrels of oil spilled into the
environment

USA. (storm) (ii) Crude oil tank of 65,000 bbl lost.
3/9/2005.

Lagos Seaport Tank Farm fie Improper (i)4 wounds.

explosion, Nigeria. discharge of fuel (if)Tank Farm burnt down
9/01/2013. into Tank

Oil Tank Fire Explosion Earthquake/sparks | (i)166 deaths

Tokachi Japan
26/09/2003.

(ii) 14 Industrial complexes destroyed
(ii) Several tanks burnt for 13 days
(iii) Floating roofs dislodged and jamming

Gas explosion, 2 tanks exploded (D5 deaths.

Pottstown, beside a welding (ii) 2 injuries

Pennsylvania, USA. operation unit. (iii) Nearby property destroyed

26/05/2022.

Pipeline Fire Explosion, Human failure — (i) 45 deaths

Nigeria overflown of fuel | (ii) 100 persons injured

11/10/2020. during filling (iii) 276,000 people displaced

operation. (iv) 150 buildings burnt

(v) 32 commercial shops destroyed
(vi) 2 billion dollars gas project burnt
down

Kentuchy Gas Explosion, Gas leakage ()11 death

Kenttuchy, (ii) 5 people injured

USA (iii) 5 Nearby homes destroyed

01/08/2019

Oil & Gas explosion, Open flames 1 death

Petromedia Refinery Platform,
Romania
02/07/2021

5 persons injured
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1.1.1 Previous accidents in petroleum tank farm explosions

The possible causative factors and preventive measures of Petroleum Tank Farm
Explosion fire accidents are described as follows, and this is illustrated using the
fishbone diagrams of Figures. 1.3 and 1.4 showed in Section 1.1.3, and also of Table

1.1 showed in Section 1.1

1.1.2 Description of tank farm fire/explosion accidents

Industrial fires have posed one of the greatest threats to companies/organizations in
areas of human losses, environmental damages, economic/financial losses as well as
losses of properties [3]. Figures 1.1 and 1.2 above explained the position of Venezuela
Refinery fire explosion outbreaks at its incipient and final stages of the explosion, and
Table 1.1 showed in Section 1.1 described globally some major fire explosion
incidents that have occurred.

The accidents from oil and gas explosions in the Oil and Gas sector of the Nigerian
economy are alarming and heart breaking and therefore call for urgent attention to
remedy the urgent situation. A critical analysis of fire and gas explosion accident
victims in Nigeria on a conservative estimate rose to about 45 deaths, 100 people
injured, 45,347 pipeline explosions, 276,000 people displaced, 150 nearby homes
burnt down, 32 workshops burnt, and 2 billion dollars gas project burnt between 215
March 2019 to 11™ October 2020 [10]. This research work will immensely be of great
importance to the Federal Government of Nigeria, most especially the Oil and Gas
sector.

Furthermore, fire explosion disasters at storage tank farms do constitute many
environmental damages most especially to the nearby host communities [9]. For
instance, on 31/07/2014 at Kaohsiung gas explosion, Taiwan resulted from gas leakage
leading to 32 deaths, 321 persons were injured which resulted in an explosion that
metamorphous to cascading events of the release of several gallons of product into the
environment causing the deaths of thousands of fishes and other wild animals [20]. In
addition, on 15" March 2020, pipeline explosion due to human failure led to an
overflow of fuel during filling operation and this singular human error led to 23 deaths,
25 people injured, 276,000 people displaced, 50 buildings destroyed, and 32
commercial shops burnt down [10]. On 3/9/2005 at a Refinery in Louisiana, USA, fire
explosion resulted from hurricane storm striking the storage tank and this consequently
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led to the release of 25,000 barrels of crude oil spilled into the environment leading to
huge environmental damage [21], [22].

Nonetheless, on 11/12/2005 at the Buncefield, Hertfordshire, UK because of
instrumentation failure during work operation, 10 million pounds worth of materials
were lost to devastating fires [11].

Furthermore, it will equally alleviate the fears of the tank farm operators, the private
and government officials of the time-bomb danger posed by the tank farm operations
[23].

Fire explosion hazards at workplace and even in the homes, outdoors put people and
properties at risk. These include: (i) Improper storage (ii) Maintenance and use of
everyday items increase the risk of fire. Therefore, fire prevention is essential. Reduce
the risk of fire with your choice of design, and by following fire safety
recommendations for the home and offices. All workplaces contain chemical,
electrical and other fire hazards that pose major health and safety threats if left
unchecked. Objects that do generate heat such as computers are potential fire trouble

spots [23]. Fire hazards at workplace would include:

Ignition Source

No fire can start without an ignition source such as open flames, sparks, static
electricity and hot surfaces, but ignition temperature refers to the minimum
temperature at which a substance burns without the application of external heat
according to an analysis by Assured Fire and Security. Other office equipment includes
computer monitors, microwaves, ovens used in staff kitchen/canteen. Even items like
cigarettes and matches also create ignition sources especially if employees must

immediately put out smoking materials [24].

Fuel Sources

Every fire does need a fuel source. Many workplaces are careless in dealing with
materials that burn easily, such as cardboard and paper, according to Assured Fire
Analysis. This type of hazards is unique to workplaces and industrial sites like factories
and workshops that may contain flammable liquids, timber pallets and packaging
materials such as polystyrene. In order to ensure safe handling, employers must check
the specific Materials Safety Data Sheet (MSDS) for each substance [3].
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Flammable Liquids and Vapours

Flammable liquids and vapours can burn once they mix with air and other oxygen
sources and hence solvent containers should be properly sealed. In order to prevent
static build-ups that do increase the risk of explosion, electrical equipment should be

bonded or grounded along a conductive path [25].

Heat Producing Devices

The U.S Occupational Health and Safety Administration (OSHA) spells out numerous
standards for dealing with fire hazards. One standard covers heat-producing devices
and equipment such as boilers, burners, fryers, heat exchangers, ovens and stoves.
Companies must provide for the proper storage and maintenance of equipment, while

keeping them away from flammable liquids [24].

Electrical Hazards

Misused extension cords and multiple power strips are the most common causes of
office fires. Using multiple fire strips to power large appliances can overload outlets
and branch circuits. The same rule holds true for extension cords, which provide
power when a regular outlet is not available. Moreover, extension cords should never
be left coiled up and coiled extension cords can cause inductive heating which could

damage insulation and ultimately cause a fire disaster [26].

1.1.3 Causative factors of tank farm fire/explosion accidents
The possible causative factors of Petroleum Tank Farm Explosion fire accidents are
described as follows, and Figure 1.3 in Section 1.1.3 explained these factors using the

fishbone diagrams.

Tank gauging/physicalisation: Manual gauging should be done at scheduled
intervals in order to have the accuracy of the automatic systems. For manual gauging
and sampling operations, the operator is required to climb to the top of the tank.
During product reception, 30 minutes to 4 hours relaxation period should be followed
depending on product thereby allowing any electrostatic built up to dissipate before
conducting manual gauging or sampling. Explosion safety demands that entry onto
tank farm roofs for gauging, sampling or other activities should strictly be avoided
during lightning or thunderstorms [13].
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Maintenance error: When tank contents are instantly released, thereby igniting the
second tank, explosion can thus occur, and consequently damaging additional storage
tanks. As ventilation continues and the vapour levels in the tank drop lower, entry work
permits must be issued before allowing workers with appropriate personal safety
equipment to clean tank. After tanks have been cleaned and dried, a final inspection
and testing should be conducted before maintenance jobs commence. A catastrophic
failure of aboveground atmospheric storage tanks can occur when flammable vapours
in the tank explode. Electrical sparks/mechanical frictions can also ignite flammable

vapours resulting in explosion [24].

Sabotage: Sabotage entails disgruntled workers and or arsonists maliciously set tank
farms or workplaces on fires. The Amuay Refinery fires (2012) were caused by
sabotage that eventually led to great mishaps and this is supported in Table 1.1 above.
Also, the destruction of Agip Oil tank farm at Yenegoa, Bayelsa state, Nigeria was due
to sabotage [13].

Operational errors: During a filling operation of petroleum products, fuel can
overflow through the roof of a floating roof tank leading to several tons of fuel
escaping into the environment. Thus, explosion can occur injuring several persons and

storage tanks can be destroyed [21].

Equipment failures: At Brucefield, Hert Yorkshire, U.K. in 2005, a tank overfilled
with product at an estimated rate of 550 m3 per hour for several hours overflowed into
the bund generating vast quantities of vapours causing damages (see Table 1.1 above)
[13].

Static electricity (static sparks): In reducing sampling hazard arising from static
sparks, avoid operation at the open access port and if the operation at the open access
port is unavoidable, sampling beakers and sampling gauges made of non-conductive
materials should be used. Do not use any device made of metal. The containers should
be bonded to each other and the one from which product is being dispensed should be

grounded during product transfer [24].
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Tank leakage: Any unwanted discharge may be considered a leakage however small.
Moreover, petroleum tanks should be checked regularly for possible rust and leaks.
Visual inspection for potential leaks and corrosion to be done weekly. However,
Kaohsiung gas explosions occurred in Taiwan on 31% July 2014 leading to 32 deaths
and 321 injuries [16], [21].

Naked/Open flames: Naked flames such as cigarette smoking, and hot particles can
ignite flammable vapours around storage tanks. The Petromidia Refinery Platform,
Romania involving oil and gas fire explosion incident which was caused by open
flames on 2" July 2021 led to one death and five severely injured [19], [27].

Lightning: During lightning strokes, sparks from one object to another are induced
by nearby lightning stroke and induced surges in circuits and electrical equipment. The
rim seal of a floating roof tank is the most likely place to be ignited in a thunderstorm.
In July 2002 lightning strike in Chevron crude oil tank of 100,000 barrels ignited and
the fire explosion lasted for about five days [27], [28].

Tank crack and rupture: In addition, most storage tank damage is attributable to
age deterioration, corrosion and seismic motions. Most often, cracks usually occur at
the bottom or the welding edges. The fire explosion incident at Kaohsiung, Taiwan
refinery in 2002 occurred due to the crack at the bottom of the tank [28], [29].

1.1.4 Consequences of accidents and socio-economic factors

If a good survey of the various definitions of accident is taken, it would be observed
that majority of them dwell on the fact that accident is an unplanned event that
produces unintended injury, death and property damage. Therefore, whenever an
accident happens, the following consequences arise, and they include the followings:

Loss of Time

This arises as a result of the accident and thus, there will be a stop in production in the
event of trying to find out what led to the accident, level of severity, number of lives
lost and trying to remedy the situation. In actual sense, much time would be spent
rectifying the situation. For example, lost time by fellow crewmen at the time of the
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incident, giving the victim the desired assistance such as lost time injury (LTI), lost
time injury frequency (LTIF); Time lost by fellow workers discussing the accident;
Time lost by supervisors during investigation and registration of the accident [29],
[30].

Loss of money

When accident occurs, production falls due to time spent in assisting the victim(s) and
this will lead to great fall in profit making. Accident thus can lead to financial loss.
Money loss could be seen as direct cost of accident to the company such as money
paid for medical treatment which could have been used for other vital needs. Money
can also be lost through compensating victims of the accidents and money is also lost
by spending money to train new workers to take the jobs of the victims mainly for
accidents where there is fatality (Permanent Total Disability cases). Money can be lost
owing to loss of efficiency arising from breakdown of crew and money spent for the
investigation team. All these lead to fall in production which will invariably lead to
loss of money [24], [31].

Loss of Lives

Whenever an accident happens, there could be loss of lives depending on the severity
of the accident. It could lead to mental strain, suffering loss of earning power, extra
expenditures, possibilities of a continuing disability e.g. permanent partial disability
(PPD), Restricted workday cases (RWC), Fatality (F) etc., loss of talents to such
industry were the accident happened. Moreover, loss of lives due to an accident would
have adverse effects on families, friends, and colleagues especially if the victim(s) are
the breadwinners of the affected families [29], [32].

Loss of properties
An occurrence of an accident in an area can lead to damage of properties and this might
call for a huge sum of money to replace such properties. Whenever, there is fire

explosion, there is high probability of damages to properties nearby [24].

Socio-economic consequential effects
Recent studies on combustion are extremely important as they greatly contribute in a

firefighting scenario, and the huge economic cost implications to the company, to the
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victims and the government is colossal. Other areas of socio-economic consequences
include loss time by fellow crewmen at the time of accident through assisting the
victims; time loss by fellow workers discussing the accident; damage to moral of crew;
and some workers quitting their jobs when they witnessed terrible accidents on the job.
Furthermore, other socio-economic consequences are loss of efficiency because of
break-up crew leading to production decrease during such periods; wages paid to new
workers as replacement for the injured workers; time lost by other workers visiting
injured colleagues coupled with cost of damaged tools and equipment [24].

For example, money paid for medical treatment of accident victims, compensations
paid to victims and their families coupled with wages paid to workers while off the
job. Eventually, most explosions occurring in the industry result in deflagrations, but

detonations are potentially more destructive than deflagrations [1],

1.1.5 Prevention and protection of industrial explosions

The classic basis of fire protection is to isolate one of these three components —
cooling, smothering, and starvation or to inhibit the chemical reaction. Explosion
can best be controlled by one or more of these methods- (i) Containment — Designing
a container/vessel to withstand maximum pressure; (ii) Quenching — Withdrawal of
heat or chemical inhibition to stop a reaction; (iii) Dumping- Release of the reaction
mixture that will not stop the reaction, but transfer the reaction to an area that can
withstand/handle it; (iv) Venting- Release of energy and gases from the explosion in a
controlled manner; (v) Isolation- Separation of the process from surrounding areas
affected by an explosion, and is achieved by physical separation or through the use of
blast-resistant structures

Generally, the preventive measures in an organisation are adopted to prevent losses of
human lives and properties due to fire explosions. A loss of just one major facility can
have terrible severe negative financial impact on production activities. For instance,
when a business that is a major employer of labour burns down, several people will be
out of work and consequently the jobs may never be available again. It is even worse
where there are numerous documented cases of oil and gas explosions which have led
to major loss of lives attributable to preventable hazards, for instance locked, or
inadequate fire exits [23], [24].

Figure 1.4 in Section 1.1.5 using the fishbone diagrams explained how to eliminate the

causative factors of industrial explosions thus making industrial operations safe.
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A summary of the known reasons of an analysis of more than 25,000 explosions
reported to the Mutual Engineering Corporation for a reasonable period of time is
arranged in order of their frequency throughout industry, and thus the preventive and
protective measures are employed to ameliorate fire explosions in the Oil and Gas

Industry.

Electrical factors: Fire explosions resulting from wiring and motors can be prevented
by more maintenance services, and special attention is needed for equipment at

hazardous processes and in storage areas [23].

Incendiarism (sabotage): In the hydrocarbon environment like the petroleum storage
tank farm, fire explosions maliciously caused by saboteurs, intruders, juveniles,
disgruntled employees, and arsonists can adequately be protected and prevented by
watch and guard service coupled with installation of fences and other security

measures [24].

Smoking: This is the potential cause of fire almost everywhere. It is prevented by a
matter of control and education. Smoking is strictly prohibited in dangerous areas such
as those involving flammable liquids, combustible dusts of fibres and combustible

storage areas [32], [33].

Heat: Heat from boilers, furnaces, hot ducts and flues, electric lamps, irons and hot-
process-metal igniting flammable liquids and ordinary combustible which often result
in explosions are preventable by design and good maintenance of flammable-liquid
piping and by ample clearances, insulation and air circulation between hot surfaces
and combustibles [31].

Friction: Hot bearings, misaligned or broken machine parts, choking or jamming of
material, and poor adjustment of power drives and conveyors that can constitute fire
explosions can be prevented by a regular schedule of inspections, maintenance, and
lubrication [32].

Overheated Materials: Abnormal process temperatures, especially those involving

heated flammable liquids and materials in dryers can easily be prevented by careful
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supervision under competent operators, supplemented by well-maintained temperature
controls [34].

Cutting and Welding: Usually, sparks, arcs and hot metal from cutting and welding
operations which lead to fire explosions at Oil and gas production platforms are
preventable using the permit system and other recognised precautions [24], [35].

Burner Flames: Improper use of portable torches, boilers, dryers, ovens, furnaces,
portable heating units, and gas-or burner flames that cause explosions in petroleum
tank farms are protected and prevented by proper design, operation, and maintenance
through adequate ventilation and combustion safeguards; and keeping open flames

away from combustible materials [27].

Spontaneous Ignition: In protecting and preventing oily waste and rubbish, deposits
in dryers, ducts flues, materials susceptible to heating and industrial wastes which
result in industrial explosion, good housekeeping and proper process operation are

employed [34].

Combustion Sparks: Industrial explosions resulting from sparks and embers released
from incinerators, furnaces, various process equipment and industrial trucks are
technically protected and prevented using well-designed equipment and well-enclosed
combustion chambers with spark arrestors [24].

Mechanical sparks: Sparks from foreign metals in machines, most especially in
grinding and crushing operations that result in industrial explosions can be prevented
by keeping stock clean and removing foreign material using magnetic or other
separators [36], [37].

Static sparks: Ignition of flammable vapours, dusts, and fibres by discharge of
accumulation of static electricity on petroleum storage tank which lead to industrial
fire explosions can basically be prevented by methods of grounding, bonding, and

ionization [27].
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Chemical Action: Chemical processes getting out of control and chemicals reacting
with other materials causing industrial explosions can be prevented by proper

operations, instrumentation, controls and careful handling [36],

Lightning: Direct lightning sparks from one object to another induced by nearby
lightning and induced surges in circuits and petroleum storage tanks can be prevented

using arresters, surge capacitors and grounding [38].

1.2 Statement of problem and originality

Explosions in petroleum tank farms are complex combustion waves which have
various forms. Understanding these combustion waves poses the important problems
as follows: (i) Initiation of the combustion waves, (ii) Propagations of the combustion
waves, (iii)) Transition of different forms of the combustion waves and (iv)
Consequences of the combustions [6], [7], [8]. However, experimental studies
conducted by Liberman et al [39] and M. Kuznetsov et al [40] of hydrogen-oxygen
mixtures in tubes using smooth and rough walls studied the reaction rates of hydrogen
and oxygen mixtures, but did not examine the influences and effects of chemical
kinetics and geometric configuration of hydrogen-oxygen mixtures as well as that of
propane-oxygen mixtures on explosion. This work will primarily investigate the
effects and influences of detailed chemical kinetics of hydrogen and oxygen mixtures
coupled with that of geometric configuration on explosion processes and explosion
protection of tank farms using CFD approach. This study intends to fill this gap.
Previous work investigated fire spread due to inter-tank diameter and wind velocity
using CFD approach [41]. Other relevant works studied the combustions of hydrogen
gas, liquid hydrogen and natural gas [1], [14], [35], [42], [43], [44]. The gap between
our understanding and observation to the real process which include (1) how the flame
in the pre-mixed combustible mixture accelerates as well as how the accelerated modes
are determined; (2) effects of different reaction Kkinetics to the processes; and (3)
effects of geometric configurations to the deflagration and DDT will be addressed. The
data will be produced by AMROC simulations using DNS level, and usually, detailed
chemical kinetics and geometric configuration for deflagration and detonation will be

implemented.
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1.3 Aim and objectives of this project
(i) Aim:

To investigate the initiation of the combustion waves, the propagations of the
combustion waves, the transition of different forms of the combustion waves, the
consequences of the combustions, and the mechanisms and consequences of

explosions of petroleum hydrocarbon gases.
(ii) Objectives:

1. To examine the aftermath of explosion to storage tanks in petroleum storage
tank farm operations.

2. To examine the initiation of the combustion waves, the propagations, and the
influence of combustion waves.

3. To investigate the mechanisms of deflagration to detonation transition (DDT)
of hydrogen — oxygen combustions in shock tube using direct numerical
simulations at the first stage.

4. To examine the mechanisms of combustion wave propagations produced by
the hydrocarbon gases that will be applied in petroleum tank farm operations.

5. To investigate the effects of the geometric configurations on initiations and

propagations of explosion waves.

1.4 Outline of this thesis

The numerical simulation of this research work attended to the problems posed by
combustion waves in the petroleum tank farms through: (i) the initiation of combustion
waves, (ii) the propagation of combustion waves, (iii) the transition of different forms
of combustion waves, and (iv) the consequences of the combustion. The numerical
simulation work showed that there are two parts, and they are: (a) the ignition stage of
combustion waves, and (b) the flame development of the explosion waves. How can
the above situation be achieved? In achieving the above, the combustion mixture is
ignited by the application of an external energy input in the form of heat for substances
like solids and liquids thereby breaking down the molecules in the fuel to form

chemically reactive species called free radicals which then combine with the oxidizer.
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The research findings of my numerical simulation work proved that complex
configurations have effects and influences on explosion of combustible reacting
mixtures of hydrogen-oxygen and propane-oxygen mixtures studied in this research.
This research work also revealed that chemical kinetics have influences and effects on
explosion of reacting mixtures of hydrogen and propane. From the research results of
this work obtained in line with the contributing effects and influences of kinetics and
geometric configuration, the problems of explosions associated with tank farm

operations can be prevented and thus make petroleum tank farm operations safe.

Chapter 1 examined the series of tank farm explosion incidents mainly in the oil and
gas sector, and the possible varying factors for such explosion in the oil and gas sector
have constituted the driving force looking at the effects and influences of chemical
kinetics and complex geometry on explosion. It was discovered that the oil and gas
sector has suffered great losses in terms of manpower losses, production materials and
infrastructures/facilities destroyed, nearby businesses and homes destroyed, and
occupants of nearby homes suffered untold hardships. This informed the background
for this work. This chapter explained the reasons for tank farm fire explosion disasters,
as well as the consequences of tank farm fire explosion accidents and the socio-
economic factors. In addition, it clearly described the prevention and the protection of

industrial explosions.

Chapter 2 perused the relevant literature to the initiation of combustion waves, the
propagation of combustion waves, the influences of combustion waves and the
consequences of the combustion waves on explosion attributable to the chemical
kinetics and the geometric configuration of petroleum tank farms. This chapter also
explored the explosion disasters in the petroleum tank farms such as the Piper Alpha
disaster 1988, United Kingdom; the Deepwater horizon explosion 2010, USA; and the
Petrobras P-36 Rig explosion, Brazil; and the consequences of explosion blast waves
to mention but a few. Moreover, previous works on tank farm explosion incident
reduction in relation to other parameters like tank diameter and wind velocity using
Computational Fluid Dynamics (CFD) were examined. However, this research work
zeroed absolutely on the effects and influences of kinetics and geometric configuration
on explosions caused by the combustible reacting mixtures of hydrogen and propane

in tank farm to achieve safe tank farm operations.
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Chapter 3 dealt with the basic equations and numerical schemes governing the four
processes — the flows, heat transfer, mass transfer and chemical reactions. Moreover,
it explained the equations controlling conservation principles of the laws for mass,
momentum, and energy conservation. This chapter further treated the reactive Navier—
Stokes equations for (i) continuity equations of mass conservation, (ii) equation of
momentum conservation, (iii) equation for energy conservation and (iv) equation for
species mass concentration. This is not all, this chapter also handled equations for
thermodynamical properties of the mixture which include (i) the thermodynamical
state of the mixture, (ii) mass and mole fractions, (iii) enthalpy and internal energy,
(iv) specific gas constant and adiabatic exponent. Other areas covered include
boundary conditions which consist of (a) symmetry planes, and (b) inlet and outlet.
Furthermore, this chapter explained numerical methods which are employed to solve
the reactive Navier—Stokes equations consisting of finite volume methods, calculations
of various fluxes of control volumes and calculations of sources as well as explicit and
explicit-implicit schemes. In addition, it treated AMROC software used for adaptive

mesh refinement strategies of structured and unstructured approaches.

Chapter 4 treated the chemical kinetics of the whole processes which is central in this
research. It covered the basic concepts of reaction rates which includes the law of mass
action, reversible and multistep reactions, reversible equilibrium, the Arrhenius law,
and rates of reactions. Also, this chapter explained Chain reactions which play
fundamental roles in combustion reaction mechanisms, and they comprised three basic
steps, i.e. chain initiating step, chain carrying or propagating step and chain
terminating step. The most important chain reactions to combustion processes are two
of them: - straight-chain and branched-chain reactions, and they were treated in detail
individually. Furthermore, it described the chain reaction theory which consists of
straight-chain reaction e.g., hydrogen-halogen reaction; and branched chain reaction
for example, hydrogen-oxygen reaction. Also, this clearly explained the mechanisms
for combustion reactions of hydrocarbon fuels; and the oxidation of hydrogen and
carbon monoxide reactions which entails detailed reaction mechanisms for hydrogen
oxygen reactions and the calculations of reaction rates as well as the oxidation of

hydrocarbons.
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Chapter 5 explored the influences and effects of chemical reaction mechanisms to
generations, propagations, and transitions of explosion waves. To this end, two
premixed combustible mixtures: - hydrogen-oxygen and propane-oxygen mixtures
were selected and filled into two-dimensional tube domains, then the mixtures were
ignited. However, this chapter carefully examined the effects and influences of kinetics
on the combustion reactions of hydrogen-oxygen and propane-oxygen filled in a tube.
The results obtained showed that chemical kinetics have effects and influences on the
explosion based on the case studies investigated. However, no DDT and no FD were
formed for case studies 2, 3, 4, and 5 and this was because it is an open-end tube and
there is no limited gas expansion, and no artificial obstacle, and therefore, deflagration-
to-detonation transition (DDT) and fast deflagration (FD) were not formed, but the
ignition process moves straight to detonation, thus forming a single explosion.
Comparing the different case studies of Hz-O2 studied: a, b, c, d, and e showed that it
was only case study e that formed detonation, DDT, and FD, and consequently
explosion occurred, and that was because case study e had very high temperature. In
addition, in comparing the case studies of the reactions of propane-oxygen mixtures
investigated, it showed that it was only case study 20 that did not form detonation.
However, the rest case studies 21, 30, 31 and 40 formed FD, DDT, and detonation
flame forms, and this is because case studies 21, 30, 3land 40 had high fuel

concentration and high temperatures, and hence explosion occurred.

Chapter 6 investigated the influences and effects of geometric configurations on
explosion waves. Therefore, the computational domain is not tube-shaped like one in
the last chapter. In this chapter, two premixed combustible mixtures: - hydrogen-
oxygen and propane-oxygen are chosen and investigated. This chapter will logically
examine the influences and effects of geometric configurations of effectobstacle, vent
and oneBlock on explosion involving the combustion reaction processes of H.-O2 and
propane-oxygen combustible mixtures respectively. It was observed that complex
geometry has great influences and effects on explosion and that there is a high delay
induction time, hence for case studies step and wall of H2-O2 combustion processes,
no FD and no DDT were formed, rather the ignition process moves straight to
detonation. However, for case studies 20 and 21 of propane-oxygen combustion
process, because of the influences of complex geometry on the propane combustion,

no detonation was formed. For example, for case study Block, FD, and DDT and
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detonation were formed, but for case studies Step and Wall, no FD and no DDT were
formed, but the ignition process moves straight to detonation thereby forming single
explosion. Hence, when vent is created in the tube, DDT will occur and consequently
detonation is achieved, and vent explosion will take place. The simulated results
agreed with the principles of the effects of complex geometry on explosion. A good
comparison of the effects and influences of simulation results of case studies 20, and
21 showed that there was no Detonation formed, but concerning that of case studies
30, 30X, 31 and 31X, there was quantum jump from DDT to Detonation, hence, fast
detonation occurred, and explosion suddenly resulted. Additionally, the beauty of
Computational Fluid Dynamics (CFD) is that after the simulation of the whole process,

one can capture more information [45].
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Chapter 2 Chemical Explosion Waves

In this chapter, a general review of chemical explosion waves will be explored. First,
a description of explosion, deflagration, detonation, flashover, backdraft, explosion
blast waves, and deflagration-to-detonation transition (DDT) coupled with Hugoniot
curves, upper Chapman-Jouguet (CJ) and lower Chapman-Jouguet (CJ) points will be
explained. Then, an outline of some explosion disasters in the oil and gas industry and

the lessons learnt will be discussed.

2.1 Overview of explosions

An explosion produces high-pressure gas into the environment, and as a result, it can
lead to massive property damage. In simple term, explosion is an event leading to a
rapid increase of pressure. The released high-pressure gas in an attempt to seek
equilibrium with the pressure of the surrounding environment will thereby dissipate
the energy from the shockwave into the environment thus causing damage. Forces
producing the high-pressure gas can be various, for example, mechanical pressure
releases mechanical explosion or chemical reactions chemical explosion).

Mechanical explosion is due to failure of a pressure vessel, in which the explosion
occurs as the sudden release of pressure due to mechanical means. An example of this
type of explosion is the release of energy resulting in the failure of a pressure vessel.
In physical explosion, there is no chemical change in the substance involved [3], [46].
Chemical explosion is caused by chemical reactions. The reactions transfer chemical
energy into heat, resulting in gas expansion and high pressure zone. It is always
accompanied by shock waves.

The magnitude of the increased high pressure depends upon many factors which
include the rate of the release; the quantity of the gas released; the directional factors
governing the release; the type of explosive agent; the space in which the agent is
detonated; and the degree of confinement of the explosion [47].

There are four forms of chemical explosions that are often seen in practices which are

include the followings:
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2.1.1 Deflagrations

In accidental gas explosions, the most common mode of flame propagation is referred
to as deflagration. Deflagration is an explosion in which the combustion wave
propagates at subsonic velocities that are relative to the unburnt gas just in front of the
flame. In the deflagrative mode, the flame speed of deflagration process ranges from
a few m/s up to 100 — 300 m/s, and depending on the flame speed, the explosion
pressure ranges from millibar to several bar. Usually, the gas cloud and the geometrical
conditions of the process equipment within the cloud determine the flame speed and
explosion pressure. Even if the prevailing parameters such as cloud size, fuel
concentration and ignition point are known, the prediction of the flame speed and
explosion pressure for a deflagration process is a difficult task.

It is an exothermic reaction which propagates from the burning gases to the unreacted
materials by conduction, convention, and radiation Deflagration is the combustion of
a gas or aerosol that is characterised by a shock wave. In deflagration, the combustion
wave passes through the gas-oxygen, burning until all the fuel is used. In deflagration,
the rate of travel of the combustion wave is less than the speed of sound. The maximum
pressures of approximately eight times the initial pressure result from deflagration of
stoichiometric gas-air mixtures. Eventually, most explosions which take place in the
industry are deflagrations [47]. Furthermore, after deflagration, the next section will

discuss detonation.

2.1.2 Detonations

Generally, the most devastating form of gas explosion is detonation and compared to
deflagration, detonation does not require confinement to propagate at high velocity.
However, the behaviour of a detonation is entirely different from that of a deflagration
even in an unconfined environment (situation). Detonation as a supersonic combustion
wave, the detonation front usually propagates into unburnt gas at a velocity higher than
the speed of sound in front of the wave. Usually, the velocity of a detonation process
in fuel-air mixtures is 1500-2000 ms™, and the peak pressure is 15-20 bar [48]. The
reactivity of the gas cloud greatly determines the transition to detonation, the
propagation and the transmission of detonation waves [48].

Detonation is a combustion wave propagating at supersonic velocity relative to the
unburnt gas immediately ahead of the flame. In contrast, detonation is an exothermic
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reaction characterised by the presence of a shock wave in the material which
determines and maintains the reaction. Detonation as a unique combustion
phenomenon is the /combustion of a gas or aerosol which is characterised by a shock
wave. In detonations, the shock wave travels at a speed greater than the speed of sound
and the shock wave is characterised by very high pressure initiated by a very rapid
release of energy. If the flammability of the gas mixtures is greater than the
flammability limits of the explosive gas, such gas mixtures (fuel and oxidizer) will not
spread in a burning zone or combustion wave. The combustion wave whether it is
deflagration or detonation, it is determined by the flammability limits of the gas
mixtures [49]. Detonations are much more destructive than deflagrations. Eventually,
the very high pressure which was created from the shock wave does serve as heat

source for the ignition of other combustibles in the area [47].

Table 2.1: Qualitative differences between deflagration and detonations in gases [4]

Usual magnitude Ratio
S/No. Ratio Deflagration Detonation
1 u,/c 0.0001 — 0.03 5-10
2 Uy /Uy, 4-16 0.4—0.7
3 P,/P, 0.98 — 0.976 13 — 55
4 Pb/ Pu 4-16 8—21

ac, is the acoustic velocity in the unburned gases.

u,/c, is the Mach number of the wave.

Explosion and detonation can easily be confused, but explosion does not definitely
need the passage of a combustion wave through the exploding medium. For the
occurrence of either a deflagration or a detonation, an explosive gas mixture must be
present [50], [51]. This implies that though both deflagrations and detonations require
rapid energy release; explosions equally require rapid energy release, but explosions
do not involve the presence of a waveform. The differences between deflagration and
detonation are qualitatively illustrated in Table 2.1 above [4].

Considering several conditions, a deflagration or a detonation wave can be supported
by an explosive medium. Indeed, the most known conditions of deflagration or a
detonation are confinement, mixture ratio, and ignition source. Besides, the flame that
propagates with subsonic speed is the major result of a common thermal initiation. The

flame can cause adiabatic compression of the yet unreacted mixture ahead of it when
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the flame velocity increases. The speed of the flame appears to rise gradually until it is
equal to that of a detonation wave depending on some early observations [49]. Usually,
an irregular change of velocity is observed from the low flame velocity to the high
speed of detonation [52]. However, the detonation wave has been observed to begin
apparently and spontaneously at certain distance ahead of the flame front. Besides, the
starting point seems to occur simultaneously (match) with the location of a shock wave
sent out by the expanding gases of the flame. The observations in modern experiments
and analysis are dependent on the mode of initiation. Two modes of initiation occur in
detonation phenomena-the slower mode known as thermal initiation (self-ignition) is
the mode in which there is transition from deflagration; and the fast mode called direct
ignition is the mode caused by an ignition blast or strong shock wave [4]. For instance,
if a tube with one or both ends opened is placed an explosive gas mixture, a combustion
wave can thus spread when the tube is ignited at an open end. Therefore, the wave will
have a steady velocity, but cannot accelerate to a detonation wave. Nevertheless, if the
mixture is ignited at one closed end of the tube, a combustion wave is thus formed, but
if the tube is long enough, the combustion wave can speed up to a detonation. The
mechanism of the thermal initiation can be explained thus: for process of initial
deflagration, the burned gas products have an exact volume at the rate of 5-15 times
that of the unburned gases ahead of the flame. Furthermore, the preheating can likely
increase the flame speed, and this will consequently accelerate the unburned gas
mixture to a point that turbulence will be developed in the unburned gases even to
greater velocity and acceleration of the unburned gases thereby obtaining compression
waves [53]. Eventually, this sequence of events will form a shock which can be strong
enough to ignite the gas mixture ahead of the front. Besides, the reaction zone at the
back of the shock does send a continuous compression wave that prevent the shock
front from decaying, thereby forming a detonation. When shock is formed, a
detonation is thus formed, and it propagates back into the unburned gases [49].
Moreover, the reaction zone in a detonation wave is the same as in other flames
because it provides the sustaining energy. A difference does exist in that the detonation
front initiates chemical reaction by compression, by diffusion of both heat and species,
and thus inherently maintains itself. Essentially, worthy to note is the difference in the
reaction that take place with unusual speed in extremely compressed and preheated
gases. For cases of extremely reactive fuels such as acetylene, hydrogen, and ethylene,

the duration of transition for deflagration to detonation is in meter order, but the
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duration of transition is larger for the majority of other hydrocarbon—air mixtures.
Eventually, the duration of transition is governed by several physical and chemical
features of the experiments. To this background, certain question may arise as to
whether methane can even detonate. Furthermore, direct initiation of a detonation can
only take place when a strong shock wave is produced by a source and the shock
usually maintains a minimum strength for certain specified duration. It is obvious that
reaction rates are involved in ascertaining the establishment of a detonation occurrence
[52], [53]. Now that detonation has been reviewed, the next section will handle

flashover.

2.1.3 Flashover

Flashover is a quick fire in an enclosed area that can foster the build-up of heat when
the temperature gets to the ignition temperature of the majority of the combustibles in
the area, and thus spontaneous combustion of the combustibles occurs in the area [31].
Moreover, after deflagration, detonation and flashover, the next part to be explored is
backdraft.

2.1.4 Backdraft

Backdraft as unique combustion phenomenon is a fire in an enclosed area that
consumes the oxygen supply and thus generates carbon monoxide and heat. Hence, it
is seldom called smoke explosion and because the oxygen is used up, the fire tends to
smoke a lot and consequently the carbon monoxide will burn rapidly with an explosive
force [54].

Having reviewed tank farm incidents as well as explosions, the next section would
consider some major oil and gas sector explosion disasters that caused many nations

of the world great catastrophic disasters.

2.2 Explosion disasters in oil and gas industry

When flammable vapours of liquefied petroleum gas (LPG) and gasoline are released
from various sections in oil and gas industry without immediate ignition, a heavy
vapour cloud will be produced. Dispersion and shape of the heavy gas cloud is
dependent on the size and location of the break in the containment as well as its
molecular weight and low temperatures. During the dispersion, the gas mixes with the
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ambient air to form premixed combustible mixture within the cloud. If it is ignited, the
flash fire, fireball and vapour cloud explosion will take place [55], [56] The following

gives three large explosion disasters historically.

2.2.1 Piper Alpha disaster

The volatile nature of the hydrocarbon at the offshore production platform was
responsible for the piper alpha disaster which was caused by the kinetics of the
hydrocarbons present and the geometry, and this is why this research is looking at this
explosion disaster. The lesson learned from the piper alpha disaster are quite valid far
beyond the offshore oil industry, cut across every hazardous industry and moreover,
every aspect of the lesson is relevant in present day work operation. However, the
changes include: the design issues changed by management; prioritised personal safety
over process safety; permit to work system enforced; the handover process with
inadequate transfer of information between crews, shifts and disciplines corrected;
safety culture enforced; and emergency response and evacuation procedures changed.
In addition, the living quarters for workers on board were separated from the
production platform thus making the platform safer for operations [56].

In United Kingdom, an oil fire explosion happened on a production platform at the
Giant Piper Alpha in the North Sea of Aberdeen, UK on 6™ Jul 1988 killing 167
offshore oil rig workers. Today Piper Alpha disaster stands as one of the worst oil rig
disasters in history [56]. The primary cause of the piper alpha oil rig explosion disaster
was because of the maintenance work carried out on a high-pressure condensate pumps
and safety valve which led to a gas leakage of condensate from platform pipe [56].
Prior to the shift change, a pressure safety value had been taken off earlier in the day
by the routine maintenance crew, and the incoming maintenance crew was not
adequately informed not to turn on one of the affected pumps. Worst still, because of
this improper handover, the incoming maintenance crew commencing their hot work
coupled with the gas leakage, explosion resulted leading to series of explosions and
consequently the oil rig platform caught fire [56]. The oil rig platform was completely
burnt down and combating the fire lasted three weeks. Red Adair, the world-famous
firefighter helped to put out the fire on the Piper Alpha Oil platform (see Figures 2.1(a)
and (b) in Section 2.2.1) [56].
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Furthermore, after the piper alpha disaster incident, the following resolutions were
reached:- That every offshore operator to carry out immediate wide-ranging
assessments of their installation and management systems which include:

a) Permit to work management system to be improved.

b) Some pipeline emergencies shut down systems have to be relocated

¢) Smoke hazards have to be strictly prevented

d) Evacuation and escape systems to be properly improved.

(b)

Figure 2.1 (a): Piper Alpha Offshore Qil Rig, Britain prior to the incident; (b): Piper Alpha
Offshore Qil Rig after the incident [56].

In addition, after examining the causes, the lessons learnt and the resolutions reached
concerning the piper alpha disaster, other unique explosion disaster which took place
in the oil and gas sector with a global impact economically is the Deepwater Horizon
explosion that occurred in USA in 2010 and the details of the explosion disaster will

be treated in the next section.

2.2.2 The Deepwater Horizon explosion

The Deepwater Horizon drilling rig that was engulfed by fire resulted because of the
kinetics and geometry of the volatile hydrocarbons at such oil drilling rig and for this
reason, this work will at the explosion disaster. In United States of America (USA),
the Deepwater Horizon drilling rig was dramatically engulfed by fire on 20" April
2010. On April 20, 2010, an explosion and ensuing fire occurred on the semi-
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submersible mobile offshore drilling rig unit (MODU). It was owned and equally
controlled by Transocean carrying out drilling jobs for BP in the Macondo Prospect
Oil Field located at about 40 miles (64km) Southeast off the Louisiana coast [57]. The
Deepwater Horizon drilling rig explosion was caused by well blowout and oil spill
incidence, and it is the worst worldwide marine oil spill which ranked the most terrible
environmental disaster in the U.S history [57]. This singular oil rig explosion killed 11
persons and 17 workers were injured and total crew was 126. After a thorough
investigation was carried out, the U.S. government made BP to settle families with
$5.5 billion payable for a duration of 16 years because of the Deepwater Horizon oil
spill [57]. Moreover, two BP rig supervisors responsible for overseeing the operational
activities of the Deepwater Horizon rig were faulted. U.S. official report stated that out
of the 126 people on board during the incident, 79 were Transocean employees, 7 BP
staffs and 40 were contractors. During evacuation, 94 workers evacuated by lifeboat,
17 by helicopter and 4 evacuated by another vessel, thus bringing a total of 115 people

that were safely evacuated as shown in Figures 2.2 (a) and (b) in Section 2.2.2 [57].

Figure 2.2 (a): Deepwater Horizon Drilling rig prior to the incident; (b): Deepwater Horizon
Drilling rig after the incident [57].

The lessons learnt from the Deepwater Horizon oil spill is to do remote shutoff
capability and they include amongst others include:
a) Additional back up systems require to shut down offshore wells automatically.
b) Relief well capability requirement needs to be adopted.

¢) Meaningful financial penalties for Deepwater spills to be imposed.
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d) Energy legislation to be enacted [57].
Furthermore, after completing the review of the Deepwater horizon oil explosion,
another explosion disaster that happened in oil and gas history which stands today as
the world largest oil drilling rig production platform accident is the Petrobras-36 oil

drilling rig, Brazil and the next section will examine the details of the disaster.

2.2.3 Petrobras P-36 Qil drilling rig explosion
The Petrobras P-36 rig, a semi-submersible came into operation in the Roncador Field
off coast of Brazil in May 2000 and it conveniently processes 180,000 bpd and 7.2
million cubic metres of gas daily [58]. The Petrobras P-36 rig which had a production
capacity of 84,000 barrels of oil and 1.3 million cubic metres of gas per day was
devastated by two explosions and consequently the Petrobras P-36 Rig became
submerge. On the 14" March day of 2001, an explosion happened at 10.21 pm and the
cost implication of this incidence was US$350 million (US$495 million) and on 15
March 2001, an explosion took place in the starboard aft column, leading to
mechanical rupturing of the starboard Emergency Drain Tank (EDT), thus the released
gas-saturated water and oil into the aft starboard column resulted to the explosion at
the platform at 0027 hours [58]. Furthermore, another huge gas explosion occurred
killing 11 members, 137 people injured, and injuring seriously a member of the
firefighting crew caused by two explosions that occurred on the drilling rig.
Eventually, the Petrobras P-36 rig, sank on 20" March 2001. at about 0022 hours
(12:22 am) (see Figures 2.3 (a) and (b) in Section 2.2.3) [58].
In the Petrobras P-36 Offshore oil Rig Accident, Brazil, an environment saturated with
volatile hydrocarbons at such oil drilling rig which resulted to such disaster due to the
Kinetic nature and geometry, and this research work will attend to the explosion
disaster. In preventing the possible occurrence of fire explosions in an offshore drilling
rig of this nature with highly volatile hydrocarbons, the following steps are taken:

1) Ensure all personnel are adequately trained in relevant courses to offshore rig

operations.
2) Safety rules to be consistently enforced, drillers to adhere to all offshore safety
standards and regulations including rules that forbid use of drugs and alcohols.
3) Workers to be cycled regularly
4) All offshore workers to be supplied with necessary protective wears, e.g. hard

hats, gloves, safety glasses and respirators.
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5) Be consistent with proper housekeeping. Offshore drillers should ensure that
all areas are clear of hazards that can cause injuries to workers or cause them
to trip or fall.

6) Ensure that equipment is well maintained. To be in good working condition by

implementing a mechanical integrity programme [58].

(a) (b)

Figure 2.3 (a): Petrobras P-36 rig, Brazil prior to the incident; (b): Last minute of P-36 rig after
the incident [581.

The actual reasons for the damage of the Petrobras P-36 rig were absolutely due to the
alignment of the port EDT to the Production Header rather than to the Production
Caisson, allowing hydrocarbons into the starboard EDT [58]. Moreover, another factor
was the delay in the activation of the port EDT drainage pump, permitting the reverse
flow of hydrocarbons for about one hour, and coupled with the failure of activators to
close ventilation dampers, which made water to flood the starboard column and
pontoon compartments. In addition, other causes for the incidence were the two sea
water pumps which were under repair without measures in place in case of emergency.
The additional probable cause was the inadequate contingency plans and inadequate
training for handling emergency ballast and stability control situations [58].

Having considered explosion disasters in the oil and gas sector, we will therefore

proceed to review the explosion blast waves in the next section.
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2.3 Explosion blast waves

Blast wave in fluid dynamics is referred to as the increase in pressure and flow that
result from a huge amount of energy deposited in a very small, localised volume. The
flow field being equivalent to a shock wave that comes after a self-similar subsonic
flow field. Furthermore, a blast wave as an area of pressure which expands
supersonically outward from an explosive core is usually accompanied by a blast wind
of negative pressure [59]. Consequently, blast wave is harmful whenever one is quite
close to the centre and blast waves are generated through the detonation of high
explosives A mathematical investigation of the behaviour of the blast wave from an
exploding spherical volume is propagated over the entire range of blast-wave.
Moreover, the computational method uses analytical results for a similar problem for
a point explosion with counter pressure and the theory of an asymptotically equivalent
point explosion. The spatial distribution of the blast-front pressure is established for
combustible gaseous systems and solid explosives, and the theoretical results obtained
thus agreed quantitatively with available experimental measurements [59]. Moreover,
blast wave usually generated by an explosion comprises a shock front in which the
pressure rises almost immediately, accompanied by an expansion wave whereby the
pressure goes back to its ambient value [43]. The pressure usually over expands below
ambient pressure thereby having a negative phase as well as a positive phase from

explosion centre on a long range.
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Figure 2.4: Blast wave generated by an explosion [60].
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Figure 2.4 in Section 2.3 clearly describes the characteristic form of an ideal blast
wave. In addition, the magnitudes of the pressure go up across the shock front, P;, and
the other blast wave parameters represented in Figure 2.4 depend absolutely on the
explosion energy release characteristics and the distance from the effective explosion
centre. Generally, the shock pressure P, increases, which decreases with distance
from the centre of explosion. Consequently, the blast wave decays to an acoustic wave
traveling at the speed of sound in air of about 330 m/s [60].

Furthermore, both the shock front pressure rise, P, and the impulse, I, determine the
effect of a blast wave and this is the area under the positive phase of the pressure versus
time curve. When both the impulse and the shock pressure P; exceed damage threshold
values, any specific object will suffer damage [60].

The Table 2.2 below explains the damage threshold pressures and impulses and their
related impact on structural damage and injuries to persons coupled with consequential

effects on Oil storage tank in operational production settings.

Table 2.2: Blast damage and personal injury pressures and impulses [60].

Structure/object Pressure (psig) Impulse (psi-msec)
Plate Glass | 20 ft? pane, 3/16" thick 0.3-0.6 -
Windows: 10 ft?> pane, 3/16" thick 0.6-1.0 -
10 ft?> pane, 1/4" thick 1.1-1.6 -
Wood Roof Joist, 13 ft span 0.5 -
Brick wall — Minor damage 0.7 16
Brick wall — Major damage 2.0 43
Wood Stud wall, 7.5 ft high 1.0 1
Sheet metal panel Buckling 1.1-18 -
Wood siding Failure 1.1-18 -
Cinder Block wall Failure 1.8-29 -
Wood frame building collapse 3.0-45 36
Oil storage Tank Rupture 3.0-45 -
Structural steel building 45-73 -
Reinforced concrete wall 6.0-9.0 -
Total  destruction of  most 10-12 -
buildings
Overturning of 10 ft high truck 0.3 110
Personal Injury Personnel knock down 0.5-1,5 -
Eardrum rupture threshold 5 7
50" percentile eardrum rupture 15 22
Lung damage threshold 10 340
99% Lethal lung damage 50 1940
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(a) Ideal blast waves

Furthermore, an ideal blast wave is one in which the energy is released rapidly
compared to the time required for the blast wave to propagate to a particular target.
The explosive energy released can occur within a short distance compared to the
distance to the target. In addition, the blast waves associated with condensed phase
explosives such as explosive 2,4,6 -Trinitrotoluene (TNT), C7HsN3zOs are prominently
ideal blast waves with a molar mass of 227.13g/mol [61].

Mathematically, both the blast wave pressure and impulse vary as distance divided by
the one-third power of the blast wave energy for ideal blast waves. Also, the
nondimensionalised distance of a target from the energy release centre can be

represented by,

R = R(po/E)'/? (2.1)
where R is the distance from energy source (m), R is the nondimensional distance, p,
is the ambient pressure (kPa), and E is the blast wave energy (kJ).
In addition, the blast wave energy is expressed in terms of the equivalent weight of

TNT that can produce the same energy, and the relationship would be:

Wenr = E/4200 kg (2.2)
where Wy stands for the equivalent weight of TNT (kg), E is the blast wave energy
(kJ), and 4200 kJ/kg is the specific energy potential of TNT.

The blast wave energy, E, generated during the rupture of a pressure vessel containing
a compressed gas is given by,

—E=V P -P)/y - 1) (2.3)
where L. is the reflected shock wave, Is is the positive phase impulse, and B./P, is the
ratio of reflected shock pressure to incident shock pressure
If the vessel contains a liquefied gas that may partially condense upon sudden
expansion, the energy released in expansion is equal to the change in internal energy,
Ie.

E = m(u; — uy) (2.4)
where u; and u, designate the fluid internal energy prior to and immediately after
expansion to ambient pressure [61]. In the next section, this report will then peruse
deflagration and detonation as well as Chapman-Jouguet waves.
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2.4 Deflagration and detonation

2.4.1 Deflagration waves

Generally, a deflagration wave is a gas explosion in which the flame front propagates
at a subsonic speed that is absolutely relative to the unburnt gas, just in front of the
wave. During a gas explosion, the velocity of the gas propagation can cover more than
three orders of magnitude, and the mechanism of flame propagation varies with
different flow velocities. Besides, when a weak ignition source ignites the cloud, the
resulting flame is a laminar flame [43]. Figure 2.5 below explains the structure of a
laminar flame and a laminar flame propagates at a velocity of 3 — 4 ms™. The type of
fuel and the fuel concentration are the determinant factors for the speed of the
propagation of the laminar flame. Figure 2.6 in Section 2.4.1 indicates that the velocity
of the flame front is relative to the unburnt mixture just ahead of the flame, and the
laminar burning velocity for mixtures such as methane-air, ethylene-air and hydrogen-
air has about 0.4 ms*as the maximum burning velocity. Typically, hydrocarbons have
maximum laminar burning velocities of 0.4 — 0.5 ms™. Based on the fast chemical
kinetics and high molecular diffusivity, ethylene, acetylene and hydrogen have higher
burning velocities [62].

=P ¢ Unburned gas
Burned L]
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Figure 2.5: lllustration of the structure of a laminar flame front in a premixed gas [63].
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Figure 2.6: Laminar burning velocity for methane-, ethylene- and hydrogen-air [63].

Because the flow field ahead of the flame front becomes turbulent, the laminar flame
accelerates and transits into a turbulent deflagration (turbulent flame) in several
accidental explosions. The interaction of the flow field with process equipment, piping,
structures to mention a few accounts for the turbulence [63]. Considering how
turbulence influences the structure of the front which consequently increases the
burning rate, and the increase in burning rate is caused by the wrinkling of the flame
front due to large turbulent eddies. The increased flame surface area will make the
burning rate to increase. Besides, this regime is identified by the turbulent integral
length scale, l;, which is typically larger than the thickness of the flame front, §.
However, when the turbulent integral length scale, I;, is of the order of the thickness
of the flame front § or smaller, the flame will thus become a thick, turbulent flame
brush. The turbulence accounts for increased diffusion of heat and mass and thus
resulting in a high burning rate in this regime [63]. Two mechanisms that result in
pressure build-up when a flame propagates through a premixed gas cloud are (i) fast
flame propagation and (ii) burning in a confined volume. Usually, a combination of
these two mechanisms is responsible for pressure build-up in several accidental
explosions [61]. The drop in pressure at the flame front is needed so that the
conservation equations across the flame front can be satisfied. Because the pressure
behind the flame in the burnt gas will slowly decay away from the flame, the boundary
conditions on the left end of the tube either open or closed tube and the flame velocity

will determine the pressure decay. When a part of the vessel wall is opened and a relief
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is provided, the pressure will consequently reduce. The speed at which the flame is
burning in the vessel and the location and size of the vent area will determine the
pressure reduction. An increase in the burning velocity (the difference between the
flame speed and the mean flow velocity) will constitute a rise in explosion pressure.
Figure 2.7 below describes the mechanism of flame acceleration resulting from

repeated obstacles that produces a strong positive feedback loop [63].

»| Increased

pressure
4
Combustion Flow Turbulence
of premixed »| Expansion | mte.racts is
gas cloud with generated
obstacles
Turbulence
enhances .
the D
combustion

Figure 2.7: Positive feedback loop causing flame acceleration due to turbulence [63].

Deflagration waves are types of waves that usually travel in subsonic form with the
signs p, < py and v, > v, and this shows that crossing such a wave, there will be
a decrease in both pressure and density, but with an increase in the velocity. Moreover,
the likely reduction in pressure is bounded by the sign 0 < p < 1. However, the
possible increase in specific volume is bounded by the signs;

1+4.(yr—1/y <V <£24.+(y+ 1)/(y — 1), which have the lower and upper

limits respectively that relatetop = 1and p = 0.
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Furthermore, the solutions with higher and lower values of pressure decrease are
known as strong and weak deflagrations respectively. However, there is also a
maximum Rayleigh line beyond which no solution can exist. In addition, the point of
tangency referred to as the lower CJ point, and the comparable wave is known as a CJ
deflagration. Thus, it can be disputed that there is no occurrence of strong
deflagrations. However, when the entropy decreases in crossing such a wave, it shows
that strong deflagration will not take place, and consequent upon this situation, it can
thus be contended that in the presence of the heat released (q.) is greater than zero i.e.
q. > 0, there will be no existence/occurrence of strong deflagration [63]. Therefore,
considering weak deflagrations where pressure is less than 1, that is p < 1, this shows
that the change in pressure across such wave would be very small. Hence the structure
of such wave could be isobaric which implies that it is a thermodynamic process in
which the pressure change is constant, that is AP = 0 in this case. Also, applying the
first law of thermodynamics, the heat transferred to the system works, but the internal
energy of the system changes. This can be represented with equation (2.1):

Q=AU+W (2.5)

Where W is work, U is internal energy, and Q is heat

Also, when strong deflagrations have pressure less than 0, p < 0, then only the weak
deflagration intersection will occur, and this further cancels out its occurrence.
Deflagration waves travel subsonically which show that in crossing such deflagration
waves, the pressure and density will decrease, but the velocity will increase. In
addition, strong and weak deflagrations are determined by the solutions with higher
and lower values of pressure reduction respectively. There also exists a maximum
Rayleigh line beyond which no solution exists. The point of tangency is called the
lower CJ point and the corresponding wave is the CJ deflagration. Consequently, in
the presence of heat release, strong deflagration does not occur.

Moreover, for weak deflagrations where density, p < 1, and this implies that the
pressure change across the wave will be very small, whereas for strong deflagration,

the pressure change will be p < 0.
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Deflagration: If the combustion wave is very slow, it is not explosion, but if the
combustion wave is very fast, it is explosion, hence fast deflagration is explosion

because the overpressure is double that of fire [63].

2.4.2 Detonation waves

The theory of detonation that explained the supersonic combustion wave propagating
at a specific velocity was second to none to be presented by Chapman and Jouguet. In
addition, the detonation wave as a discontinuity with infinite reaction rate was handled
by the CJ (Chapman-Jouguet) theory [64]. The distinctive solution for the detonation
velocity (CJ-velocity) and the state of combustion products just before the detonation
wave was obtained by the conservation equations for mass, momentum, and energy
across the one-dimensional wave. When the mixture of the gas is known, then the
detonation velocity, detonation pressure etc. can be calculated [48].

Generally, these types of waves travel in supersonic form with the signs p, > p,, and
v, < 1, and this shows that crossing such a wave, the pressure and the density will
increase but the velocity will consequently decrease. The pressure that probably
increases are limited by the signs 1 + (y — 1)§. < p < oo, which have the lower limit
that relates to the sign ¥ = 1 as shown in equation (1). The specific volume that is
likely reduced is limited by the sign (y — 1)/(y + 1) < ¥ <, which has a lower limit
that relates to p = oo [31].

Furthermore, the results of higher and lower values of the pressure jump are identified
independently as strong detonation and weak detonation. Usually, the minimum
Rayleigh line is a tangent to the Hugoniot line showed that there is no solution beyond
this point. This point of tangency is known as the upper Chapman—Jouguet (CJ) point
and thus the relating wave is referred to as the Chapman—Jouguet detonation, and this
is the point of “weakest” strong detonation possible. When g, = 0, this relates to the
hydrodynamic shock wave, and thus the strong solution occurs. Moreover, weak
detonations that have exothermic reactions hardly occur, and detonations do propagate
at the Chapman-Jouguet wave speed under several experimental conditions [65].
Direct or indirect initiation can lead to the production of detonation wave, and a high
amount of energy is speedily released into a certain volume of a mixture which can
result in the formation of detonation wave (see Figure 2.8 below). Detonation is judged

by pressure wave and combustion wave speed [63].
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DDT and Detonation starts here

Figure 2.8: Detonation waves

2.4.3 Hugoniot conditions

Usually, the Hugoniot conditions equally known as Hugoniot jump conditions explain
the relationship between the states on both sides of a combustion shock wave either
for deflagration or detonation in a one-dimensional flow in fluids. The Hugoniot
condition work was implemented by French engineer Pierre Henri Hugoniot.

Mathematically, the Hugoniot conditions can be expressed as:

p1Uy; = pou, = m  Conservation of mass (2.6)
pu? +p; = p,us +p,  Conservation of momentum (2.7)
h, +u?/2 = h, + u%/2 Conservation of energy (2.8)

where m is the mass flow rate per unit area, p; and p, are the mass density of the fluid

upstream and downstream of the wave, u, and u, are the fluid velocity upstream and

downstream of the wave, p; and p, are the pressures in the two regions. Also, h; and

h, are the specific enthalpies in the two regions.

Furthermore, if the flow is reactive, then the species conservation equations would be:
w1 =w;; =0, 1,2,3...N, Conservation of species (2.9)

This is to eliminate the upstream and downstream fluid of the wave. From equation

(2.9) above, w is the mass production rate of the ith species of total N species that took

part in the reaction.

A combination of equations (2.6) and (2.7) would give:

P2—D1 — 2
1/p2=1/p1 m (2.10)

This describes a straight line often referred to as the Rayleigh line which has a negative

slope because the m? is always positive inthe p — p~1 plane. From equation (2.10),
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applying the Rankine-Hugoniot equations for the conservation of mass and momentum
would remove u; and u,, thereby expressing the conservation of energy equation as

the Hugoniot equation as shown in equation (2.11) below:

1/1

h, —h, = > (E + i) (p2 — 1) (2.11)

Moreover, the specific volume can be expressed as an inverse of the density,
v = 1/ p and the relation between the upstream and downstream equation of state

can be defined as:

f(P1:P1» Ty, Yi,l) = f(Pz:Pz' Ty, Yi,z) (2.12)
where Y; is the mass fraction of the species.

2.4.4 Rankine-Hugoniot relations
By the foregoing assumptions, the Rankine-Hugoniot equations are simplified, and the
gas mixture is considered to obey the ideal gas law thereby writing the relation

between the downstream and upstream equation of state as:

Pz _ P _R (2.13)

02T piTy W

where R is the universal gas constant, and W is the mean molecular weight considered
to be constant and it is dependent on the mass fraction of the whole species.
Mathematically, the specific heat at constant pressure c, is constant across the
combustion reaction wave, and thus, the change in enthalpies can be written as:

hy —hy =—q+c,(T, — Ty) (2.14)
where the first term in equation (2.14) stands for the amount of heat released per unit
mass of the upstream mixture by the wave and the second term means the sensible
heating. However, by eliminating the temperature using the equation of state and also
substituting equation (2.14) for enthalpies change into the Hugoniot equation, thereby
obtaining a Hugoniot equation expressed particularly in relation to pressure and

densities,

(L) (& - ﬁ) -3 (i - p—lz) (p2—p1) =q (2.15)

y=1/\pz p1 P2
Where y is the specific heat ratio,
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Moreover, Hugoniot curve without heat release (g = 0) can be referred to as Shock
Hugoniot. Also, combining with the Rayleigh line equation, the above equation (2.15)
absolutely governs the state of the system. Furthermore, these two equations can be

written clearly through the introduction of the following non-dimensional scales as,

(2.16)

Then the Rayleigh line equation and the Hugoniot equation can be broken down to

"3||
=

s (2.17)

_1_

<A

_ _ [za+(y+1)/(y-1)-7]
G+D/=-D =" 0o (2.18)

Considering the upstream conditions, the divergence of the above two equations (2.17)
and (2.18) in the p — ¥ plane would establish the downstream conditions. Taking for
instance, if there is no heat release, and for shock waves without chemical reaction,
then @ = 0. Moreover, the Hugoniot curves asymptote to the lines;
v=F-1/y+1) andp=—-( —1)/(y +1), i.e., the pressure jump across the
wave can take values between 0 < p < co. However, the specific volume ratio is
limited to the interval (y —1)/(y +1) < v <2a+ (y+1)/(y — 1), and this is
because the upper bound is obtained for the case p — 0, most especially, pressure has
no negative values. Furthermore, the Chapman—Jouguet condition is the point
Rayleigh line is tangent to the Hugoniot curve [66]. Additionally, if y = 1.4 for a
diatomic gas which has no vibrational mode excitation, the interval will be,

1/6 < ¥ < 2a + 6. Furthermore, the shock wave can cause increase in density by a
factor of 6, and for a monoatomic gas in which the y = 5/3, thus, the density ratio is
restricted by the interval 1/4 < v < 2a + 4. Nevertheless, the vibrational mode
excited of diatomic gases has y = 9/7 which leads to the interval 1/8 < v < 2a + 8.
Because of molecular dissociation and ionisation, the specific heat ratio is not constant
in the shock wave, although, the density ratio is limited to a factor of between
11 and 13 [63].
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2.4.5 Chapman-Jouguet waves

Furthermore, the Chapman—Jouguet waves have certain unique properties that give an
overview of the entire structure of detonation and deflagration waves. Generally,
detonation or deflagration wave is not obtainable from the relationship of Rankine—
Hugoniot, and the propagation velocities of the upper and lower Chapman—Jouguet
waves are clearly defined for given values of (y,§q.) due to the additional tangency
requirement [66]. In determining the properties of the CJ waves, the equations will be

evaluated thereby giving equations (2.19) and (2.20):

i)
=

(%) =B (2.19)

av Rayleigh -

D
[N

By differentiating equation (2.19), we obtain equation (2.20) below,

(d_ﬁ) - _ [(Y+1)/(Y—1)]ﬁ+1 (220)
Hugoniot

an [((y+1)/(y-D]p-1

The relationship between equations (2.19) and (2.20) revealed that equation (2.21) is

equivalent to equation (2.22).

(df’> Hugoniot = (dﬁ)Rayleigh ( . )
oSt (2.22)

Mathematically, looking at equation (2.21), the left-hand side of equation (2.22) would
be M2 , and then equation (2.21) will be equal to equation (2.23)

M? = 1. (2.23)
Equation (2.23) shows that the wave flow downstream can be sonic (M, = 1) for the
CJ wave, and for strong detonation and weak deflagration, the Hugoniot curve has a
greater slope than that of Rayleigh line. However, the opposite denotes weak
detonation and strong deflagration, hence, it can be wrapped up that M;, < 1 is for the
firstand M, > 1 is for the second [67].
The radical term in equation (2.30) can be made to zero to establish the speed of the

combustion of the CJ wave to give equation (2.24),

2 _ (r*-1)4c 2y 11/2
(Mycp), =1+ T{l t |1+ 7] } (2.24)
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This reveals that (My,c;), > 1 and (My,¢;)_ <1,

o . -D(, — 2y 11/2
Beyy—1= qCT{l Fl1+ (yz_%] } (2.25)
A ~ (r-1) 2y 11/2
boje—1=04.7 {1 +[1+ (yz_%] } (2.26)

One should bear in mind that the upper and lower Chapman—Jouguet states are noted
by the signs (+) in equations (2.24) to (2.26) [67].

The next proceeding section will carefully examine the unsteady deflagration-to-
detonation transition and this section includes detonation and its origin; upper CJ and
lower CJ point curves of detonation; Hugoniot curve; Rankine Hugoniot relations; and

Hugoniot relations of detonation.

2.4.6 Upper CJ and Lower CJ Point curves of detonation

7702 Inaccessible regions, f< 0
——— Rayleigh lines

. . — Hugoniot lines
Strong detonation

NN

1y
B i é Upper CJ point
14 7
; Weak detonation
gX=1 .1
y+1 Weak deflagration

- Lower CJ point
qc =10

Strong detlagration

Figure 2.9: Schematic identifying the Rankine — Hugoniot solutions [68].
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Furthermore, the two most important in Figure 2.9 in Section 2.4.6 are upper CJ point
(detonation) and lower CJ point (deflagration) and there is no transition. However, for
Hugoniot curves of combustion requires good explanation, but no theory has been able
to explain this concept of Hugonoit curve of combustion. No transition takes place in
the Hugoniot curves. It has been observed that as the pressure increases, the density
equally increases thereby bringing about increase in explosion waves [63].

Note that g, = amount of heat release per unit mass flux and constant c,, we have,

hy —hy = —qc + Cp(Tb —Tu). (2.27)

Applying the equation of state for ideal gas with constant molecular weight,
p = pRT (2.28)

2.5 Deflagration-to-detonation transition

Generally, a sudden transition from deflagration to detonation will eventually take
place when a deflagration suddenly becomes strong enough. Several experiments of
Deflagration to detonation transition (DDT) involving highly reactive mixtures which
include near-stoichiometric acetylene-air, hydrogen-air or fuels do occur in oxygen-
enriched atmospheres [43]. A few good examples of deflagration to detonation

transition in fuel-air mixtures with average level of reactivity amongst others include:

i) A transition from deflagration to detonation was observed when a 10m long
wedge-shaped vessel was used with stoichiometric propane-air, 100% top
confinement and circular obstructions in one CMR experiment. From the
experiment, it reveals that a propane-air explosion that began with a weak
ignition source even speed up to detonation in less than 10m, if enough

confinement and obstructions are existing [43].

i) Jet flames can lead to the transition of deflagration to detonation as observed.
The report found in one test that there is a transition from deflagration to
detonation in a lean mixture of acetylene-air (5% C,H,) in a basically loosed
situation [43].

0 Chapter 2 Chemical Explosion Waves 44



iii) The shooting of jet flames into the loosed cloud resulted to the transition of
deflagration to detonation. The experiments showed that detonations can be
induced in a loosed fuel-air cloud with mild reaction rates if the size of the
cloud is broad [43].

iv) In the experiments conducted by British Gas in a pipe rack geometry equally
demonstrated transition of deflagration to detonation for propane-air mixtures,
and the transition took place after 15m. Furthermore, the experiment exhibited
that in relatively ‘open’ situations, such as a pipe bridge, the flame speed of

deflagration to detonation transition is supported by the geometry [43].

Moreover, experiments reveal that the transition of deflagration to detonation can be
achieved by flame acceleration caused by obstacles and confinement, or it can be
obtained if a jet flame is shot out from an opening in a confined volume into a loosed
cloud. However, the mechanism of deflagration to detonation transition is not yet
completely understood, but for now, there is no theory which can predict conditions
for deflagration to detonation transition [43].

Furthermore, Deflagration to detonation is a combustion phenomenon which results
when ignitable mixtures of a flammable gas and air (oxygen) suddenly undergoes a
transition from the process of deflagration form of combustion to detonation form of
explosion. Deflagration is a chemical process in which a substance rapidly burns, and
is faster than combustion, but it is slower than detonation. A simple example is adding
water to burning oil leading to deflagration, and it instantaneously boils to form steam,
thus, the oil droplets are forcefully discharged into the flame thereby adding fuel to the
fire [48], [61]. Furthermore, a deflagration process is distinguished by a subsonic
nature of flame propagation velocity of less than 100m/s or 220 mph, and an
overpressure of below 0.5 bars (7.3 psi). Deflagration, in its mild form can be referred
to as a flash fire. However, detonation is identified by a supersonic nature of flame
propagation velocities of more than 1,000 m/s, but maximally 2,000 m/s, equivalent to
4,500 mph and a significant overpressure of up to 20 bars (290 psi). A dominant
pressure wave is the key mechanism of combustion propagation that compact the
unburnt gas ahead of the wave to a temperature higher than the auto-ignition

temperature, termed the combustion reaction zone. It is a self-driven shock wave where

0 Chapter 2 Chemical Explosion Waves 45



the reaction zone and the shock are simultaneous, and the chemical combustion
reaction are caused by the shock wave. Consequently, this detonation process is
likened to a diesel engine ignition, but it is much more unexpected and destructive.
Considering certain geometrical conditions like partial confinement and several
obstacles in the flame path responsible for turbulent flame eddy currents, a subsonic
flame can accelerate to supersonic velocity thereby progressing from deflagration to

detonation.

Deflagration Shockwave (very fast, i.e.

Flame detonation)

Figure 2.10: Position of deflagration and detonation in a combustion wave

In understanding the actual mechanisms of deflagration and detonation, the two
concepts will be modelled to predict the transition phenomenon. Deflagration
propagates by heat conduction, mass diffusion from the hot burnt products of the
chemical combustion reaction and the cold explosive ahead as shown in Figure 2.10
above. Deflagration is an exothermic chemical reaction propagating from the burning
gas to the unreacted material by conduction, convection, and radiation. This
combustion process progresses at a rate less than the velocity of sound. Detonation is
an exothermic chemical reaction characterised by shock wave in the material which
maintains the reaction. In detonation, the combustion process accelerates at a velocity
greater than the velocity of sound and it propagates through shock explosive
compression [31].

Moreover, deflagration wave is in certain areas identical with that of detonation, but
the overpressure is much less, and the dimensional extent of the shock front is
significantly higher than that of detonation. The deflagration wave accelerates at
subsonic speed and the chemical combustion reaction is accompanied by heat transfer
and by overpressure of the shock. Ordinary fires are identified to be deflagration

waves; and the flame front in a candle is a deflagration pushing through the burning
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gases at subsonic speed. For instance, gunpowder experiences deflagration rather than
detonation, because it can produce a prominent shock in air. The deflagration can
generate explosions and thus can be extremely noising and damaging. In detonation,
the shock has a very sharp and a very high-pressure wave that can pass through
material with an explosive quality capable of undergoing an exothermic chemical
combustion reaction based on its overpressure [66]. Besides, a detonation shock wave
front in a material, travels much faster than that of sound, hence, its flow is supersonic
because acoustic waves travel through the combustion reaction zone thereby
maintaining the high overpressure. Thus, in combustion, deflagration differs from
detonation due to over-pressure and speed. In deflagration, the combustion wave
propagates at a subsonic velocity, but in detonation, the combustion wave spreads at
supersonic velocity. However, a condition such as pre-ignition can be confused with
detonation and it takes place immediately the combustion chamber gets so much hot
that it becomes an ignition source thereby making the fuel to ignite before the spark
plug fires, thus leading to a detonation case. Hence, in a situation where fuel would
have ignited rightly to provide the crankshaft a smooth kick in the correct direction,
rather, the fuel will ignite early thereby leading to short backlash due to the piston
turning the crankshaft in the improper direction. When a hot engine is shut off, it will
lead to pre-ignition. The following factors can lead to detonation, and they include:
reducing ignition timing; the enrichment of air/fuel mixture ratio thus altering the
chemical combustion reaction; the reduction of peak cylinder pressure. Other factors
include the use of fuel with high octane rating thereby increasing the combustion
temperature; the reduction on engine load; exhaust gas back pressure in the combustion
chamber, This is not all, a reduction of the throttle opening decreasing the manifold
pressure; an intercooler system lowering the efficiency of the engine; and the ambient

heat running close to the detonation threshold which can be terrific [67].

Table 2.3: Relationship between deflagration and detonation [67]

S/No. | Factors Deflagration Detonation

1 Mach number M<1 M>1

2 Pressure 2 bars 20 bars

3 Speed 200m/s 1000m/s

4 Mach Number level Subsonic (M < 1) Supersonic (M > 1)
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Table 2.3 in Section 2.5 demonstrates the relationships between deflagration and
detonation. In CFD simulation, when the Mach number is less than 1 (M<1), it implies
that the combustion wave is deflagration, but if the Mach number is greater than 1
(M>1), it shows that the combustion wave is detonation. However, if the pressure and
the speed of the combustion waves are 2 bars and 200 m/s respectively, it shows that
it is deflagration and subsonic velocity, but when the pressure and the speed of the
combustion waves are 20 bars and 1000 m/s, such combustion wave is said to be

detonation and supersonic speed.

In the Hugoniot curves, there are different release heat at different points of the curves.
For example, if the same piece of paper undergoes combustion, the chemical energy is
the same and therefore, the release heat will be the same even if the paper undergoes

combustion for durations of 100 seconds and 5 seconds respectively.

50J —> 50J, Heat Energy = 100 secs (2.29)

50J —> 50J, Heat Energy = 5 secs (2.30)

For equations (2.29) and (2.30), the release heat will be the same because the chemical
energy is the same, but if the heat release rate (HRR) is large, the kinetics will be very
large [68]. Besides, if the heat release rate (HRR) of one combustion is fast, and the
heat release rate (HRR) of another is slow, this is due to the combustion reaction [63].
Moreover, the release heat for a particular material says a paper is the same even if the
combustion or the reaction rate varies, but the heat release rate (HRR) depends on the
reaction rates present [68]. Also release heat usually depends on the materials for
combustion. In addition, different materials such as paper, textile or wood have
different release heat, but same material as paper has the same release heat no matter
the combustion reaction. Hence, different release heat will produce different
combustion models. The heat release rate (HRR) is independent of the combustion
wave. Also, another factor that affect combustion wave is compressibility influence
[63], [68].
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For weak deflagration where,

bu_ i A _DL LT _a
U 1 P2 1 Ty <O T=T+ YR/(y—1)

For turbulent flames, u; = S; (depends additionally on turbulence properties)

Where P, > P;, then detonation occurs.

A
—=1-2>0
Uq P2

(2.31)

(2.32)

An illustration of Rankine Hugoniot relations curves shows the different locations of

the combustion processes as follows as represented in Figure 2.11 below:

i) Above D: strong detonations (M, < 1)

ii) D — B: weak detonations (M, > 1) (point B: mass flow = o)
iif) B — C: impossible (mass flow imaginary)

iv) C - E: weak deflagration (M, < 1) (point C: mass flow = 0)
v) Below E: strong deflagrations (M, > 1)
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Figure 2.11: Compressible flows within more complex Geometries than Shock Tube [68].
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Figure 2.12: Velocities used in analysis of detonation problem [53]

In analysing the method of calculating the steady, planar, and one-dimensional gaseous
detonation velocity, a system configuration similar to velocities with wave fixed in lab
space has to be used as shown in Figure 2.12 above [53].

The integrated conservation and static equations for detonation velocities are written

as follows:
PrUy = PalUy (2.33)
P,+pu? = P, + pyus (2.34)
cpTy + %uf +q=c,T, + %u% (2.35)
P, = p,RT; (2.36)
P, = p,RT, (2.37)

In a process like this, all combustion events can collapse into a wave. Hence, the
unknowns are uq, u,, p,, T», and P, [69]. Empirically, it is observed that for a given
mixture, the detonation velocity is distinctly constant. The rate of reaction must be
known in identifying all the unknowns, or a detonation velocity case must be
determined [53], [69].
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Chapter 3 Basic Equations and Numerical Schemes

3.1 Introduction

This chapter will clearly explain the reactive Navier-Stokes equations (governing
equations/basic equations), the numerical methods and the adaptive mesh refinement
in object-oriented C++ (AMROC). The chemical explosions in gaseous chemical
mixtures involve four processes: - the flows, heat-transfer, mass transfer and chemical
reactions. The flow and heat and mass transfer processes are controlled by three
conservation principles, i.e. the laws for mass, momentum, and energy conservations,
while the chemical reactions are described by the laws of chemical kinetics [70]. These
laws are expressed in mathematical equations, and they will form the basic equations
for this thesis, which will be addressed in the first half of this chapter. In the second
half of this chapter, the numerical solutions for the basic equations will be presented
and verified [1], [71].

3.2 Reactive Navier — Stokes equations

The reactive Navier-Stokes equations are the basic equations of this project which are
based on the three conservation laws of mass, momentum, energy, and chemical
reaction kinetics [72]. When these laws are applied, the reactive Navier — Stokes
equations are obtained.

3.2.1 Continuity equations
The first basic equation is the continuity equation. It reflects that the mass of the

gaseous mixture is conserved during all the processes as shown below:

ap a _
Py + 6_x] puj) =0 (3.1)
Or
3 3 oy
et Dicitn g TP B 5 =0, (32)

where x;(j = x,y,z) stands for the coordinates, u; or (u,,u,,u,) represents the

components of the velocity vector % (m/s), t denotes the time in seconds for the

coordinate and p stands for the density of the mixture [72].
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3.2.2 Equation of momentum
The law of momentum conservation is actually the same as Newton’s second law of
motion which states that the change rate of momentum is equal to all the forces acting

on the mixture.

When it is applied to a flow particle, we will have mathematical equations as follows:

d(pu;) |, 8 ) d
% t o () = - o P tox (tij) + Py (3.3)

where p represents the static pressure, 7;; stands for the viscous stress tensor and pgi
denotes the gravitational body force [72]. In modelling chemical reactions, the body
force can be ignored. In addition, the viscous stress tensor can be explained in terms

of molecular viscosity, W, and local velocity gradient as
d a 2 9

where §i stands for the kronecker delta i.e., (6ij = 1 if i = j and Jij = 0 otherwise).

3.2.3 Equation for energy

The mathematical derivation of the energy equation is obtained from the first law of
thermodynamics for the fluid that is, the change rate of total energy in a control volume
is equal to the heat gained and the work done by the fluid [72]. It involves the static

temperature, static enthalpy, and internal energy represented as follows:

d auj _ _i .
ape) o (pe+p)=—7-q;+0Q (3.5)

i

where, gj stands for the heat flux, and Q- represents the internal production rate for

thermal energy, and e is the specific inner energy.

The energy equation can be written as another form,
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7y

d _0p 0
() + 52 (oh) === q; + Qs (3.6)

h =e+§ (3.7)

where h represents the enthalpy of the mixture. then equation (3.5) will be as follows:

By its definition in terms of species enthalpy, the enthalpy in equation (3.6) is written

as,
N
h=37Yh (3.8)

where Ai denotes the absolute internal enthalpy for species i and the enthalpy is a major
function of temperature for an ideal gas [72]. At a given temperature, the enthalpy is

approximately obtained by
Ri(T) = h{ + [y Cpi(T)AT (3.9)

where h) stands for the heat of formation of species i at a given temperature T,

(298.15 K) and ¢p,i(T) is the specific heat at constant pressure of species i.

vi = (51), (310

At constant pressure, the specific heat for the mixture ¢, would be,
Ng
cp=2; " Yjcp (3.11)

The energy flux gj is divided into three different parts [73]
qj=4qf +a} +q (3.12)

From equation (3.12), g stands for energy flux owing to conduction of species j, and

q}i stands for energy flux due to diffusion of species j and q}’ represents energy flux
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caused by concentration gradients. Normally, the latter, qu-) is much smaller than the
other two components q; and q}i [73] and this will not be treated in this work.

Fourier’s law expressed energy flux due to conduction as follows:

¢ =212 (3.13)

ax]'

Where A is the thermal conductivity of the mixture.

However, considering enthalpy as a function, by combining equations (3.8), (3.9) and
(3.10) the energy flux due to conduction would be written as

=2 (zﬁvg h 2 a—") (3.14)

i
6xj axj

Therefore, based on the name, the diffusion resulting from the energy flux due to
diffusion is caused by the diffusion of species having different enthalpy and is

illustrated by

N
qf =%, vy (3.15)
Similar to the introduction of Schmidt number in mass flux, the non-dimensional

q¢ = —L%n 2 (3.16)

Sc Tt t 0x;
Hence, the energy flux can be written as
T

]
q; = —A5—

— Byl p OVi
SCZi h; 2%, (3.17)
In simplifying the description of energy flux, the non-dimensional Prandtl number

(Pr) would be introduced and this is comparable to Schmidt number in mass flux.

pr="=22 (3.18)

However, the ratio of Schmidt and Prandtl numbers gives the Lewis number
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Le = (3.19)

Pr

Therefore, the total energy flux would be,

q=L[-2+(1-2)5n 2 (3.20)

i
ax Ji Le dax j

According to K. K. Kuo (2011), the Lewis number for most gases is close to unity
[74], and assuming that Le = 1, equation (3.20) will be simplified further. Thus,

equation (3.6) is more simplified by assuming that Le = 1 to the following equation:

0 Ou; _9_d k(_On
2 (ph) + 2 (ph) =2 (-5) + e (3.21)

i dx; Pr

where Q,. represents the internal production rate

3.2.4 Equation for species mass concentrations
The species concentrations are often expressed by their factions. So, the equations for

factions of the species concentrations are given as follows:

i) 0 a .
= (YD) + - (pw;Y) = o (i) +RM™ i=1,..,N (3.22)

X

Mathematically, the two terms on left hand side of equation (3.22) stands for the rate
of change of mass of species i and the change rate of mass of species i resulting from
convection respectively. In addition, the two terms on right hand side of equation
(3.22) are the rate of change of mass of species i caused by diffusion and the net rate
of increase of mass of species i resulting from source [74].

Considering equation (3.22) above, Yi denotes mass fraction of species i in the
mixture, Ng stands for the number of species in the gas phase, RI™ (kg/md.s)
represents the net rate of production of species i caused by homogeneous chemical
reactions and Jij (kg/mZ.s) is the molecular mass flux of species i. Usually, the
equation has three components which include mass diffusion, pressure diffusion and
thermal diffusion.

However, according to Warnatz et al (2001), pressure diffusion and thermal diffusion
can be ignored for majority of the combustion processes [73]. In explaining mass flux,

it again simplified through the introduction of non-dimensional Schmidt number.
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Sc=-—é% (3.23)

Where Sc stands for Schmidt number
Then,

Sc 0x;

Where Di (m?/s) represents the diffusion coefficient for species i and it is different for
different species, but in this work, it is done in a way that all species have the same
diffusion coefficient [74].

Alternatively, the equations of species fractions can be written as (3.25) as well

2,
at

d oYy _ Wiw;
+ 2n=1 Un dxn - P)

, i=1,..,.K—1. (3.25)
Where p stands for density; u denotes velocity; « represents reaction rate; p is

pressure; T is temperature [75].

3.2.5 Thermodynamical properties of the mixture

The thermodynamical properties of the mixture are calculated in the equations below.

(@) Thermodynamical state of the mixture

Mixture is not simple for reactions involving hydrogen and oxygen as well as that of
hydrocarbons precisely propane, but this research work is all about more complex
mixtures [74], [76]. This is especially how to calculate absolute temperature T, specific

heat, density and the gas constant, and the pressure p is obtained by (3.26).

Ng Y;

p=pR,TYE" (3.26)

Where p represents pressure

Alternately, the state equation for the mixture can be written as (3.27)
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T
p= pR,—x— (3.27)

ZigXiMw,i
Where M,,; and X; are the molecular weight and mole fraction of species i,
respectively, and T stands for the temperature of the mixture in (K), while R,
represents the universal gas constant (R,, = 8.1314 K] /kmol - K) [76].

R
pi = piy,; T = piRiT (3.28)

p=Xi1Di (3.29)

(b) Mass and mole fractions
The mass fractions are the ratio of the partial densities in relation to the density of the
mixture, and the mole fractions are the concentrations of the chemical product rates

ant this is to allow for the computation of all mixture properties [76].

Y; = % (3.30)
C, = V"V— = pVYV—ii (3.31)
Xi= g (3.32)
w=yK Xx;,W, (3.33)
W= QL W)™ (3.34)
X; = Yl% (3.35)

(c) Enthalpy and internal energy
Generally, every gaseous species is a perfect gas that is thermally active, and for this

work, the specific heats at constant pressure and volume,
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Cp =Cp(T) and Cy = Cy(T) are therefore specifically functions of temperature [76].

hi(T) = hY + [ cpi () ds (3.36)

ei(T) = hY + [y (5) ds (3.37)
R ay; +ayT )

Cpi(T) N w; + <+a3iT2 + a4iT3 + a5iT4 (338)

h(Yy, .., Y, T) = XK Y hi(T) (3.39)
e(Yy, ..,Yi, T) = XX Y, e,(T) (3.40)
oh
Cp (Y, Y, T) = ar _ 4i=1 Y; Cpi(T)' (3.41)
d
e (Y, Y, T) = o= = B Vi e (T). (3.42)

(d) Specific gas constant and adiabatic exponent
The ideal gas relations of the specific heats for the mixture would be applied to the
specific gas constant R; and the adiabatic exponent y;(T) of a single species which can

be carried over directly to the corresponding properties for the mixture [76].

R; = 4= cpi(T) = (D), (3.43)

yi(r) = 22 (3.44)

R(Yy, .., Yy) = ﬁ (3.45)
Yy, o, Vi, T) = ¢y (Y, o, Yi, T) — ¢, (Yy, o, Yi, T) (3.46)
y(Yy, o, Y, T) = % (3.47)
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y-1=( {ilyj‘jl)_l (3.48)

3.2.6 Boundary and initial conditions

The complete mathematical models require not only the reactive Navier — Stokes
equations mentioned above, but also boundary and initial conditions. The boundary
conditions are the solutions on the boundaries 6Q of domain Q € R? [76]. The
boundary conditions which are of four kinds are applied in this work. Boundary
conditions are about the computing quantities on boundaries, such as inlet, outlet,
openings and wall. (a) Inlet boundary condition is completely giving the computing
quantities on an inlet boundary; (b) Outlet boundary condition is generally gradient of
the computing quantities on outlet is zero; (c) Opening boundary condition is similar
to outlet boundary condition, but pressure on opening boundary is equal to atmospheric
pressure; and (d) Wall boundary condition is flow velocity on walls which is zero.
The initial conditions are the initial state of the flow and varies with different case
studies. Furthermore, the initial conditions are about the computing quantities, such as
flow velocity, temperature, pressure and mixture concentrations, at time t = 0. We use
initial conditions to setup ignition source. Therefore, it will be explained in the

concrete case studies in chapters 5 and 6.

(i) Symmetry planes or impermeable walls
When fluid flow issues are symmetric in relation to one or more planes, on the plane
of symmetry [76], the component of the velocity vector is of normal to the boundary

and the gradients of the other variables [77].

(i) Inlet and outlet
Inlet boundary conditions are the Dirichlet boundary conditions, that is, the values of
the variables on inlets are given [76]. The outflow boundaries in this work are

specified as follows:

0q _

pol 0 (3.49)
This is not all, the next section shall focus on numerical methods which shall

constitute the bedrock of this research work and finite volume method shall be

employed for purposes of obtaining accurate and robust results.

0 Chapter 3 Basic Equations and Numerical Schemes 59



3.3 Numerical methods

There are two ways to solve the equations in section 3.2 - analytical solution method
and numerical solution [76]. Analytical solutions are not available to the problems in
this work, the numerical solutions are used. There are three possible numerical
methods for the numerical solutions which include finite difference, finite volume, and

finite element, but for this research work, we will use finite volume method [76].

3.3.1 Finite volume methods

The finite volume method is to solve the equation (3.2) with the form of integration.
To start with, the computational domain is meshed and the finite volumes over the
domain are built up. Then, the basic equations with the form of integration are
discretised in each control volume [76]. Finally, the discrete equations are solved and
calculated to obtain the numerical solutions of the problems. The meshes employed in
this work are the structured mesh of square element or cell, that is, a square is one
finite volume. As is well known, the resolution of mesh is critical for accurate
numerical simulations [77]. Therefore, technique of adaptive mesh refinement (AMR)
is applied to generate the reasonably fine meshes and distribute the dense elements
into the necessary areas of the domain. One of the structured mesh’s disadvantages is
that it cannot mesh geometry-complex domain, however, its advantage is that it is able
to produce very accurate numerical results [76]. Fortunately, the computational
domains in this work are not complex, so the structured mesh is one of the best options
to the problems of this work [77].

Adaptive mesh refinement is a complicated procedure which will be addressed in
coming section in detail.

Having the meshes of computational domain, the next step is to calculate all the
quantities of the variables in the finite volumes and on its surfaces, which are detailed

below.
3.3.2 Calculations of various fluxes on the surfaces of control volumes

Generally, the finite volume method entails a splitting of f(q) into two components
f*(q) and f~(q), to obtain equation (3.52),

fl@=F @+ (@ (3.50)
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This is satisfied under the restriction that the eigenvalues A}, and A, of the split
Jacobian matrices and this is to meet the conditions 4}, > 0 and A,,, < 0 for all
m =1, ..., M as shown in equations (3.53) and (3.54) below and the splitting is needed

to reproduce regular upwinding i.e.

~ oft

i) =252 (3.51)
A or—

NOEE (3.52)

Also, the finite volume method will then lead an unknown flux F(q;, qg) by

F(qr.qr) = f*(q) + f~(qr)- (3.53)

This is the nonlinear equation

9a , of@ _ (3.54)

R q(x, A) dx — SpAtqg + At[f(qR) — F(q1,q)] =0 (3.55)

and for equation (3.56)

At _ — —
Jo5% g, 88) dx — Spatqr +At[f(qr) — F(qu q)] =0 (356)
As the integrals in (3.55) and (3.56) must be equal, we immediately find the correct
expression for the flux approximation for a scheme that internally utilises a modified
conservation law:

F(qy,qr) = F(qu,qar) — f(qr) + f(qr) (3.57)

An analogous calculation for the smallest eigenvalue S; and integration gives
[S.At, 0] X [0, At] gives,
F(qu,qr) = F(qu.qr) — f(q) + f(qL) (3.58)
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We insert for F(q,,qr) and f(qL/R) the expressions from equation (3.57) and (3.58)

and derive,
F(qu,4r) = f(q) + X3,<0 @ AmPin = f(qr) = X320 Gm AmFm (3.59)
F(qu.qr) = f(q) + A"Aq = f(qr) — A*Aq (3.60)
Using the finite volume method, equation (3.63) will be obtained

A— L Nl l
Qi = @l - & A (Qj'QjH)AQ“% (3.61)
s\ 44%(0)-1, 0D)A0! '

A_(qb qr)Aq = Zim<0 am /Tmfm (3.62)
A+(QL' QR)Aq = Z,Almzo Am imr,\'m (363)

Considering the notations A*A := A*(q,, qzr)Aq and by applying the waves,

W,, = a,, T, the fluctuations (3.64) can thus be written
ADN= 33 oAy W (3.64)
A*N= 33 20 AmWh (3.65)

3.3.3 Calculations of the sources

In discretising directly, the system of partial differential equations (PDES), the finite
difference discretisations are obtained through the process of replacement of the
derivatives [77]. Finite volume (FV) approach as another ideal is based on the
discretisation of the integral form and this can result in numerical schemes that are
conservative for s = 0. According to the theorem postulated by Lax and Wendroff

which shows that the limit q (x, t) of a converging conservative scheme is constantly
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a weak solution. A rectangular computational cell Cj, which surrounds each mesh

point (x{,x¥) can be defined, and the domain of cell Cjx can be interpreted as,

.01 .
L =[x; %,x; 21X [x, %x, ?] (3.66)

The I and the discrete time interval [t,t;,4[ as integration domain are used in the

integral form and equation (3.67) is obtained,

foet 5500 Ty Fo(0C0,0)om(@)B00t = [ J s(aCnoxde (367

The value Q (¢) is an approximation within each computational cell Cj;, are the exact

cell average value,
1
Qe®) ==, A t)6x (3.68)

By employing the approximated values Q. (t) instead of q(x,t) as argument for

s(q(x, t)) a natural approximation to the cell average of the source term function is

found immediately:

s(Qu(®) =, s Dbx (3.69)

Furthermore, we define numerical flux functions F™ at the sides of Cj; by

1+1/2(Q(t)) _ 1 k s f1( ( ]+1/2,x2,t)> 5%, (3.70)

2+1/2(Q(t)) = 1 1/2 fz (Q(xb k+1/2 t)) 6xq (3.71)

Axq

When equation (3.68) is approximated and divided by |I;|, equation (3.69) is

obtained,

Q}k(tl+1) - Q}k(tl) Zn 1A ftlﬂ( n+1/2(Q(t)) n 1/2(Q(t))) (372)
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3.3.4 Explicit schemes
This is the simplest method of evaluating all fluxes and sources of known values at t.
The time explicit scheme will be obtained when the Euler method is employed to

estimate all time integrals of equation (3.74) [77].

Q' = Qb = B (B2 @Y - FTVR@Y) + 8es(Qh) - (373)

Where t stands for time in seconds

3.3.5 Explicit-implicit schemes

In this method, stability is of great requirement because the analysis of the methods
for ordinary differential equations (ODESs) would need the use of backward or implicit
Euler method. Also, in this method, all the fluxes and sources will be evaluated using
unknown variable values at the new level. However, when all fluxes disappear, f, =0,

then equation (3.1) above becomes ordinary differential equation (ODE) [77].

2 =s(a®) (3.74)

Qi = s (Qu(®)) dt (3.75)

Q' = Qb — i (B2 @Y - B2 @Y) (3.76)
Q' = Qe — Xioa - (FR2@) - (@) (3.77)

3.3.6 Method of fractional steps

The time-operator splitting that is applied determines the method of fractional steps.
The initial conditions resulting from the preceding step would be employed in solving
the homogenous partial differential equation and the ordinary differential equation
[77].

9 9 At
3¢ T Zimig, fu(@) =0.1C: Q1 = Q' (3.78)
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%9 s(q), 1C: Q1 S Q1 (3.79)
Qi+l = s@Og @O (b (3.80)
ot = (2305068 oy (3.81)
Qi1 = 3 x49 (Y (3.82)
QW = )(f%“)xﬁ“)xgm)((?l) (3.83)

F(qL,qr) = Aq, + AA,

=Aqr —ATAg=ATq, + A" qr. (3.84)

F(qu, qr) = 5 (Aq, + Aqg — AlA,). (3.85)
01 = Q) — 2 (F (0} 0lhr) - F(@1-1,0D) (3.86)

= Q} = (A7Ql1yo + 4701 )0) (3.87)

3.3.7 Courant-Friedrichs Lewy (CFL) Condition

In CFD simulation, the CFL number describes how fluid is flowing through the
computational cells. This implies that if the Courant number is <I, then the fluid
particles are flowing from one computational cell to another within one-time step, but
if the Courant number is >1, it shows that the fluid particles are running through two
or more computational cells at each time step. Therefore, it is a good way of controlling

the time step using CFL Numbers [77].

|Am At

~—=<1, forallm=1,..,M. (3.88)
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where u is the magnitude of the velocity (whose dimension is length/time); At is the
time step (whose dimension is time); Ax is the length interval (whose dimension is
length). The following next section will centred on adaptive mesh refinement in object-
oriented C++ (AMROC) which is very central in this research work.

3.4 Adaptive Mesh Refinement

AMROC software [78] provides an object-oriented implementation in C ++ of the
block structured adaptive mesh refinement algorithm by Anshu Dubey et al in 2021
[79] and Oda Marit Olmheim in 2021 [80]. With the AMR tools, the flow solvers are
implemented, which calculate the equations in section 3.3 and solve for the basic
equations in section 3.2. the calculated results are stored in the Hierarchical Data
Structures, i.e., HDF4 format [79].

3.4.1 Adaptive mesh refinement strategies

Generally, a broad range of different scales is involved in detonation simulations and
non-reactive inviscid fluid flow computations [77], [80].. In obtaining a high resolution
of the physical relevant phenomena, a viable implementation of the finite volume

shock utilises non-uniform grids [81].

/]

Figure 3.1: Unstructured refinement strategy [76], [81].

There are two techniques of adaptive mesh refinement (AMR) which include (1)

unstructured approach and (2) structured approach adaptive mesh refinement.

(1) Unstructured approach
The cells that need refinement are purely substituted by finer cells and in addition, the

numerical solution is modern on the entire grid at the same time. Also, superior
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geometrical flexibility accounts for unstructured triangulations [77], [80]. The vertices
and their coordinates are kept explicitly, and the basic discretisation is virtually non-
uniform as shown in Figure 3.1 above. In recombining the fine cells, a coarsening step
would be needful. The CFL condition for the smallest cell would need a time step

thereby making time-explicit finite volume schemes incapable [81].

(2) Structured approach

One of the advantages of structured approach over that of the unstructured is that the
structured mesh has the capability of accepting optimisation which can regulate the
technical disadvantages of the techniques of unstructured refinement. Moreover, a
typical refinement block of cells is a substitute for a single coarse cell in a structured
refinement strategy [81]. For instance, using a general data tree, refinement blocks
achievable can be effectively obtained as represented in Figure 3.2 below. Also, the
data tree can skip explicit storage of parent- or child-relations and the application of
integer coordinate system which permits the easy check of neighbourhood

relationships.

Figure 3.2: Mesh and local quadtree-tree of a structured mesh refinement strategy [76] [81].

However, considering the time-explicit finite volume schemes, the time-space
constructed include interior boundary conditions that can be handled with average
expense thereby permitting a successive time step refinement with refinement factor r
[81]. The hanging of nodes along the coarse fine interfaces which is certain is the
associated disadvantage. The structured approach which operates with accessible
computer memory is better than the unstructured technique, consecutive memory
blocks of cells, consecutive memory blocks of r¢ cells [81]. In addition, a boundary

size of at least two ghost cells and the memory demand for the boundaries only can
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suddenly exceed that of the mere refinement regions which accounts for high
resolution schemes [81]. However, if refinement blocks of random size are examined,
unwanted overlapping refinement boundaries can thus be absolutely removed. A real
systematic strategy that entails a remarkably greater algorithmic complexity and a

broad software infra-structure is applied in a block structured approach.

Grid hierarchy

— parent/child
------ neighbours

Figure 3.3: The block structured refinement grids of the AMR method create a hierarchy of
rectangular sub grids [76], [81].

3.4.2 Block structured adaptive mesh refinement

Berger and Oliger were the first to initiate the study of block structured adaptive mesh
refinement technique (AMR or SAMR) for hyperbolic partial differential equations,
but the initial method employed considered rotated refinement grids that required
complex conservative interpolation operations. Presently, Adaptive Mesh Refinement
(AMR) is the clarified variant of the work of Berger and Colella that only permits
refinement patches in conformity with the coarse grid mesh [82]. A pathway
refinement strategy is stuck to rather than replacing single cells with finer ones of the
AMR method. There is the need of the geometrical description of the refinement
regions and sub grids using the same refinement factor in all space-directions and in

time. A separate refinement factor ri can be employed considering the hierarchical
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level such as the structured approach which required just the implementation of the
numerical scheme on a single rectangular grid [82]. Refined grids are obtained from
coarser cells and the grid patches are perfectly embedded as shown in Figure 3.3 in

section 3.4.2.

(1) Conditions for Adaptive Mesh refinement

Certain conditions are employed in the selection of scalar quantities such as vector of
state and assessed derived quantities for example, the hydrodynamic pressure [82].
The conditions for the selection include the following:

(a) Scaled Gradients

Evaluating gradients multiplied by the step size (scaled gradients) in all directions are
obtainable through an adaptation along discontinuities [82]. If the scalar quantity w,
obtained from the vector of state Qi(t) are achieved, then the cells j, k as represented

in equation (3.92) below are good to go for refinement.

W(Qj+1,k)"W(QjK)= w, (3.89)
W(Qj.k+1)-W(Qjk)> w, (3.90)
|W(Qj+1,k+1)—W(Qj k)|> w (391)

Where w stands for the scalar quantity

(b) Heuristic error estimation
Richardson extrapolation showed that the heuristic estimation of the local truncation
error indicates a simple adaptation criterion for regions of smooth solutions [82].
However, the local truncation error of a difference scheme of order meets this

equation:

qt+AD)-HAD (q(,1) =CAELHI+O(ALH2) (3.92)

0 Chapter 3 Basic Equations and Numerical Schemes 69



3.4.3 Object-oriented implementation
The detailed description of the Adaptive Mesh Refinement (AMR) method constitutes
the basis of the Adaptive Mesh Refinement in Object-oriented C++ (AMROC).

(i) Three-level design

There are three levels pinpoint in the Adaptive Mesh Refinement (AMR). Numerical
scheme and functions are crucial to set the initial and physical boundary conditions.
During implementation, these functions are in Fortran-77 and mimic the syntax of the
popular non-adaptive code Clawpack. Moreover, the Interface objects in C++ supply
a generic approach to these functions to the Adaptive Mesh Refinement (AMR) level
below [76]. The middle level comprises (i) the parallel AMR algorithm and its
components for error estimation, (ii) grid generation and (iii) flux correction and this
is completely in C++. The central class of the Adaptive Mesh Refinement AMR-Solver
(AMR-Solver) consists of Algorithms 2 and 3. An object of this type coordinates the
whole computation and cells methods of the component classes Flagging, Clustering
and Fix up according to the Algorithms 2 and 3 [76]. The middle level operates mainly

on grid-based hierarchical data structure that are supplied by the base level.

(ii) The Hierarchical data structures

Several grid-based data and the hierarchy constitute the base level, and it provides
standard operations which require topological information for example ghost cell
synchronization, interpolation or averaging to the middle level [76]. The mesh widths

Axn;,1 =0, ..., nqx Can be replaced by increasing integers, i.e.

Axy; = [ 7, foralln=1,..,d. (3.93)

k=i+1
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The Framework of AMROC

Numerical Reaction Initial Boundary
Time Step Source Condition Condition

Numerical
Scheme

. InitGrid /
UpdateGrid

AMR-Solver

Boundary
Condition

SetPhysicalGhosis  Inter-Level transfer
AMROC

average O

SetBoundaries

interpolateQ)

AdvanceLevel 0

UpdateLevel 0
Regrid0

GridFunction Q

findboxes Grid generation

Yl‘agCells

InitializeCoarseFluxes

ConservativeCorrection /
AddfineFluxes

Redistibute f

\

Recompose

Redistibute\

) Redistribute
Flux correction

GridHierarchy

Error estimation

Recompose 0
AMROC’s DAGH

Figure 3.4: Object-oriented design of the AMROC framework [76].

The middle level also centred on the object diagram of the entire design as shown in
Figure 3.4, and each arrow in Figure 3.4 above represents a straightforward message

to the object to which it points, and GF stands for Grid-Function.
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3.4.4 AMROC’s DAGH

According to Parashar and Browne [83], the base level is an extension of the DAGH
(Distributive Adaptive Grid Hierarchies) package in implementation, and it is
complete in Adaptive Mesh Refinement in Object-oriented C++ (AMROC).
AMROC’s version of DAGH implements Grid Function- and Grid Hierarchy-classes
that are much more general and allow a more efficient adaptation than those of the
original DAGH package [83]. The Grid Function-class of the original DAGH package
is limited to grids that are aligned to the base mesh that coarsened by a factor of 2.

Thus, the original DAGH usually refines more cells than may be needed.

Table 3.1: Refinement after the last time step of a typical test problem for four computations with an

increasing number of refinement levels with AMROC’s DAGH and the original DAGH [76].

imax Level 0 Level 1 Level 2 Level 3 Level 4

AMROC’s 1 43/22500 | 145/38696
DIAGH 2 42/22500 | 110/48708 283/83688
grids/cells 3 36/22500 78/54796 | 245/109476 | 582/165784

4 41/22500 88/56404 | 233/123756 | 476/220540 | 1017/294828
Original 1 238/22500 | 125/41312
DIAGH 2 494/22500 | 435/48832 | 190/105216
grids/cells 3 695/22500 | 650/55088 | 462/133696 | 185/297984

4 875/22500 | 822/57296 | 677/149952 | 428/349184 | 196/897024

The simplifying assumption that two grids on neighbouring levels only can be
connected by a 1:1 relation is limited in Distributive Adaptive Grid Hierarchies
(DAGH). AMROC’s DAGH is a important improvement over the original package.
The maximal number of grids on all levels is equal and this reduces the recompositing
overhead on higher levels but leads to an increasing waste in advancing the numerical
solution, and the coarser level grids will split [83].

Table.3.1 represents the number of grids and cells for a uniform refinement factor of
2. Hilbert’s space-filling curve on 7 computing nodes is applied for computing all
solutions. However, if only one or two refinement levels are applied, the simplification
in Distributive Adaptive Grid Hierarchies (DAGH) will not be considered, but if a
higher number of levels is required, then permitting arbitrary AMR will be paramount
to have a drastic improvement [83]. In AMROC’s DAGH, level-dependent refinement
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factors such as multiple periodic boundary conditions, a restart option from memory
for automatic time step algorithms and a restart feature for a variable number of

computing nodes would be needed as supplementary new features [76].

3.4.5 Capabilities of AMROC over other CFD software
The advantages of AMROC include:
(1) There are several CFD software used for CFD simulations, but AMROC is
unique for simulating detailed chemical combustion reactions, although Fluent
may be used [82], [83].
(2) Because in CFD simulations, AMROC has an adaptive refinement and mesh
refinement quality. This enables us to do direct numerical simulation (DNS)

for combustion simulation [84].

3.4.6 Limitation of AMROC
The major limitation of AMROC is its mesh. As it uses block structured meshes, the
simulated domain configuration must be quite regular, but cannot be complex. Thus,

it is limited to study the mechanisms of explosions in simple geometries [84].

3.5 Validation and verification of this research work
Validation of this research work is on different pages of this research report:
Experimental methods are very difficult, and thus measuring fast combustions at
300K looks absolutely impossible.
However,

» Comparison of induction time of numerical simulation and that of experiment

as presented on page 108 of this Thesis report shows consistency.

* Also, from Liberman’s result, it showed that reaction zones and flow patterns

were consistent as showed on page 109 of this Thesis report.

* In addition, Kuznetsov’s results showed that the results obtained were

consistent as shown on page 109 of this Thesis report.
» Comparing this research work result with already published work.

To this end, it showed that the results were accurate and correct.
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Chapter 4 Chemical Kinetics

4.1 Introduction

In this chapter, the following concepts will be treated such as the basic concepts of
reaction rates, the chain reaction theory, the mechanisms for combustion reactions of
hydrocarbon fuels, the oxidation mechanisms of hydrogen and carbon monoxide as
well as the oxidation of hydrocarbons. Chemical kinetics is a theory on chemical
reaction rates that is an essential part in the basic equations in chapter 3. This theory
stemmed from the pioneering researches of Guldberg and Waage between 1864 and
1879, and they published the following papers which include (1) The Henderson
approximation and the mass action law of Guldberg and Waage (2002) [85]; (2)
Guldberg and Waage and the law of mass action (2021) [86]; (3) Cato Guldberg and
Peter Waage, the history of the Law of mass action, and its relevance to clinical
pharmacology (2021) [87]. Others include (4) Deviations of H-bonded aggregates in
liquids from the Guldberg and Waage equilibrium expression (2019) [88]; (5) MAGE:
A semantics retaining K-anonymization method for mixed data (2014) [89]; and (6)
Note on an Extension of the Theoretical Applicability of Guldberg and Waage’s mass
Law (2021) [90], [91]. Their study established the law of mass action and the concept
of chemical equilibrium which laid a foundation for chemical kinetics [92].
Afterwards, many researchers proposed various concepts and mechanisms on
chemical reactions and contributed to the completeness of the theory of chemical
kinetics [93]. In this chapter, the chemical kinetics relevant to hydrocarbon combustion

reactions is reviewed and discussed.

4.2 Basic concepts on reaction rates

4.2.1 Law of mass action
The law of mass action is a basic law for chemical reaction rates [94]. To discuss this

law, let us present a forward chemical reaction as follows:
N i KLeN
2i=1ViM; > X v M; (4.1)

The rate of change in the molar concentration ¢; (moles per unit volume) of species i,

is the reaction rate for this species and is calculated by:
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~ _dCi

P = (4.2)
One can see that equation (4.2) is distinctively related to @; of species j by
o _ O
vi—v!  v—v| w (4.3)

Where w represents the reaction rate
The law of mass action states that the reaction rate, w, is proportional to the product

of the concentrations of the reactants as represented in equation (4.4) below

© = k(T I, ¢ (4.9)

Where w stands the reaction rate
where the proportionality factor k.(T), to be specified later, is called the specific
reaction rate constant and is primarily a function of temperature.

For instance, an elementary reaction involving:
H* +HO, » OH™ + OH~ (4.5)
It can undergo oxidation of hydrogen and hydroperoxyl and this can be represented as

+ -
b= _ At dlHO) _ 1dloH7] 4.6)
dt dt 2 dt

and the reaction rate based on the law of mass action would be given by

w = k[H*][HO,] (4.7)

4.2.2 Reversible and multistep reactions

(@) Reversible reactions
The forward reaction of the law of mass action, equation (4.8) below is a match for

backward reaction,

W kg ,
Iiv=117iMi _’Zliv=1viMi (4.8)
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. kp ,
Zliv=1 v; M; _>21iv=1 v; M; (4.9)

A combination of the reaction rate of the forward and backward reactions of,

O =Bif+dyp = (v; — vi’)(wf — wp) = (v; — v{)w, with @ would give,

!

W=k [Tyc]" = ky [T ¢} (4.10)

When the reactions are at equilibrium, w = 0, k and k,, are obtained since the forward
reaction rate is balanced by the backward reaction rate, equation (4.10) resulting in

= [T e (4.11)

Thus, the equilibrium constant, K, is obtained from equation (4.11) above yielding,

Y=k, (4.12)
kp

A substitution of equation (4.12) into equation (4.10) will give equation (4.13)

o =l (T~ KT ) (4.13)

The backward reaction and its progress can be grossly affected if the reaction is
endothermic or has a high energy barrier, and this is referred to as an irreversible

reaction.

w =k [T ¢! (4.14)

(b) Multistep reactions
In certain reactions, the original reactants react with each other in a single step as
shown in equation (4.14) above, the stoichiometric methane oxidation is represented
as,

CH, + 20, - CO, + 2H,0 (4.15)
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In addition, the products comprise many more species than only CO2 and H20O, as do
others. Therefore, if there are K such intermediate reactions involved,

NovhM = I v M, k=12,..,K, (4.16)

then the generalised law of mass action is
!
v

W =k TSy ¢ = kg p TISy €% k= 1,2, .0, K, (4.17)
Thus,

@i = YR 1(vi — vik) ok (4.18)

It may be noted that in the above the subscript for @ is for species i, whereas that for

w is for reaction k.

4.2.3 Reaction equilibrium
(1) Steady-state approximation

A complex chemical reaction scheme that usually results in the formation of products
from reactants often produce reaction intermediate. Hence, if i is such an intermediate

[93], then the reaction rate is expressed as,

@ =% = o — a7 (4.19)

~ —

where @ and @; represent the rates of generation and consumption reactions

respectively, then the steady-state approximation would be,

dCl‘
dt

L (@f,d7) (4.20)

Therefore,
DF = w; (4.21)

(2) Partial equilibrium approximation
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Partial equilibrium approximation accepts that the forward and backward rates of a
reaction k will be much larger than the net reaction w; and thus, w; = 0 [93] as

represented in equation (4.22), showing that

wg Y
i w (4.22)
Thus,
kkal 16; Vi _kkbnl 1C (4.23)

When wy, is considered in relationship with the forward and backward reactions in
equation (4.17) above, it would be small, but it would not actually be small when

compared to @; in equation (4.18).
~ d i " 14 ~ .
@ === (v — Vi1 )wy + Xz Bip 0 = 1,2, N, (4.24)

But when i =1, it would become,

dCl

=—t= (v~ v11) @1 + Xy D (4.25)

W
17 ae

By method of elimination, removing w; would give,

dCl ZK Zalk + ( i1 1711) [dC1 Zlk(=2 &jl,k] ,i = 2' ’N (426)

dt v1 1—v1 1

4.2.4 Arrhenius law: theories of reaction rates

Basically, the specific reaction rate constant k(T) is temperature dependent, and the

Arrhenius law states that,

din k(T) _ Eqg
dr  ROT?’

(4.27)

where E, is the activation energy of the reaction (cal/mole or joule/mole).
By integrating equation (4.27) when E, is a constant in relation to temperature will

give,
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k(T) = Ae Ea/R°T, (4.28)

where A = the frequency factor or the preexponential factor, and R is a constant.

Eq
Ta = F' (429)
For constant values of A and E,, a plot of In k(T) versus 1/T exhibits a linear
relationship, with A and E, respectively obtained from the intercept and slope of such
a plot as shown in Figure 4.1 below [95], [96], [97], [98]. Moreover, a modified

Arrhenius equation can thus, be introduced by expressing

A= A(T) = BT® (4.30)

State of activated
complex

Potential Energy

Products

Reaction Coordinate

Figure 4.1: Potential energy diagram showing the concept of reaction activation [95].
k(T) = BT%e Ea/R°T (4.31)
where B stands for a constant, and « is temperature exponent.

v M — (), (4.32)

Ky (T) = exp{—[XILi(v; — v{)]/(R°T)} (4.33)
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LaviM; = X, vl':lMil" (4.34)

dN; _ de

——L = d), (4.35)

" !
v —v; 7Y

dN; = (v, — v})dA, (4.36)

4.2.5 Rates of reactions and their temperature dependence

Generally, chemical reactions like hydrolysis, or combustion type occur at a definite
rate and are determined by the conditions of the system [95]. Thus, the reaction rate
could be expressed as the rate of decrease of a reactant concentration or that of increase
of a reaction product [93]. Experimentally, the law of mass action states that the rate
of disappearance of a chemical species i, defined as RR; is proportional to the product
of the concentrations of the reacting chemical species, wherein each concentration is

raised to a power equal to the corresponding stoichiometric coefficient; (see equation
(4.36) below) [95].

RRi~ H7=1(Mj)v} , RR =k l_[;'l:l(Mj)v; (4.37)

Where k is the proportionality constant termed the specific reaction rate coefficient,
2 v; and it is symbolised as n, which is referred to as the overall order of the reaction;
vj itself and would be the order of the reaction in relation to species j [94]. The rate of

change of the concentration of a given species i in a reacting system is represented by

L) = [v = vi] RR = [v; — v/] k [Ti=y(M;)"” (4.38)

since v] moles of M; are formed for every vj’ moles of M; consumed. In many systems
M; cannot only be formed from a single-step reaction as represented in equation (4.37)

but can equally be formed from many different steps. In evaluating experimental data,
a pseudo-first-order condition can occur when one of the reactants, generally the

oxidizer in a combustion system is in large excess [96].
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4.3 Chain reaction theory

Chain reactions play fundamental roles in combustion reaction mechanisms. They are
comprised of three basic steps, i.e. chain initiating step, chain carrying or propagating
step and chain terminating step. The most important chain reactions to combustion
processes are two in them: - straight-chain and branched-chain reactions, and they shall
be treated in detail individually [95]. In the section below, we will treat hydrogen-

oxygen reactions as examples and explain the two chain reactions.

4.3.1. Straight-chain reactions: the Hydrogen—Halogen system
Hydrogen—halogen system has a direct reaction path and it is used in this context to

explain straight-chain reactions as shown below:

k
H, + X, - 2HX (4.39)
And the rate of product formation of HX is given by

T8 = 2k [Hy][X,) (4.40)

where X, stands for halogen molecule F,, Cl,, Br,, or I,.
Nevertheless, it is worthy to note that the reaction between H, and X, to produce HX
often takes a more complex scheme comprising these consecutive five major steps [76]

which are as follows:

X, +M IHX + X+ M Chaininitiation (4.41)
X+ H, Iﬂ HX +H Chain carrying (4.42)
H+ X, ’ﬂ HX + X Chain carrying (4.43)
X+X+M ’E; X, +M Chain termination (4.44)
H+ HX IE’) X+ H, Chaincarrying (4.45)

In distinguishing the reactant, the reaction number of a reaction mechanism is used by
the symbol. For instance, H is used for reactions involving hydrogen oxidation, M for
methane oxidation, C, for the C, hydrocarbon species, to mention a few [76].
Considering the halogen—hydrogen mechanism above, the reaction (4.41) is the chain
initiation step in which a halogen molecule is broken down into two halogen atoms
[97]. Also, immediately a halogen atom X is produced through reaction (4.41), then
the production of hydrogen halogen, HX will be affected by reactions (4.42) and (4.43)
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above by the reaction intermediates which are known as chain carriers, H and X [76].
Hence, these reactions (4.42) and (4.43) are the chain-carrying steps and this is based
on the fact that in each of them the breakage of one chain carrier will eventually result
in the formation of a new chain carrier thereby making the number of chain carriers in
each step constant. Thus, a closed sequence of reactions (4.42) and (4.43) will be
formed in that at the end of the reaction sequence (4.43), a new halogen atom, X, will
be formed capable of starting the process all over again from reaction (4.42) [76]. The
net result of reactions (4.42) and (4.43) will be exactly equal to that of the direct path
of above reaction (4.42) [97]. Also, reactions of (4.41) and (4.42) are the forward
reactions of reactions (4.44) and (4.45) respectively; but reaction (4.44) is a chain-
termination step in which two halogen atoms, X will recombine by colliding with the
third body M and reaction (4.45) is the chain-carrying step [93]. However, this hinders
the rate of the net production of hydrogen-halogen, HX. Reaction (4.43) is greatly
endothermic, hence not vital for reaction [95].

The reaction rates of the concentration variation of the five components are presented

as follows:

dEZZ] = —k s [X][Hz] + ko [H][HX] (4.46)

ds(f] = —ky f[X,1[M] — ks p [H][Xo] + kq 5 [X]?[M] (4.47)

T = ko fIX1[H,) = ko [H][X,] = ko [H][HX] (4.48)
W ey p LM — ey pXTTH,] + ks p[XT[H,] +

ko p [HIHX] — 2k,  [X]?[M] (4.49)

A = by p[XT[H, ] + ks g [H1[X5] — kg [H][HX] (4.50)

Considering the steady-state assumption by the equation below,
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41— g and X = (4.51)
d dt

In solving equations (4.48) and (4.49) for the concentrations of hydrogen [H] and
halogen [X] respectively and making a substitution of equations (4.47) and (4.48) into

(4.50) will give equation (4.52) below,

alH] _ 2kay(kp/kep) [Hy) X112
dt 1+(ka.p/ ks £)[HX]/[X,]

(4.52)

Table 4.1: Heats of reaction steps for the halogen—hydrogen systems at 300 K in kcal/mole [971]

Reaction Equation F Cl Br |

H, + X, —» 2HX (4.39) -129.7 -44.0 -17.4 2.8

X, +M->X+X+M (4.40) 37.8 57.8 53.6 36.4
X+H,>HX+H (4.41) -31.6 1.2 16.7 325
H+X, >HX+X (4.42) -98.1 -45.2 -34.1 -35.3

A comparison of equation (4.52) with equation (4.45) for the direct path of the reaction
(4.39) shows that the two reaction rate expressions are not absolutely the same. The
chain mechanism accurately shows that the increasing concentration of the product has
an inhibitive effect on its own production rate, such that d[HX]/dt varies inversely
with [HX] [93]. Table 4.1 in section 4.3 explains the influence of the heats of reaction
of the individual steps of the reactions on their relative efficiencies in the chain process
coupled with the behaviour of the various halogens [97]. Furthermore, Table 4.1
reveals that the net change of all the halogens in equations (4.39) and (4.42) are
exothermic and the initiation reactions for all the halogens in equation (4.40) are
endothermic, but, for equation (4.41), the net change of all the halogens in equations
(4.41) is endothermic except for fluorine which was exothermic [76]. To this
background, the hydrogen-halogen reactions are not spontaneous and thus, an ignition
stimulus would be required. It is observed that the basic chain reactions carrying F —
H, and H —F, steps of the F, — H, system of the reaction will be extremely
exothermic which shows that the general reaction would progress rapidly though its
initiation reaction is endothermic by 37.8 kcal/mole [97]. The moderate

endothermicity of the Br — H, reaction would weaken the intensity of the general
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chain mechanism of the Br — H, reaction, and for the I — H, reaction steps, the

endothermicity is definitely high [95].

4.3.2 Branched-chain reactions

In branched chain reactions, there is the net formation of chain carriers, and this can
result to a very fast rate of the general reaction which will eventually lead to an
explosion [76]. A very good illustration is the chain cycle involving hydrogen—oxygen

reaction scheme.

H*+0,->0H +0 Chain branching (4.52)
O+H,—>OH+H* Chain branching (4.53)
OH + H, » H,0 + H*  Chain carrying (4.54)

In the above chain reactions, the O and H atoms and the OH™ radical are the chain
carriers, and it shows that in each of reactions (4.52) and (4.53), two chain carriers can
result when one chain carrier is present as a reactant, hence they are thus known as
chain-branching steps [76]. Besides, the net reaction of the chain cycle of reaction

(4.52) to reaction (4.54) indicates that two H ions are produced per chain cycle.

3H, + 0, » 2H,0 + 2H™ (4.55)

The chemical reactivities of different chain carriers are not the same, but the chain-
carrying reaction can be reduced or empowered.
For instance, a good illustration of such reaction is:

H+0,+M > HO,+M (4.56)

From reaction (4.59), when a very active carrier H is consumed, then a very inactive
carrier HO, will be formed. In the reaction CH, + H — CH; + H,, the reactive H atom
will be interchanged for the less reactive radical C Hs. Thus, pressure and temperature
are determinant factors of the common behaviour of an explosive mixture, and this can

be demonstrated by the following process [95]:
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k
nR = C Initiation (4.57)

k
R+C—>aC+P Chain— branching cycle (4.58)
k
C+R+R3+P Gastermination (4.59)
Few
C — + P Surface termination (4.60)

It can be stated that in the above reactions that C is the chain carrier where a > 1 s
the multiplication factor in the chain branching cycle, and P the stable products
obtained. Also, the gas termination reaction has a three-body process, but surface
termination has one-body process.

In obtaining C, its production rate can be written as:

2 = ky [RI™ + (a — Dk, [RI[C] — kg [RIP[C] — ky[C] (461

Also, it can be better written as:
d[c]

L5 = ka[R]™ + ks [R](a — ao)[C] (4.62)
where
a. =1+ "g[:;]Tf]kw (4.63)

The concentration of the chain carrier, [C] in equation (4.62) varies with time, for
(a — ac) > 0 and the situation of a > a, leads to the condition for the occurrence
of branched-chain explosion, and the term a, is the critical multiplication factor at
which the mixture becomes very explosive [95].

Explosion is quite feasible for small a,. that relates to situations of fast chain-branching
reactions (large k,) and/or slow chain-termination reactions (small k, and k,,) as
noticed in equations (4.62) and (4.63). Thus, since [R] is proportional to the system

pressure p, equation (4.64) will be obtained,

ac—>1+kl:‘[‘;]—>oo,asp—>0,

kg[R]
ac—>1+“;€——>oo,asp—>oo,
2

(4.64)

This reveals that explosion will not be practicable for conditions of very low or very
high pressures [99]. Furthermore, as the gas density decreases with p — 0, the chain
cycle will be less efficient since it involves the collision between two molecules [98].
Nevertheless, the wall termination reaction is determined by only the concentration of
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the chain carrier thus becoming more efficient and consequently the resulting effect
will retard explosion [76]. In like manner, as p — oo, the increase in density will make
the three-body gas termination reaction to occur when related to two-body chain-
branching reaction, and this further retard explosion [98]. Conversely, the gas and wall
termination reactions are not temperature sensitive, thereby making k, and k,, to be
very close constants, and thus, the activation energies found to be exactly zero [98].

However, as the temperature is increasing, the critical multiplication, a,. consequently
decreases and the gas will become more explosive [76]. Based on the release of energy
from the activated radicals, the termination reactions will become highly exothermic.
Figure 4.2 clearly explains the above behaviour which is illustrated with a C-shaped
explosion limit curve. Usually, increasing the pressure ceaselessly of an initially
nonexplosive gas at a given temperature will make it to become first explosive and
again become nonexplosive, this continuously increasing temperature will broaden the

explosivity range [95], [98].
Nonexplosive

Explosive

Pressure

Temperature

Figure 4.2: C-shaped pressure—temperature explosion limits due to chain mechanisms and wall

termination [95].

A specific mass of the reactive mixture has to be heated to an adequately high
temperature; the rate of chemical heat generation would be higher than that of heat loss
through various transport mechanisms during a thermal ignition mechanism [98].
Thus, the chain and thermal mechanisms are however connected that the creation of
chain carriers through the endothermic chain branching reactions would need energy
as well as the presence of heating. Hence, a sudden rise in the concentration of the
radical would result in the initiation of several extremely exothermic, chain-

terminating reactions [95].
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4.4 Combustion mechanisms of hydrocarbon fuels
The reaction mechanisms of hydrocarbon combustions are extremely complex and not
well understood in detailed so far [100]. According to the Kkinetics as understood, the
combustion reactions can be basically divided into two classes of reactions: pyrolysis
reactions to H> and partial oxidation reactions to CO [101]. Then the chain reaction
mechanisms for H2 + Oz and CO + O are applied to complete the kinetics of general
hydrocarbon fuel combustions [100].
This section will extensively treat the oxidation mechanisms of certain fuel systems
which entail hydrogen, carbon monoxide, and different hydrocarbons as well as the
production of pollutants in the environment. Quantitatively, fuel consumption, the
formation and destruction of intermediate species, and the formation of final product
are caused by the reaction pathways [102]. In the formation of products from reactants,
several elementary chemical reactions take place and these reactions usually do not
play the same roles in different combustion environments. that for a given fuel. Also,
the oxidation of hydrocarbons shows the involvement of chemical Kinetics in
combustion through the difficult paths. Furthermore, it would be explained that a
limited number of reactions can exercise an important effect in the combustion process
thereby showing the reaction mechanisms of fuel oxidation coupled with the oxidation
mechanisms of hydrogen and carbon monoxide [76]. This section will equally study
the high-temperature oxidation mechanisms of methane as hydrocarbons, higher
aliphatic hydrocarbons, and that of aromatic hydrocarbon oxidation at low to
intermediate temperatures and the chemistry of pollutant formation. Besides, the
physical states under normal conditions are used for the categorisation of fuels and
such gaseous fuels include hydrogen (H,), carbon monoxide (CO), and the light
hydrocarbons (HC). Generally, liquid fuels are heavier hydrocarbons and alcohols, and
solid fuels include carbon, coal, wood, metals, solid propellants, to mention but a few.
Hydrocarbons constitute majority of the fuel supply among all materials since great
amount of heat is released when hydrocarbons under complete oxidation. The
stoichiometric oxidation of one —CH, — group in a typical aliphatic fuel molecule
would release about 156 kcal amount of heat per mole of CH, consumed [95],

—CH, + 1.50, - H,0 + CO, (4.65)
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During combustion process of hydrocarbon, the mechanism of the oxidation of
hydrocarbon is designed to introduce the nomenclature and the molecular structures of
major hydrocarbon fuels and the intermediates [76].

Two grounds are needful for the oxidation of hydrogen and carbon monoxide. To start
with, hydrogen and carbon monoxide are the main sources of fuels, and secondly, the
oxidation mechanisms of hydrogen and carbon monoxide are the subunits of the
oxidation mechanisms of the ones of hydrocarbons which consist of hydrogen and
carbon. Thus, the oxidation mechanisms of hydrogen and carbon monoxide and that
of hydrocarbons will be individually treated. Table 4.2 below explains the complete
reaction mechanism for the oxidation of hydrogen and carbon monoxide, their reaction
numbers, and their reaction rate constants. Also, a negative sign in the reaction number

would mean a reverse reaction [95].

4.5 Oxidation mechanisms of hydrogen and carbon monoxide reactions
Usually, the reactions involving hydrogen and oxygen produces water vapour, and the
pressure that is produced increases the reaction except it is slowed down by the water
vapour. However, the vapour pressure of the water can be checked by temperature
variation of the walls of the vessel. Also, it was found that the pressures of the reactions
of hydrogen and of oxygen showed that the rate of the chemical reaction was affected
by pressure variation [102].

The chemical reaction kinetics gives information concerning the rates and product
distributions of elementary chemical reactions and the thermochemistry of unstable
free radicals

In the chemical runaway of a homogeneous mixture when subjected to wall
deactivation, the chain mechanism of the hydrogen—oxygen system will show a Z-
shaped pressure—temperature explosion-limit boundary conditions as illustrated in
Figure 4.3 below, and this Figure below clearly explains the oxidation process which
was carried out in a heated and pressurised chamber [95]. At high temperatures,
explosion is always feasible and when the pressure increase is stable [103], [104].
When there is high temperatures during processes of hydrogen-oxygen mixtures,
explosion is regularly practicable, but when there is moderate temperature with a
consistent pressure increase, there will initially be non-explosive mixture and

consequently the non-explosive mixture will suddenly become explosive [76]. The
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situation of this kind which has been noticed both experimentally and computationally
for hydrogen—oxygen mixtures in other systems for instance the ignition temperature
of a uniform flow for a given pressure and residence time will entail the Z-shaped
response [76]. However, there will be three feasible initiation reactions for the present
H>—O. system which include the dissociation of Hz, the dissociation of Oz, and the
reaction between H, and O because the starting reactions contain only the reactant

species which are as follows:

H+M— H+H+M (4.66)
02+M—->0+0+M (4.67)
Hz + 02— HO2 + H. (4.68)

Furthermore, the endothermicities of these three reactions which relate to the increase
in enthalpy are 104, 118, and 55 kcal/mole respectively, because the activation energy
of a dissociation reaction is approximately equal to its endothermicity reaction (4.68)
and this is the most important initiation reaction under absolute all conditions [93].
Reaction (4.66) may also contribute to initiation, but only at high temperatures [76].
Reaction (4.67) is usually not preferred because oxygen has a larger dissociation
energy than hydrogen because of the presence of double bond. Considering the
production of H from either (4.66) or (4.68), the following chain reaction is initiated:

H+ 0,—0 + OH (4.69)
O + H,—H + OH (4.70)
OH + Ha— H + H20. (4.71)

In this work, Table 4.2 below describes the kinetics of the hydrogen-oxygen reactions
and its dissociation/recombination as well as the formation of H>O> and HO, free

radicals coupled with the oxidation of carbon monoxide [95].
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Table 4.2: Oxidation of Hz----CO mixtures [8]

No. | Reaction | B[cm, mol,s] | a | Ea (kcal/mol)
H; ----O; Chain Reactions
1 H+0O=0+0OH 1.9 X 10 0 16.44
2 O+H,2H+OH 5.1 X 10% 2.67 6.29
3 OH+H,=2H+ H0 2.1 X 10% 151 3.43
4 O + H,O= OH + OH 3.0 X 10% 2.02 13.40
H,— O, Dissociation/ Recombination
5 H+M= H+H+M 4.6 X 10% -1.40 104.38
6 O0+0+M=20;+M 6.2 X 10° -0.50 0
7 O+H+M=20H+M 4,7 X108 -1.0 0
8 H+OH+M=2HO+M 2.2 X 10% -2.0 0
Formation and Consumption of HO,
9 H+O,+M 2HO+ M 6.2 X 10%° -1.42 0
10 HO,+ H=2H, + O, 6.6 X 102 0 2.13
11 HO,+H = OH + OH 1.7 X 10 0 0.87
12 HO,+ O=0OH + O, 1.7 X 108 0 -0.40
13 HO,+ OH= H,0 + O, 1.9 X 106 -1.00 0
Formation and Consumption of H,0,
14 HO2+ HO,; = H,0; + 0, 4.2 X10% 0 11.98
1.3 X 101 -1.629
Oxidation of Hp----CO mixtures contd.
15 H,0, + M=OH.OH+M | 1.2 X 10V 0 45.50
16 H,O; + H2H,O . OH 1.0 X 108 0 3.59
17 H,O; +H=H,+ HO, 4.8 X10% 0 7.95
18 H,O;+ O =2 OH+ HO; 9.5 X 10% 2.0 3.97
19 H,O;+ OH = H,O + HO; 1.0 X 10%2 0 0
5.8 X 10% 9.56
Oxidation of CO (Carbon monoxide)
1 CO.0+M=2CO+M 2.5 X 102 0 -4.54
2 CO.0;,+M=C0O,+0 2.5 X 10%? 0 47.69
3 COOH+M=CO,+H 1.5 X 10%7 1.3 -0.765
4 CO + HO; + M= CO;+ OH 2.5 X 103 0 22.95
4.5.1 Hydrogen and carbon monoxide oxidation reaction
!\ Third lirmit
“}1 | None explosive
o’ 2k = kg [M]
g
% o= Second Emit
g Explosive
T =
10 First limit
BSICI ?CIDCI 7%0 B;}D B%D 91;0 }
Temperature (K)

Fiaure 4.3: Explosion Limits of a Stoichiometric H»----O, Mixture [95]
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Because reactions (4.72) and (4.73) entail the collisions between two radical species
whose concentrations are very low, the reverse reactions for the two reactions are not
significant.

Based on the low concentration of the product species, H2O, during the initiation stage
of explosion, the reverse reaction of reaction (4.74) is equally not crucial. Moreover,
explosion would not be visible even with the addition of some H or OH radicals for
adequately low temperatures and pressures owing to the fact that the main chain-
branching step reaction (4.72) is endothermic by 17 kcal/mole and thus would not be
proper at low temperatures [76]. Also, these active species will rapidly diffuse to the
chamber wall where they are destroyed at low pressures.

H, O, OH — chamber wall destruction

Collision will become more frequent and thus reactions are enhanced due to increase
in pressure,

On crossing the first explosion limit, the rate of branching will become massively fast
relative to either the rate of removal at the wall or the finite residence time, and
consequently explosion will take place [93]. In addition, the three-body reaction occurs

as pressure again increases owing to the dominant reaction between H and Ox.
H+O02+M — HO2+ M (4.72)

Thus, as the chain sequence of reactions (4.69) — (4.71) becomes broken, reaction
(4.72) will become an effective termination step of the radical chain process [93]. The
competition between the growth of reactions (4.69) — (4.71) and destruction of reaction
(4.72) of the H atom will determine the second explosion limit. In determining the p-
T dependence of this limit, the rate equations for the H, O, and OH radicals will be

written as

A — a[H][O2] + ke[O][He] + Ks[OH][Hz] ~ ke[ HI[O2] [M] 473)

o —la[H][02] ~ ke[O][H] (4.74)
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4.5.2 Detailed reaction mechanisms for Ho + 02 reaction

The initiation reactions are:
Chain H> + M — H + H+ M (high tempt) (4.75)
initiating Hz + O, »HO; + H (other tempt) (4.76)

The chain reaction steps involving O, H and OH radicals are:

H+ O0,—0 + OH (4.77)
O+H,—H+OH (4.78)

Chain
Branching H, + OH —-H,O +H (4.79)
O + H,O —0OH + OH (4.80)

The chain terminating steps involving O, H, and OH radicals are the three

body recombination reactions [93].

H+H+M—->H+ M (4.81)

0+0+M—-02+M (4.82)

Chain H+0+M— OH+ M (4.83)
Terminating

H+OH+M->HO+M (4.84)

A+M—-A*+M (4.85)

A*+M—-A+M (4.86)

A* — Products

M = third body = any molecules

In completing the detailed reaction mechanism, the following chemical reactions
involving hydroperoxyl radical (HO2), and hydrogen peroxide (H202) will take place
[93]:

H+0,+M—HOz + M (4.87)

Then, the HO, will eventually turns active, and the following reactions occur:

HO; + H— OH + OH (4.88)
HO; + H _, H20 + OH (4.89)
HO, + O _, O2+ OH (4.90)
HO, + OH — Hy02+ O (4.91)
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HO,; + H, — H,02+ H (4.92)

H.02 + OH — H20 + HO> (4.93)
H.0, + H — H,0 + OH (4.94)
H.0; + H— Hz + HO> (4.95)
H.0, +M —-OH+OH+M (4.96)

For example, in heterogenous reaction involving hydrogen and oxygen molecules,
when the pressure is dominant/very high, explosion will certainly take place owing to
free radicals of molecules/atoms with unpaired electrons [93].

This can further be explained from the chemical processes below:

Q) heterogeneous reaction:
Radicals + Wall — products (4.97)

(i) chain initiating
Hp+M—>H+H+M (4.98)

(iii)  chain branching and propagating

H+ O,— O+ OH (4.99)
(iv)  chain terminating
H+O+M—HO,+M (4.100)
(v) chain branching
HO; + H— OH + OH (4.101)

4.5.3 Calculations of reaction rates

‘;—j o kC" (4.102)

All units in mole/m?
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(a) Reaction rates for unimolecular reactions

Law of Mass Action

Radicals O, OH

Radical H H-I-OZ_)OH+O

dC
0O, — _k
dt

Reaction Order

31(T)

Change rate of
molar
concentration

Rate Coefficient

(b) Reaction rates for bimolecular reactions

H+0,—>0H+O

dc,,
dt

= _k3f(T)CH COZ

|
!
kst(T)=AT exp(-EaRy

Arrhenius
Expression

—

Activation
Energy

Frequency
factor

(4.103)

(4.104)

(4.105)

(4.106)

(4.107)
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(c) Termolecular reactions

H+H+M — M + H» Recombination (4.108)
of Radical H
Third Body
dC, _ 2
d—t'*— ~Kiery CmCii (4.109)

M is a third body representing any molecules carrying away produced
energy.

Besides, termolecular reactions are more unique than bimolecular reactions and
unimolecular reactions at high pressures [93]. Reaction mechanisms in chemical
Kinetics can be subdivided into two: (a) thermochemical data for chemical species
which are grouped into a systematic form which explains the combustion of the fuel,
and (b) the coefficients of species’ reaction-rate for the chemical reactions [103]. The
factors affecting the rates of chemical reactions include concentrations of reactants,
temperature at which reaction occurs, presence of a catalyst, and the surface area of

solid or liquid reactants. The Arrhenius reaction rate, k, is modified thus:

k = AT" exp(—E«/RT) (4.110)
where, coefficients A, n, and Eaare individual reaction mechanisms; T represents
temperature of the burning system, and R for universal gas constant. However,
researchers have developed detailed chemical Kinetic reaction mechanisms for
sensitive reaction rates of hydrocarbon combustion with smallest molecules such as
Hz, Oz, CO, and CO> [103]. Consequently, an increase in the molecular size of fuels
in a kinetic model will increase the numbers of chemical species and elementary
reactions. Also, reaction mechanisms produced for fuels showed that gasoline, diesel
and biofuels had 16 to 18 carbon atoms comprising primary reference fuels, n-alkane,
and methyl stearate [104]. Also, a model for the oxidation of hydrogen would contain
10 chemical species and 30 elementary reactions: and for methane, 30 species and 300

reactions, whereas, for n- cetane, 1,200 species and 7,000 chemical reactions [103].
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4.6 Oxidation of hydrocarbons

The relationship between the oxidation of hydrocarbons and this research topic is that
the oxidation of hydrocarbon is a chemical reaction in which a hydrocarbon reacts with
oxygen to produce carbon dioxide, water and heat during a combustion reaction. The
combustion of propane is explained by a detailed chemical Kkinetic reaction
mechanism, and the mechanism comprises 15 chemical reacting species and 24
chemical reactions [93]. The ignition and combustion results obtained from the study
using shock tube are necessary in evaluating the reaction mechanism. However, the
chemical kinetic behaviour showed by the mechanism for stoichiometric mixtures
using numerical simulation of the shock tube experiments is in order with the
experimental results obtained for the whole investigated temperature range. Studies
conducted showed that the reaction mechanism of hydrocarbon reactions which are
involved in the formation of the HO, radical and the H20O. molecule are so vital in the
chemical reaction mechanism. Also, the nonlinear behaviour of ignition delay time
noticed with the decreasing temperature can be explained in terms of the increased
importance of the HO. and H»O: reactions at the lower temperatures [93].

Petroleum gases (hydrocarbons) are obtained as petroleum products during fluid
catalytic cracking and thermal heating processing of crude oil and natural gas.
Petroleum gases can undergo some specific chemical reactions such as combustion
reactions and halogenation. Among these hydrocarbons, propane is highly detected in
the air and the possible pathway through which the general populace inhale propane is
unprotected against it and it is emitted from natural gas, barbeque grills and automobile
emissions [93]. Propane is one of the lightest hydrocarbons in nature and that makes it
one of the cleanest burning fossil fuels and it is non-toxic. Its molecular formula is
CsHs. Besides, it is one of the hydrocarbon components of raw natural gas, a fossil fuel
and it is removed from natural gas before it is sold to consumers as fuel.

The oxidation mechanisms of the hydrocarbons, such as ethane (CzHs), ethylene
(C2Ha), and acetylene (C2H2) will be explained in this chapter. During the combustion
of methane, ethane is formed as a main intermediate, and it is also second main
hydrocarbon of the natural gas. Other fuels include ethylene and acetylene, and they
are the important intermediates of the oxidation of ethane and higher hydrocarbons.
Therefore, the oxidation mechanisms of the first three hydrocarbons in high

temperature flames will be explained [93]. Ethyl radical is produced by the oxidation
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of ethane in flames through the removal of hydrogen from ethane, C>He by hydrogen
(H), oxygen (O), and hydroxyl radical (OH), [103].

C2Hs + (H, O, OH) = C2Hs + (Hz2, OH, H20) (4.111)
The free radical, ethyl radical C2Hs is very unstable, and it produces ethylene and a

hydrogen atom, H when it reacts quickly with hydrogen (H) and oxygen, (O>).

CaHs + (H, 02) = CaHa + (Hz, HO?) (4.112)

CoHs + M = CoHa + H + M, (4.113)

or the free radical, ethyl radical CoHs will react with oxygen forming acetaldehyde
(CH3CHO),

C2Hs + O2 = CH3CHO + OH. (4.114)

Furthermore, acetaldehyde will thus react with hydrogen (H), oxygen (O), and
hydroxyl radical (OH) thereby producing the ethanoy! free radical (CH3CO), followed
by its unimolecular decomposition which will eventually form methyl radical (CHs)
and carbon monoxide (CO) [103].

CH3CHO + (H, O, OH) = CH3CO + (H2, OH, H20) (4.115)

CHsCO + M = CHs + CO + M. (4.116)

Also, the ethyl radical can react with the oxygen atom, O to produce methyl (CH3) and
methanal (CH-0).

C2Hs + O— CH3z + CH20. (4.117)
Besides, the oxidation mechanisms of ethylene and alkanes are not the same because
the oxidation mechanism of ethylene does not need the removal of hydrogen in the
reaction before it can undergo oxidation [93]. Usually, the double bond in ethylene can
easily be attacked directly by oxygen atom and hydroxy| radical, hence, when ethylene
reacts with the oxygen atom (O), it will form methyl radical (CH3) and methanoyl

radical (HCO) because of the easy breakage of the double bond.
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C2Hs + O— CHz + HCO. (4.118)

Also, the reaction (4.118) will yield a secondary chain-branching step that can greatly
increase the oxidation process based on the free radicals formed as products in the
above reaction. In addition, the vinyl radical (C2H3) is formed when H and OH are the
main source of ethylene consumption through the removal of H atom during fuel rich
mixtures [103].

C2Hs + (H, OH) — C2Hs + (H2, H20). (4.119)

The vinyl radical (C2Hz) is very reactive just as that of ethyl radical, and it simply
reacts with oxygen (Oz) thereby forming CH.O and HCO, and CH,CHO and O.

CaH3 + 0; — CH20 + HCO (4.120)

—CH,CHO + 0. (4.121)

In addition, the vinyl radicals can undergo these reactions which can produce
acetylene,
C2Hs + (H, O2) — C2H2 + (Hz, HO2) (4.122)

CoHs+M — CoH2 + H + M. (4.123)
During the fuel-rich combustion of methane, acetylene is a main intermediate and also,
it is an important product of incomplete, fuel-rich combustion which is the
thermodynamics of a fuel molecule to be converted to acetylene [103]. An acetylene

can be converted from a ----CH,---- grouping in an aliphatic hydrocarbon through,

~CHo- = 1/2 CoH2 + Ha. (4.124)

Typically, the process is purely endothermic by about 32 kcal/mol at 1,600 K and the
acetylene is made easy by the change in entropy of the process, and the hydrogen
released will produce a substantial amount of entropy which at the same temperature

evolves 30.8 cal/mol-K [103]. Acetylene, with an enthalpy of formation of 54 kcal/mol
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at the standard state is a highly energetic and dangerous fuel, and in the absence of
oxygen will undergo spontaneous polymerisation [93].

When acetylene is being used as a fuel, it stands for a compound with the greatest
energy density among the readily available fuels with an adiabatic flame temperature
which is basically higher than those of other fuels at the same stoichiometry [93].
Furthermore, the reaction between acetylene and oxygen atom, O is very fast, and

acetylene will not involve the removal of hydrogen, H to start the process of oxidation

C2H2+0 — CH2+ CO (4.125)

— HCCO +H. (4.126)

The methylene radical is easily formed when the ketenyl radical, HCCO is very active,

thus reacting easily with the hydrogen, H.

HCCO +H — CH, + CO. (4.127)

In fuel-rich mixtures, acetylene may also combine with the H atom to produce the
vinyl radical. The vinyl radical can be oxidised very speedily through reactions (4.120)
and (4.121), if oxygen is available [104], Moreover, the reaction for ethane, ethylene
and acetylene combustion has gone to the stage that all the species such as CH3, CH>S,
CH20, HCO, and CO can take part in the oxidation mechanism of methane, and thus

CHa----O2 chemistry can explain it [103].
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Chapter 5 Chemical Reaction Mechanisms of Explosions

5.1 Introduction

This chapter will explore the influences and effects of chemical reaction mechanisms
to generations, propagations, and transitions of explosion waves. To this end, two
premixed combustible mixtures: - hydrogen-oxygen and propane-oxygen are selected
and filled into two-dimensional tube domains, then the mixtures are ignited. The
detailed chemical and physical processes are numerically and accurately simulated.
The results are presented and investigated in this chapter. However, this chapter will
carefully examine the effects of kinetics on the combustion reactions of hydrogen-
oxygen and propane filled in a tube. The layout of this chapter is structured analytically
to cover the sections: Section 1 entails the effects of kinetics on H>-O2 combustion
reactions for case studies 2, 3, 4, and 5; section 2 contains the effects of kinetics on
H2-O, combustion reactions for case studies a, b, ¢, d, and e; and section 3 covers the
effects of kinetics on propane-oxygen combustion reactions for case studies 20, 21, 30,
31, and 40. Moreover, section 1 comprises 4 case studies; section 2 consists of 5 case
studies; and section 3 is made of 5 case studies, thereby having a total of 14 case
studies, but this chapter shall discuss each section separately. This chapter will
critically treat the influences and effects of kinetics on explosion of hydrogen-oxygen
and propane -oxygen reactions using numerical simulation method while also looking
at other diverse factors. Besides, the different factors that will be considered are greatly
useful for designing process safety programmes and fire investigation not only to
protect the assets of an organisation, but to ensure the safe evacuation of all the

personnel present.

5.2 Setup of simulations

Configuration of the case studies and computational setup are detailed below in this
section 1. The explosions to be simulated take place in a domain of tube. Premixed
mixture of fuel and oxidant is filled into tube. A hot gas with very small area is located
at an end or inside of tube as ignition source. Using external energy, the source
initialises the reactions of the combustible mixture which will drive various chemical
reaction waves within the tube.

Some similar phenomena can be observed in a so-called shock tube. The shock tube

can be rectangular or circular in cross-section, usually constructed of metal, in which
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a gas at low pressure and a gas at high pressure are separated using some form of
diaphragm. Shock tube ranges in diameter from 0.6m to 2m and in length from 3m to
15m. It has peak dynamic pressures of 7MPa to 200MPa and has durations of a few
hundred microseconds to several milliseconds. A diaphragm consists of aluminium
foil lying between shock tube pipe segments. In prearranged conditions, the diaphragm
can suddenly burst open thereby producing a wave propagating through the low-
pressure section. Eventually, the formed shock wave can cause an increase in
temperature and pressure of the test gas which leads to a fluid flow in the direction of
the shock wave. Moreover, the low-pressure gas called the driven gas, is governed by
the shock wave, and the high-pressure gas is referred to as the driver gas. Generally,
for safety purposes, the driver gas has a low molecular weight e.g. helium or hydrogen
and high speed of sound but may be slightly diluted to ‘tailor’ interface conditions
across the shock [39]. The fundamental difference between the shock tube and
chemical reaction tube is in the driven force: shock tube is driven by the high pressure

gas while chemical reaction tube by the combustion reactions.

5.2.1 Domain mesh

The initial mesh consists of uniformly squared elements of 1mm in length. The initial
elements will be adaptively refined up to 32 times smaller as the solution needs. For
illustration, Figures below show an example of computational mesh that is 16 times
refined and coarsens and refines varying in the computational domain with the
requirement by solution.

For Figures 5.1, 5.2 and 5.3 below, the length unit on the vertical and horizontal of

each Figure is in centimetre (cm).

8.0 10.0 11.0 i1z.0 i13.0 14.0

(a) Computational mesh at time ¢,
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5.0 6.0 7.0 g.0 9.0 10.0 11.0 12.0 13.0 14.0

(b) Density of mixture at time t,

5.0 6.0 7.0 g.0 8.0 10.0 11.0 12.0 13.0 14.0

(c) Coupled mesh and its simulated results at time ¢,

Figure 5.1 Computational mesh and its simulated results at a time instant.

14.0

(a) Computational mesh at time t, + At
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5.0 6.0 7.0 g.0 2.0 10.0 11.0 12.0 13.0 14.0

(b) Density of mixture at time t, + At

5.0 6.0 7.0 8.0 8.0 10.0 11.0 12.0 13.0 14.0

(c) Coupled mesh and its simulated results at time ¢, + At

Figure 5.2 Computational mesh and its simulated results at another time instant.

Figure 5.3 is an enlarged part of the mesh showed in Figure 5.2 (a). One can see that
there are 4 layer refinements, which makes the cell size from 1mm to 0.0625mm. From
the definition of CFL number in chapter 3, the refiner the mesh, the smaller the time
step, and so the more the computational time. As we employ mesh adaptive
technology, the very fine mesh is always limited to a small area and very necessary to
ensure the high accuracy of the computations. As a result, the computational time
significantly reduces that enable us to do direct numerical simulation of the

combustions.
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11.4 11.6 11.8 i1z.0 1z2.2 12.4 12.6

Figure 5.3 Visualisation of a part mesh enlarged and refined in Figure 5.2

5.2.2 Initial conditions and ignition sources

Nine cases for hydrogen—oxygen mixtures and five cases for propane—oxygen mixtures
respectively were studied. The initial conditions reflect situations of the ignitions for
each case and are shown in Tables 5.1, 5.2, and 5.3, and other considerations for this
simulation work include the initial state of the elements, the reacting species and the

reactions shown in Tables 5.4, 5.5 and 5.6 respectively.

Table 5.1: Initial conditions of kinetics for 4 case studies of H,-O, combustion

Case Temperature (K) Concentration (%) Pressure (Pa)

Studies Left Right Left (Hot) Right (Cool) Left Right
(Hot) (Cool) H, 0, H, 0O,

2 3,000 300 0.0 0.0 0.15 0.20 2 x 108 1x10°

3 3,000 300 0.0 0.0 0.15 0.20 1x108 1x10°

4 3,000 300 0.0 0.0 0.15 0.20 9x10° 1x10°

5 2,800 300 0.0 0.0 0.68 0.17 1x108 1x10°
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Table 5.2: Initial conditions of kinetics for 5 case studies of H,-O, combustion

Case Temperature (K) Concentration (%) Pressure (Pa)
Studies Left Right Left (Hot) Right (Cool) Left Right
(Hot) (Cool) H, 0, H, 0,

a 3,000 300 0.0 0.0 0.15 0.20 1x104 1x10°
b 3,000 300 0.0 0.0 0.15 0.20 3 x10* 1x10°
c 3,000 300 0.0 0.0 0.15 0.20 5x10* 1x10°
d 2,800 300 0.0 0.0 0.68 0.17 7 x 104 1x10°
e 2,800 300 0.0 0.0 0.68 0.17 9 x10* 1x10°

Table 5.3: Initial conditions of Kinetics for 5 case studies of propane combustion

Case Temperature (K) Concentration (%) Pressure (Pa)
Studies Left Right Left (Hot) Right (Cool) Left Right
(Hot) (Cool) H, 0, H» 0O,

20 3,000 300 0.0 0.0 0.15 0.20 1x10° 1x10°
21 3,000 300 0.0 0.0 0.15 0.20 1x10° 1x10°
30 3,000 300 0.0 0.0 0.15 0.20 2x10° 1x10°
31 2,800 300 0.0 0.0 0.68 0.17 2x10° 1x10°
40 2,800 300 0.0 0.0 0.68 0.17 3x10° 1x10°

On Tables 5.1, 5.2, 5.3 above the hot side (left side) is of very high temperature and

pressure which is the ignition source while the cool side (right side) contains the

premixed combustion gas mixtures of hydrogen-oxygen and propane-oxygen for

Tables 5.1, 5.2 and 5.3 respectively. The cool side keeps constant the temperature and

pressure, but the concentrations of chemical species comprising the combustible gas

mixture are varied with different case studies. Additionally, on the left side (hot side),

the temperature is very high, and the concentrations of H> and O are not actually zero,

therefore, no fuel (H2), no oxygen (O2) and on the left side, no combustion mixture,

but the right side has premixed combustion mixture. The results were visualised using

VISIT. The programme is a general data processing programme and can be executed

in parallel and therefore particularly suitable to deal with a large database.

Table 5.4: Elements Considered for simulation

Elements Considered Symbol
Hydrogen H
Oxygen O
Nitrogen N
Carbon C
Argon Ar
Helium He
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Table 5.4 in section 5.2.2 showed that in the first stage of this work, hydrogen, and

oxygen as well as nitrogen and argon were simulated, but in the second stage, carbon,

hydrogen and helium (a noble gas) will be added which will constitute the petroleum

gas.

Table 5.5: Reacting species considered

S/No. Reacting Temperature Elements Count
Species Low High H 0 N Cc Ar He

1 H. 300 5000 2 0 0 0 0 0
2 02 300 5000 0 2 0 0 0 0
3 H.O 300 5000 2 1 0 0 0 0
4 H 300 5000 1 0 0 0 0 0
5 0 300 5000 0 1 0 0 0 0
6 OH 200 6000 1 1 0 0 0 0
7 HO, 200 3500 1 2 0 0 0 0
8 H20, 300 5000 2 2 0 0 0 0
9 Ar 300 5000 0 0 0 0 1 0
10 N2 300 5000 0 0 2 0 0 0
11 He 300 5000 0 0 0 0 0 1
12 CO 300 5000 0 1 0 1 0 0
13 CO2 300 5000 0 2 0 1 0 0

On Table 5.5, the hot element will ignite the cool element during chemical reaction,

the left side which is the hot side with high temperature is the ignition source and it is

to ignite the right side which is the cool side that has a lower temperature.

Table 5.6: Reactions considered (K = AT® e"(E&/RT))

S/No | Reactions Ea (J/mol) A b
1 H+0,=0+0H 16,599 3.55 x 10%° -0.4
2 O+H,=H+OH 6,290 5.08 x 10* 2.7
3 H,+OH=HO+H 3,430 2.16 x 108 1.5
4 0O+H,0=0H+OH 13,400 2.97 x 108 2.0
5 H+M=H+H+M 104,380 4.58 x 101° -1.4

H, Enhanced 2.500

H,0 Enhanced 1.200 x 10!

CO Enhanced 1.900

CO; Enhanced 3.800

Ar Enhanced 0.00

He Enhanced 0.00
6 Ho+Ar=H+H+Ar 104,380 5.84 x 108 -1.1
7 H,+He=H+H+ He 104,380 5.84 x 108 -1.1
8 0+0+M=0,+M 0.0 6.16 X 10%° -0.5

H, Enhanced 2.500

H,O Enhanced 1.200 x 10*

Ar Enhanced 0.000

He Enhanced 0.000

CO Enhanced 1.900

CO; Enhanced 3.800
9 0O+0+Ar=0,+Ar 1,788 1.89 x 1018 0.0
10 0O+0+He=0;+He 1,788 1.89 x 1018 0.0
11 O+H+M=0OH+M 0.0 4,71 x 1018 -1.0
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Table 5.6: Reactions considered contd.
H, Enhanced 2.500
H20 Enhanced 1.200 x 10!
Ar Enhanced 7.5000 x 10*
He Enhanced 7.5000 x 10*
CO Enhanced 1.900
CO2 Enhanced 3.800
12 H+OH+M=H,0+M 0.0 3.800 x 10% -2.0
Enhanced 2.500
Enhanced 1.200 x 10!
Enhanced 3.800 x 10!
Enhanced 3.800 x 10!
Enhanced 1.900
Enhanced 3.800
13 H + O, (+ M) = HO; (+M) 0.0 1.48 x 10%2 0.6
H, Enhanced 2.000
H.O Enhanced 1.100 x 10%
0, Enhanced 7.80 x 101
CO Enhanced 1.900
CO, Enhanced 3.800
Enhanced
14 HO, +H=H,+ 0O, 823.0 1.66 x 1013 0.0
15 HO, + H=0H + OH 295.0 7.08 x 10%3 0.0
16 HO,+0=0,+ OH 0.0 3.25x 1018 0.0
17 HO, + OH=H;0 + O, 497.0 2.89 x 10%3 0.0
18 HO; + HO; = H,0, + O, 11,982 4.20 x 10% 0.0
19 HO; + HO; = H,0, + O, 1,629.3 1.30 x 103 0.0
20 H20, + (+M) = OH + OH (+M) 48,430 2.95 x 10% 0.0
H, Enhanced 2.500
H.O Enhanced 1.20 x10*
CO Enhanced 1.900
CO, Enhanced 3.800
Ar Enhanced 6.40 x 101
He Enhanced 6.40 x 101
21 H,0, + H=H,0 + OH 3,970 2.41 x 103 0.0
22 H,02 + H + HO, + H, 7,950 4.82 x 1018 0.0
23 H,0, + O =0OH + HO; 3,970 9.55 x 108 0.0
24 H,0, + OH + HO; + H,0 0.0 1.00 x 10% 0.0
25 H,0, + OH =HO, + H,0 9,557 5.80 x 10% 0.0

Generally, a chemical reaction has 1 or 2 species as reactant and produces 1 or 2
products. When reactions are in fall-off regions, however, the pressure effect in the
Kinetics is necessarily considered and third-party species are involved which attack
other molecules, not participating in the reaction and only exchanging the momentum.
The third party species can be all the species in the mixture. While the reaction is
enhanced, the third party species are not all the species, but particularly specified, e.g.
noble gases like He and Ar.

CH3 + CH3(N2) = C2 He + N2 (5.1)

Only N2 is the enhanced concentration.
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5.3 Comparison of numerical simulation with experimental results

In this section, we compared the numerical results and experimental observations and
measurements. Typical numerical simulations involve in ignition, flame development
and deflagration-to-detonation transition. Therefore, we compare the results from three
aspects.

The induction time is a characteristic time scale for ignition of a flame. It reflects the
nature of chemical reaction kinetics. Through the comparison, the kinetics used in this
project would be verified. First of all, therefore, let us compare the induction time of

numerical simulation and experimental measurement, which is showed in Table 5.7.

Table 5.7: Comparison of induction time for numerical simulations and Experimental studies [39].

Case Studies Numerical (second) Experimental
Factors (second)
1 20%CHj4 0.0020 0.0030
p = 0.975Mpa
2 100%H; 0.0037 0.0042
p = 0.975Mpa
3 60%CH4 0.0023 0.0030
p = 0.99Mpa
4 40%CH4 0.0025 0.0030
p = 0.99Mpa

The ignition temperature in Table 5.7 is same and 300K. From the comparison, one
sees that the induction time produced by numerical simulations is a little bit shorter
over the experimental. It may be because the numerical errors exist and make both
results different, however, such difference is minor

After ignition, the flame will develop and accelerate generally. Liberman et al [39]
experimentally investigated such flame developments. Therefore, we compare the
numerical results with their experimental observations. Figure 5.4 below illustrates the
visualisation of simulated mixture density and pictures from the experiments. It is
found that the numerical results produce the reaction zones and flow patterns

consistent with those observed in the experiments
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(a) Numerical results of this work (b) Experimental results from Liberman et al

Figure 5.4 Comparison of the numerical results with the experiments done by Liberman et al [39].

The famous experiments of Liberman and Kuznetsov recorded deflagration-to-
detonation transitions with their pictures. This provides possibility for comparison of
experimental observations and numerical investigations. A set of comparisons of
numerical and experimental results are showed in Figure 5.5 below. One can see that

both are consistent in structures.
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N

(a) Computational results of this work (b) Experimental results from Kuznetsov et al [40].

Figure 5.5 Comparison of numerical solutions and experiments of Kuznetsov et al [40].
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5.4 Effects of kinetics of H,-O, combustion reactions

(@) Summary of Results of 4 case studies by kinetics on H2-O2 combustion

Table 5.8: Effects and influences of kinetics on H>-O» combustion processes (see Appendix 1)

Case Time range Temperature Fuel Conc, Flame Speed (m/s)
Studies (sec)x 10™* | range (K) range (%) LF FD | DDT | DD
x 10*
Reactions: 2 | 0.00 — 0.5026 | 2800 — 3454 0.00-101.4 0 - - 2850
3 ]10.00-0.7716 | 2800 — 3502 0.00 —106.8 0 - - 2860
4 1 0.00-0.67 2800 — 2700 0.00-123.8 0 - - 1350
510.00-0.81 2800 — 3752 0.00-103.0 0 - - 2880

From Table 5.8 above, the influences and effects of kinetics on explosion due to Ho-
O2 combustion reaction processes were studied and it was observed that as the
concentration of the chemical species increases, the temperature also increases, and
this will cause an increase to the flame velocity and detonation results which will
consequently lead to explosion. However, no DDT and FD were formed for case
studies 2, 3, 4, and 5 and this was because it is an open-end tube and there is no limited
gas expansion, and no artificial obstacle, and therefore, deflagration-to-detonation
transition (DDT) and fast deflagration (FD) were not formed, but the ignition process
moves straight to detonation, thus forming a single explosion.

(b) Effects and influences of kinetics on H2-O2 combustion processes
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Figure 5.6: Concentration (kg/m?®) against flame speed (m/s) for case study R2
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2) Case study R3

120

100

80

60

40

20

Concentration x 10 (Kg/m?3)

M Low flame

A Detonation

500 1000

1500 2000

Flame speed (m/s)

2500 3000

3500

Figure 5.7: Concentration (kg/m®) against flame speed (m/s) for case study R3

3) Case study R4
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Figure 5.8: Concentration (kg/m?) against flame speed (m/s) for case study R4
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4) Case study R5
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Figure 5.9: Concentration (kg/m?) against flame speed (m/s) for case study R5

Figures 5.6, 5.7, 5.8 and 5.9 above of the graphical illustration for case studies 2, 3, 4

and 5 showed a clearer position of the quantum jump from laminar (low flame) straight

to detonation and this is because when the ignition occurs forming laminar flames and

the ignition process moves straight to detonation, this is a single explosion, and it is

direct initiation, and then explosion will occur.

Table 5.9: Effects of kinetics on H,-02 combustion reactions of case studies 2, 3, 4 and 5

Case studies | Reactions Flame development
Reactions:
R R>—LF r
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Flame development contd
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For Tables 5.9 above, a summary of the AMROC simulation result pictures for this
work is an evidence to support the above explanation of the graphical presentation that
flame propagation takes place at various locations because of varied chemical kinetics.
Moreover, the simulation picture colours on Table 5.6 in section 5.4 for case studies 2,
3, 4, and 5 of H»-O; indicate that the blue locations represent zero concentration
(unreacted mixture); and the light green shows maximum or largest volume of
concentration. This is just for the operation of VISIT programme. In addition, the flame
fronts of the pictures of the different combustion forms formed showed that for
detonation, the flame front is flat/sharp because it is a very fast detonation and
boundary layer effect is very small and flame front move along, but for laminar flame,

it is very tenacious.
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(c) Summary Results of 5 case studies by kinetics on H2-O2 combustion

Table 5.10: Effects and influences of kinetics on H,-O, combustion reaction processes(see Appendix 2)

Case Timerange | Temperature | Fuel Conc, Flame Speed (m/s)
Studies (sec)x 10™* | range (K) range (%) x 10* | LF FD | DDT | DD
Reactions:a | 0.00-34.5 | 15002805 | 0.00-118.5 0 280 | 440 -

b |0.00-17.0 | 1500-2956 | 0.00-96.07 0 220 | 404 -

c |0.00-135 | 1500-3023 | 0.00-82.90 0 140 | 480 -

d | 0.00-11.0 | 1500-3146 | 0.00-71.49 0 210 | 470 -

e |0.00-105 | 1500-3912 | 0.00-70.54 0 280 | 400 | 1200

Table 5.10 above clearly showed the influences and effects of kinetics on explosion
due to H>-O2 combustion reaction processes studied, and in this study, it was revealed
that as the concentration of the chemical species increases of each case study increases,
the temperature also increases, and this will cause an increase to the flame velocity and
then FD and DDT were formed for case studies a, b, ¢, and d, but no detonation was
formed. However, comparing the different case studies of reactions of H>-O2 mixture
studied: a, b, c, d, and e that were simulated, it was only case study e that formed
detonation as well as FD and DDT and consequently explosion occurred, and that was
because case study e had the highest temperature, slight reduction in fuel concentration

and a very high pressure.

(d) Effects and influences of kinetics on H2-O> combustion reaction processes
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Figure 5.10: Concentration (kg/m?) against flame speed (m/s) for case study Ra

0 Chapter 5 Chemical Reaction Mechanisms of Explosions 114



6) Case study Rb
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Figure 5.11: Concentration (kg/m?®) against flame speed (m/s) for case study Rb
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Figure 5.12: Concentration (kg/m®) against flame speed (m/s) for case study Rc
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9) Case study Re
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From the graphical illustration of the simulation results displayed on Figures 5.10,
5.11, 5.12, 5.13 and 5.14 above, the results displayed a clearer position of the
simulation work which showed a slight reduction in fuel concentration and this
indicates that the processor becomes relatively stable and thus FD, DDT were observed
for case studies a, b, ¢, and d, but for case study e, as the processor also becomes
relatively stable, FD, DDT and detonation were formed and thus explosion will
eventually take place.

Table 5.11: Effects of kinetics on H,-O, combustion reactions of case studies a, b, ¢, d and e
Case Reactions Flame development
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Flame development contd.
Rc -DDT E
U
\-' i 0
(hi )
3 0:2]
:U III\IIIII|\\\\Illlll\\\llll\\
X § 10 15
Distance (cm)
Re-LF E
¢
o 0
%
: 5 10 15
Distance (cm)
R¢-FD E
U
\' 0
3 0.7
%
3 5 10 15
Distance (cm)
Rq¢-DDT E
i ]
Qi
3 012
:’q \I\III\I\lI\I\II\\\l\l\ll\l\l|_\#
; § 10 I5
Distance (cn)
Re-LF ~
§
0
w
g
]
L
5 5 10 15
Distance (cm)
Re-FD i
5’,
S 0:27
t L L
M 5 10 15
Distance (cm)

0 Chapter 5 Chemical Reaction Mechanisms of Explosions 118



Flame development contd.
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For Tables 5.11 above, a summary of the AMROC simulation result pictures for this
work is an evidence to support the above explanation of the graphical presentation that
flame propagation takes place at various locations because of varied chemical kinetics.
Furthermore, the simulation picture colours on Table 5.8 in section 5.4 for case
studies a, b, ¢, d, and e of H2-O> revealed that the blue locations represent zero
concentration (unreacted mixture); and the light green shows maximum volume of
concentration. This is just for the operation of VISIT programme. In addition, the flame
fronts of the pictures of the different combustion forms formed showed that for
detonation, the flame front is sharp because it is a very fast detonation, and boundary
layer effect is very small and flame front move along, but for DDT, its flame front is
pointed due to its instability, boundary layer effect and numerical error due to computer

capability; and for laminar flame, it is very viscous.

(e) Summary Simulation Results of 5 case studies by Kinetics on propane combustion

Table 5.12: Effects of kinetics on propane combustion reaction processes (see Appendix 3)

Case Time range | Temperature Fuel Conc, Flame Speed (m/s)
Studies (sec)x 10™* | range (K) range (%) LF | FD | DDT | DD
x 10*

Reactions: 20 | 0.00—8.0 2500 — 3213 0.00-30.41 0 |200 | 480 -
21 | 0.00-115 | 2500 - 3350 0.00 —30.88 0 | 240 | 480 1300
30 | 0.00-4.95 | 3000 — 4260 0.00-42.16 0 | 130 | 440 2530
31 | 0.00-9.55 | 2500 —4140 0.00-35.01 0 ]120 | 430 2800
40 | 0.00-2.85 | 3000 — 4500 0.00-47.44 0 ]200 | 470 2560
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A close look at Table 5.12 in section 5.4 showed that the influences and effects of
kinetics on explosion due to propane combustion reaction processes were evident, and
it was observed that the simulation results revealed that as the concentration of the
chemical species of each of the case studies 20, 21, 30, 31 and 40 increases, the
temperature also increases. However, in comparing the case studies of reactions of
propane studied, it showed that it was only case study 20 which formed FD and DDT,
but no detonation was observed. Moreover, FD, DDT and detonation flame forms were
observed for the remaining case studies 21, 30, 31and 40, and this is because case
studies 21, 30, 31and 40 had high fuel concentration and high temperatures, and thus
explosion will result.

(f) Effects and influences of kinetics on propane combustion reaction processes
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Figure 5.15: Concentration (kg/m?) against flame speed (m/s) for case study Rzo
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11) Case study R21
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13) Case study Rs31
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The simulation results displayed by the graphical illustration in Section 5.4 of Figures
5.15, 5.16, 5.17. 5.18 and 5.19 showed a more beautiful position of the results that

there was a sharp increase in concentration of the chemical reacting species which
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indicates that more heat will be produced and thus FD and DDT were observed for

case studies 20, but comparatively FD, DDT and detonation were formed for case

studies 21, 30, 31, and 40, and this is attributable to their high fuel concentration and

high temperatures, and consequently explosion would take place.

Table 5.13: Effects of kinetics on Propane combustion of case studies 20, 21, 30, 31, and 40

Case studies | Reactions Flame development
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Flame development contd.
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Flame development contd.
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Flame development contd.
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A good observation of the summary of the AMROC simulation result pictures on Table
5.13 in Section 5.4 for case studies 20, 21, 30, 31, and 40 showed a very vivid
explanation with the graphical presentation that flame propagation takes place at
various locations because of varied chemical Kinetics. Moreover, the simulation
picture colours on Table 5.13 above for case studies 20, 21, 30, 31, and 40 of propane
revealed that the blue locations represent minimum concentration (unreacted mixture),
and the light green shows largest volume of concentration. This is just for the operation
of VISIT programme. In addition, the flame fronts of the pictures of the different
combustion forms observed showed that for detonation, the flame front is flat/sharp
because it is a very fast detonation and boundary layer effect is very small and flame
front move along, but for DDT, its flame front is pointed due to its instability, boundary
layer effect and numerical error due to computer capability; and for laminar flame, it

is very slimy.

5.5 Brief Summary

Chapter 5 examined the influences and effects of chemical reaction mechanisms to
generations, propagations, and transitions of explosion waves. To this background,
two premixed gaseous combustibles: - hydrogen-oxygen and propane-oxygen were

selected and filled into two-dimensional tube domains, then the mixtures are ignited.
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Furthermore, this chapter has carefully studied the effects and the influences of
chemical kinetics on explosion due to the combustion reactions of hydrogen-oxygen
and propane-oxygen reactions. The layout of this chapter is structured analytically to
cover the sections: (1) the effects of kinetics on H2-O2 combustion reactions for case
studies 2, 3, 4, and 5; (2) the effects of kinetics on H>-O2 combustion reactions for case
studies a, b, ¢, d, and e and (3) the effects of kinetics on propane-oxygen combustion
reactions for case studies 20, 21, 30, 31 and 40. The results obtained showed that
chemical kinetics have effects and influences on the explosion based on the case
studies investigated. However, no DDT and FD were formed for case studies 2, 3, 4,
and 5 and this was because it was an open-end tube and there is no limited gas
expansion, and no artificial obstacle, and therefore, deflagration-to-detonation
transition (DDT) and fast deflagration (FD) were not formed, but the ignition process
moves straight to detonation, thus forming a single explosion. Comparing the different
case studies of H2-O- studied: a, b, c, d, and e showed that it was only case study e that
formed detonation, DDT, and FD, and consequently explosion occurred, and that was
because case study e had very high temperature. In addition, in comparing the case
studies of the reactions of propane investigated, it showed that it was only case study
20 did not form detonation. However, the rest case studies 21, 30, 31and 40 formed
FD, DDT and detonation flame forms, and this is because case studies 21, 30, 31and

40 had high fuel concentration and high temperatures, and hence explosion occurred.
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Chapter 6 Effects of Complex Geometric Configurations

6.1 Introduction

This chapter will investigate the influences and effects of geometric configurations on
explosion waves. Therefore, the computational domain is not tube-shaped like one in
the last chapter. In this chapter, two premixed combustible mixtures: - hydrogen-
oxygen and propane-oxygen are chosen and investigated. This chapter will logically
examine the influences and effects of geometric configurations of effectobstacle, vent
and oneBlock on explosion involving the combustion reaction processes of Ho-O2 and
propane combustible mixtures respectively. However, the layout of this chapter is
systematically structured to cover the sections, and section 1 envelopes the effects and
influences of geometric configurations on H2-O2 combustion reactions for case studies
block, step, and wall; section 2 embraces the effects and influences of geometric
configurations on Hz2-O2 combustion reactions for case studies A, B, and C; and section
3 covers the effects and influences of geometric configurations on propane-oxygen
combustion reactions for case studies 20, 21, 30, 30x 31, and 31x. In addition, section
1 comprises 3 case studies; section 2 consists of 3 case studies; and section 3 consists
of 6 case studies, thus amounting to a total of 12 case studies, but this chapter shall
explain each section individually. This chapter will clearly address the influences and
effects of geometric configurations on explosion of hydrogen-oxygen and propane -
oxygen reactions using numerical simulation method while also considering other
factors. Also, several factors will be examined that are greatly important for achieving
desired safety and fire scene investigation programmes to mention but a few, not
absolutely to guard against destruction of company assets due to ravaging fires and
explosions, thus saving lives. This chapter 6 will thoroughly consider the influences
and effects of geometrical configuration on explosion in petroleum tank farm operation
thereby obtaining good safety management suitable for the daily operations.

6.2 Setup of simulations

When geometric configuration is changed, the nature of combustion waves will
change.

The simulated scenarios in this chapter were mainly to investigate such changes and
variations. To that end, this chapter will explore the concentration of chemical species

and pressure and the flame propagation during combustion processes. The reaction
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rates are dominant for processes of different combustion nodes — slow flame (SF), fast
flame (FF), deflagration-to-detonation transition (DDT) and detonation. To simulate

the reaction processes accurately, an integration time step is in the order of 10 second.

6.2.1 Domain mesh

AMROC tool amongst others has strong advantage for detailed kinetics of chemical
reactions and can do parallel computations with mesh — adaptive refinement. The finest
mesh resolution is at 0.03125mm and it means that there are about 35 nodes in the
flame. The domains are meshed by square elements and the initial element is Imm
long and 1mm wide. This initial mesh will be adaptively refined until the finest mesh
resolution is obtained. To demonstrate the mesh refinements, an example case study
in section 6.3 is showed as follows. Figures 6.1, 6.2, 6.3 and 6.4 show the mesh
variation and simulated results responding to the meshes, at 4 times instants. The four
instants represent typical stages during the development of combustion waves, i.e.
ignition: slow flame, fast flame, DDT and detonation.

For Figures 6.1, 6.2, 6.3, 6.4 and 6.5 in Section 6.2.1, the length unit on the vertical
and horizontal of each Figure is in centimetre (cm).
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(b) Density

Figure 6.1 Time is at 0.0001 second from ignition, ignition state.
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Figure 6.2 Time is at 0.000145 second, slow flame mode of combustion waves.
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Figure 6.3 Time is at 0.000195 second, fast flame mode of combustion waves.
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Figure 6.4 Time is at 0.00022 second at which the detonation is initialised
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Figure 6.5 below shows the details of the mesh structure at detonation. One can see in

the areas where the flow changes sharply the mesh is the finest while the others have

coarse mesh.
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6.2.2 Initial Conditions and ignition sources
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Figure 6.5 Detailed mesh structure for the detonation
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Three, three, and six case studies respectively were studied, and their initial conditions

are shown in Tables 6.1, 6.2, and 6.3 in Section 6.2.2, and other considerations for this

simulation work include the initial state of the elements, the reacting species and the

reactions shown in Tables 6.4, 6.5 and 6.6 in Section 6.2.3 respectively.

Table 6.1: Initial conditions of complex geometry for 3 case studies of H.-O, combustion reaction

Case Temperature (K) Concentration (%) Pressure (Pa)
Studies — | Left Right Left (Hot) Right (Cool) Left Right
species (Hot) (Cool) H, 02 H. 02

Block 3,000 300 0.0 0.0 0.15 0.20 1x10° 1x10°
Step 3,000 300 0.0 0.0 0.15 0.20 1x10° 1x10°
Wall 3,000 300 0.0 0.0 0.15 0.20 1x10° 1x10°

Table 6.2: Initial conditions of complex geometry for 3 case studies of H2-O, combustion reactions

Case Temperature (K) Concentration (%) Pressure (Pa)
Studies Left Right Left (Hot) Right (Cool) Left Right
(Hot) (Cool) H, 0O, H. 02
A 3,000 300 0.0 0.0 0.15 0.20 1x105 | 1x10°
B 3,000 300 0.0 0.0 0.15 0.20 1x105 | 1x10°
C 3,000 300 0.0 0.0 0.15 0.20 1x10% | 1x10°
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Table 6.3: Initial conditions of complex geometry for 6 case studies of propane combustion

Case Temperature (K) Concentration (%) Pressure (Pa)
Studies Left Right Left (Hot) Right (Cool) Left Right
(Hot) (Cool) H> 0, H> 0O,

20 3,000 300 0.0 0.0 0.15 0.20 1x105 | 1x10°
21 3,000 300 0.0 0.0 0.15 0.20 1x105 | 1x10°
30 3,000 300 0.0 0.0 0.15 0.20 2x10% | 1x10°
30x 2,800 300 0.0 0.0 0.68 0.17 2x10° | 1x10°
31 2,800 300 0.0 0.0 0.68 0.17 2x10° | 1x10°
31x 2,800 300 0.0 0.0 0.68 0.17 2x10% | 1x10°

On Tables 6.1, 6.2 and 6.3 above, the hot side (left side) is of very high temperature
and pressure which is the ignition source while the cool side (right side) contains the
premixed combustion gas mixtures of hydrogen-oxygen and propane-oxygen for
Tables 6.1, 6.2 and 6.3 respectively. The cool side keeps constant the temperature and
pressure, but the concentrations of chemical species comprising the combustible gas
mixture are varied with different case studies. Additionally, on the left side (hot side),
the temperature is very high, and the concentrations of H> and Oz are not actually zero,
therefore, no fuel (H2), no oxygen (O2) and on the left side, no combustion mixture,
but the right side has premixed combustion mixture. The results were visualised using
VISIT. The programme is a general data processing programme and can be executed

in parallel and therefore particularly suitable to deal with a large database.

6.2.3 Chemical kinetics

Table 6.4 below showed that in the first stage of this work, hydrogen and oxygen as
well as nitrogen and argon were simulated, but in the second stage, carbon, hydrogen
and helium (a noble gas) are added which will thus constitute the petroleum

(hydrocarbon) gas.

Table 6.4: Elements Considered for hydrocarbon simulation

Elements Considered Symbol
Hydrogen H
Oxygen 0
Nitrogen N
Carbon C
Argon Ar
Helium He

On Table 6.5 below, the hot element will ignite the cool element during chemical
reaction, the left side is the hot side with high temperature is the ignition source and it

Is to ignite the right side which is the cool side with a lower temperature.
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Table 6.5: Reacting Species considered

S/No. Reacting Temperature Elements Count
Species Low High H C @) N Ar He
1 CsHs 300 5000 8 3 0 0 0 0
2 02 300 5000 0 0 2 0 0 0
3 N, 300 5000 0 0 0 2 0 0
4 H 300 5000 1 0 0 0 0 0
5 H, 300 5000 2 0 0 0 0 0
6 O 200 6000 0 0 1 0 0 0
7 OH 200 3500 1 0 1 0 0 0
8 H.O 300 5000 2 0 1 0 0 0
9 CO 300 5000 0 1 1 0 0 0
10 HCO 300 5000 1 1 1 0 0 0
11 CO; 300 5000 0 1 2 0 0 0
12 CHs 300 5000 3 1 0 0 0 0
13 CH-0 300 5000 2 1 1 0 0 0
14 CoH4 300 5000 4 2 0 0 0 0
15 CoHs 300 5000 5 2 0 0 0 0
Table 6.6: Reactions considered (K = ATP e (B¥RT))
S/No | Reactions E (J/mol) A (mole-cm-sec-k) | b
1 HCO + OH =CO + H,0 0.0 1.00 x 10 0.0
2 OH+CO=H+CO; -765.0 1.50 x 107 1.3
Reverse Arrhenius Coefficients: 21,580.0 1.68 x 10° 1.3
3 H+0O,=0+0OH 16,790.0 1.86 x 10+ 0.0
Reverse Arrhenius Coefficients: 677.0 1.48 x 101 0.0
4 H,+O=H + OH 8,900.0 1.80 x 10%0 1.0
Reverse Arrhenius Coefficients: 6,950.0 1.83 x 10° 1.0
5 O +H,O0=0H + OH 18,350.0 6.80 x 10%2 0.0
Reverse Arrhenius Coefficients: 1,100.0 6.30 x 102 0.0
6 H+ H,O=0H + H; 20,300.0 9.50 x 10%2 0.0
Reverse Arrhenius Coefficients: 5,146.0 2.20 x 10*° 0.0
7 HCO+M=H+CO+M 19,000.0 1.45x 10 0.0
Reverse Arrhenius Coefficients: 1,553.0 5.05 x 10! 1.0
8 CoHs + O =CH3 + HCO 1,130.0 3.30 X 1012 0.0
9 CHs+M=CHs+H+ M 30,000.0 2.00 X 10%° 0.0
10 HO+M=H+OH+M 105,000.0 2.20 x 106 0.0
Reverse Arrhenius Coefficients: 0.0 1.40 x 10% -2.0
11 CO;,+M=CO+0+M 131,800.0 5.50 x 10% -1.0
Reverse Arrhenius Coefficients: 4,100.0 5.90 x 10%° 0.0
12 CO;+0=CO+0, 43,830.0 2.78 x 10*? 0.0
Reverse Arrhenius Coefficients: 37,600.0 3.14 x 101 0.0
13 HCO+H=CO +H; 0.0 2.00 x 10 0.0
Reverse Arrhenius Coefficients: 90,000.0 1.31 x 105 0.0
14 O+HCO=CO+OH 0.0 1.00 x 10+ 0.0
15 CH,O+M=HCO+H+M 81,000.0 3.30 x 106 0.0
16 CH20 + OH = HCO + H,0O 170 7.50 x 10%? 0.0
17 CH,0O + H=HCO + H; 10,500.0 3.30 x 10" 0.0
Reverse Arrhenius Coefficients: 25,170.0 2.64 x 10*3 0.0
18 CH,O0+ O =HCO + OH 4,600.0 5.00 x 10%3 0.0
19 CH3+ OH =CH,0 + H, 0.0 4.00 x 1012 0.0
20 CH3+0O=CH,O+H 2,000.0 1.30 x 10+ 0.0
21 OH+M=0O+H+M 103,700.0 8.00 x 10%° -1.0
Reverse Arrhenius Coefficients: 0.0 1.00 x 10%6 0.0
22 H+H+M=H;+M 0.0 3.00 x 10%° 0.0
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Reactions considered contd.
23 C;H4 + OH = CH3 + CH,0 956.0 2.00 x 10%? 0.0
24 CoHs+M=CH,+H+ M 0.0 4.9 x 10° -2.0
H, Enhanced 2.000
H,0O Enhanced 6.000
CO Enhanced 1.500
CO; Enhanced 2.000

Generally, a chemical reaction has 1 or 2 species as reactants and produces 1 or 2
products. When reactions are in fall-off regions, however, the pressure effect in the
Kinetics is necessarily considered and third-party species are involved which attack
other molecules, not participating in the reaction and only exchanging the momentum.
The third-party species can be all the species in the mixture. While the reaction is
enhanced, the third-party species are not all the species, but particularly specified. E.g.,

noble gases like He and Ar.

CHs + CH3(N2) = C2 Hs + N2 (6.1)
Only N2 is the enhanced concentration.

6.3 Effects of Geometric configurations of H,-O, combustion reactions

(@) Summary of Results of 3 cases by geometric configurations on H>-O2 combustion

Table 6.7: Effects of geometric configuration on H»-O, combustion (see Appendix 4)

Case Time range Temperature | Fuel Flame Speed (m/s)
Studies (sec)x 107* Range (K) concentration

range (%) x 10~ SF |FD | DDT | DD
Block 0.00-0.68 300 - 3839 0.00 - 83.29 0 | 250 | 450 | 2690
Step 0.00-0.06 300 - 3789 0.00 - 82.79 0 - - 2750
Wall 0.00-0.02 300 — 3600 0.00 - 51.59 0 - - 3000

From Table 6.7 above, the influences and effects of geometric configuration on
explosion due to H>-O> combustion reaction processes were investigated and it was
observed that as the concentration of the chemical species increases, the temperature
also increases, and this will cause an increase to the flame velocity and detonation will
result which will consequently lead to explosion. Moreover, for closed end tube such
as that of case study Block reaction studied in this work, the block constitutes an
artificial obstacle, hence, FD, DDT, and detonation were formed. However, no DDT
and no FD were formed for case studies step and wall, the wall has influence because
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the wall and the step as artificial obstacles will block the gas and thus the gas will
become hot and expand, hence the ignition process will move straight to detonation,

this is a single explosion, and it is direct initiation. Therefore, no FD and no DDT were

formed for case studies step, and wall.

(b)Effects and influences of geometrical configuration on H>-O> combustion reaction

1) Case study Block
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Figure 6.6: Concentration (kg/m?) against flame speed (m/s) for case study Block

2) Case study Step
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Figure 6.7: Concentration (kg/m?) against flame speed (m/s) for case study Step
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3) Case study Wall
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Figure 6.8: Concentration (kg/m?) against flame speed (m/s) for case study Wall

A close look at the influences and effects of geometric configuration on H»2-O>
combustion reactions on case studies Block, Step, and Wall on Figures 6.6, 6.7, and
6.8 showed that a high delay of induction time was observed. It was found that the
geometrical configuration has influence and effects on the combustion reactions of
hydrogen oxygen reactions. It was also observed that even at the initial stage of the
reaction, owing to different artificial obstacle in position of the tube, the geometrical
effects on H»-O2 reaction process were quite different. For example, for case study
Block, FD and DDT as well detonation was formed, however for case studies Step and
Wall, no FD and DDT were formed, but the ignition process moves straight to

detonation thereby forming single explosion.

Table 6.8: Effects of geometric configuration on H»-O, reaction of case studies Block, step and wall
Case Studies Reactions Flame development

Block LF

width (ca)

a
piztance (cm)
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Flame development contd.
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Carefully considering the summary of the AMROC simulation result pictures on Table
6.8 for case studies Block, step, and wall presented a beautiful explanation with the
graphical presentation that flame propagation takes place at various locations because
of different geometric configurations. Moreover, the simulation picture colours on
Table 6.8 in Section 6.3 for case studies Block, step, and wall of H>-O> chemical
reactions reveal that the blue locations stand for minimum concentration; and the light
green represent maximum volume of concentration. This is just for the operation of
VISIT programme. In addition, the flame fronts of the pictures of the different
combustion forms obtained showed that for detonation, the flame front is sharp
because it is a very fast detonation and boundary layer effect is very small and flame
front move along, but for DDT, its flame front is pointed due to its instability, boundary
layer effect and numerical error due to computer capability; and for laminar flame, it
is very viscous. However, the effects of the geometric configuration of step and wall

on explosion were also obvious.

(c) Summary Results of 3 case studies by geometric configurations on Hz-O>

combustion reactions

Table 6.9: Effects of geometric configuration with vent on H,-O, combustion process(see Appendixb)

Case Timerange | Temperature | Fuel Flame Speed (m/s)
Studies - (sec)x 10™* | Range (K) concentration SF FD | DDT DD
Reactions range (%) x 10™*
A 0.00-2.20 2250 -4011 | 0.00—89.7 170 | 470 2800
0.00 - 2.65 2250 -3735 | 0.00-87.05 250 | 450 2710
B
0.00 — 6.65 2000 -3689 | 0.00-—72.91 0 280 | 480 2650
C

Table 6.9 above showed that the influences and effects of geometric configuration on
explosion due to H»-O2 combustion reaction processes were obvious, and it was
observed for each case study of the case studies A, B, and C, the concentration of the
chemical reacting species increases with increase in temperature and therefore, DDT
and detonation will be formed, and more heat release rate is produced. In this research,
vent is created in the tube, and if there is no vent, there will be no explosion, and this
is because the burnt wave is deflagration and not detonation. Hence, when vent is
created in the tube, DDT will occur and consequently detonation is achieved, and vent
explosion will take place. The simulated results agreed with the principles of the

effects of complex geometry on explosion.
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(d) Effects and influences of Geometric configurations on Hz-O2 combustion
reactions
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Figure 6.9: Concentration (kg/m?) against flame speed (m/s) for case study A
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Figure 6.10: Concentration (kg/m?) against flame speed (m/s) for case study B
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6) Case study C
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Figure 6.11: Concentration (kg/m?®) against flame speed (m/s) for case study C

A close examination of the influences and effects of geometric configuration on Ho-
O2 combustion reactions on case studies A, B, and C on Figures 6.9, 6.10, and 6.11
showed that a sudden increase in concentration of the chemical reacting species which
indicates that more heat will be produced and thus DDT and detonation were observed

for case studies A, B, and C.

Table 6.10: Effects of geometric configuration on combustion of case studies A, B, and C.
Case studies | Reactions Flame development

Ra—LF

5.0

A

R L0

U

~ 3.0

520

2

210
0.0

0 5 10 15 20 25
Distance (em)

Ra—FD

L B
5 10 1 20 25
Distance (cm)

0 Chapter 6 Effects of Complex Geometric Configurations 141



Flame development contd.
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Flame development contd.
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Flame development contd.
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A close look at Table 6.10 above showed that the influences and effects of geometric
configuration on explosion due to H2-O2 combustion reaction processes were evident.
From Table 6.10 above, the AMROC simulation result pictures for this work is unique
for supporting the explanation presented by the graphical presentation that flame
propagation takes place at various locations because of the vent created. Moreover, the
simulation picture colours on Table 6.8 in Section 6.3 for case studies A, B, and C of
H>-O; reaction indicate that the blue locations represent zero concentration; and the
light green shows largest volume of concentration. This is just for the operation of
VISIT programme. In addition, the flame fronts of the pictures of the different
combustion forms formed showed that for detonation, the flame front is flat/sharp
because it is a very fast detonation and boundary layer effect is very small and flame

front move along, but for laminar flame, it is very tenacious.

(e) Summary Results of 6 case studies by geometric effects during propane

combustion
Table 6.11:Effects of geometric configuration with oneblock on propane combustion (see Appendix 6)
Case Time range Temperature | Fuel Conc, Flame Speed (m/s)
Studies (sec)x 10™* | range (K) range (%) LF FD | DDT | DD
x 10*
Reactions: 20 | 0.00-8.0 3000 — 3619 0.00—31.04 0 300 | 420 -
21 | 0.00-115 2500 — 3351 0.00 — 30.62 0 240 | 410 -
30 |0.00-4.9 3000 — 4364 0.00 — 53.89 0 230 | 440 2670
30x | 0.00-49 3000 — 4364 0.00 — 53.89 0 300 | 480 1200
31 | 0.00-—9.55 2500 — 4334 0.00 —54.99 0 300 | 480 2970
31x | 0.00-9.55 2500 — 4208 0.00-47.12 0 280 | 450 2580
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Table 6.11 in Section 6.3 showed the effects and influences of geometric configuration
on propane combustion concentration of the chemical species were evident, and it was
observed that as concentration increases, the temperature also increases, and this will
cause an increase to the flame velocity and detonation will result which will
consequently lead to explosion. Moreover, for closed end tube such as that of case
study with oneBlock, the block would constitute an artificial obstacle, hence, FD,
DDT, and detonation were formed. When shock tube is without block(s), DDT might
occur at 60cm, whereas when oneblock is in shock tube, DDT could occur at 27cm,
and this is because the block stands as an obstacle. Therefore, this implies that the
more the number of blocks in the tube, the more the effect of the blocks on the position

of the DDT and Detonation, and consequently the explosion.

(f) Effects and influences of geometrical configuration on propane combustion
reactions
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Figure 6.12: Concentration (kg/m?) of propane against flame speed (m/s) for case study Rxo
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8) Case study Ra1
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Figure 6.13: Concentration (kg/m?) of propane against flame speed (m/s) for case study R
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Figure 6.14: Concentration (kg/m?) of propane against flame speed (m/s) for case study Rao
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10) Case study Raox
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Figure 6.15: Concentration (kg/m®) of propane against flame speed (m/s) for case study Rsox
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Figure 6.16: Concentration (kg/m?®) of propane against flame speed (m/s) for case study Ra:

0 Chapter 6 Effects of Complex Geometric Configurations

147



12) Case study Raix
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Figure 6.17: Concentration (kg/m®) of propane against flame speed (m/s) for case study Raix

From Figures 6.12, 6.13, 6.14, 6.15, 6.16 and 6.17 above, it showed that the effects
and influences of geometric configuration on explosion due to oneblock were evident
and it showed that in each case study, as the concentration increases, the flame velocity
increases. Moreover, the simulation results for case studies 20, 21, 30, 30X, 31 and
31X showed that the ignition occurs forming FD, DDT, and Detonation for case
studies 30, 30X, 31 and 31X except for case studies 20, and 21 that formed FD and
DDT only. A good comparison of the effects and influences of simulation results of
case studies 20, and 21showed that there was no Detonation formed, but concerning
that of case studies 30, 30X, 31 and 31X, there was quantum jump from DDT to
Detonation, hence, fast detonation occurred, and explosion suddenly resulted.

Table 6.12: Effects of geometric configuration on propane of case studies 20, 21, 30, 30x, 31, 31x
Case Studies | Reactions Flame development
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Flame development contd.
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Flame development contd.
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Flame development contd.
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Table 6.12 above showed that the influences and effects of geometric configuration on
explosion due to propane combustion reaction processes were observed. From Table
6.12 above, the AMROC simulation result pictures for case studies 20, 21, 30, 30x,
31, and 31x showed a very brilliant explanation with the graphical presentation that
flame propagation takes place at various locations because of varied geometric
configuration. Moreover, the simulation picture colours on Table 6.12 above for case
studies 20, 21, 30, 30x, 31, and 31x of propane reveal that the blue locations represent
zero concentration: and the light green shows maximum greatest concentration. This
is just for the operation of VISIT programme. In addition, the flame fronts of the
pictures of the different combustion forms obtained showed that for detonation, the
flame front is sharp because it is a very fast detonation and boundary layer effect is
very small and flame front move along, but for DDT, its flame front is pointed due to
its instability, boundary layer effect and numerical error due to computer capability;

and for laminar flame, it is very viscous.

0 Chapter 6 Effects of Complex Geometric Configurations 152



6.4 Brief Summary

Chapter 6 investigated the influences and effects of complex geometric configuration
on explosions. To this background, two premixed gaseous combustibles: - hydrogen-
oxygen and propane-oxygen were selected and filled into two-dimensional tube
domains, then the mixtures are ignited. Furthermore, this chapter has carefully
determined the effects and the influences of complex geometric configuration on
explosion due to the combustion reactions of hydrogen-oxygen and propane-oxygen
reactions. The layout of this chapter is logically arranged to cover the sections: (1) the
effects of complex geometric configuration on H2-O2 combustion reactions for case
studies block, step, and wall; (2) the effects of complex geometric configuration on
H2-O2 combustion reactions for case studies A, B, and C using vent; and (3) the effects
of complex geometric configuration on propane-oxygen combustion reactions for case
studies 20, 21, 30, 30x, 31, and 31x using oneBlock. The results obtained showed that
complex geometric configuration has influences and effects on hydrogen-oxygen and
propane oxygen reactions based on the case studies investigated. It was also observed
that even at the initial stage of the reaction, owing to different artificial obstacle in
position of the tube, the geometrical effects on H>-O> reaction process were quite
different. For example, for case study Block, FD, DDT and detonation were formed,
however for case studies Step and Wall, no FD and no DDT were formed, but the
ignition process moves straight to detonation thereby forming a single explosion. Also,
for case studies block, step and wall species, it was observed that as the concentration
of the chemical species increases, the temperature also increases, and this will cause
an increase to the flame velocity and detonation will result which will consequently
lead to explosion. Moreover, for closed end tube such as that of case study Block
species studied in this work, the block constitutes an artificial obstacle, hence, FD,
DDT, and detonation were formed. In addition, for case studies step and wall, the wall
has influence because the wall and the step as artificial obstacles will block the gas
and thus the gas will become hot and expand, hence the ignition process will move
straight to detonation, this is a single explosion, and it is direct initiation. Therefore,
no FD and no DDT were formed for case studies step, and wall species. Furthermore,
for case studies A, B, and C, the concentration of the chemical reacting species
increases with increase in temperature and therefore, DDT and detonation will be

formed, and more heat release rate is produced. In this research, vent is created in the
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tube, and if there is no vent, there will be no explosion, and this is because the burnt
wave is deflagration and not detonation. Hence, when vent is created in the tube, DDT
will occur and consequently detonation is achieved, and vent explosion will take place.
The simulated results agreed with the principles of the effects of complex geometry on
explosion. For case studies 20, 21, 30, 30x, 31, and 31x of propane using oneblock, it
was noted that as the concentration of the chemical species increases, the temperature
also increases, and this will cause an increase to the flame velocity and detonation will
result which will consequently lead to explosion. Moreover, for closed end tube such
as that of case study with one Block, the block would constitute an artificial obstacle,
hence, FD, DDT, and detonation were formed. When shock tube is without block(s),
DDT might occur at 60cm, whereas when one block is in shock tube, DDT could occur
at 27cm, and this is because the block stands as an obstacle. Therefore, this implies
that the more the number of blocks in the tube, the more the effect of the blocks on the
position of the DDT and Detonation.
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Chapter 7 Conclusions/Limitations/Recommendations

7.1 Conclusions

Computational Fluid Dynamics (CFD) is a tool able to predict and simulate complex
physical and chemical courses, e.g., chemical explosions, movements of smoke and
spreads of fires. They comprise numerous complicated physical and chemical
interactions that include fluid dynamics, thermodynamics, combustion, radiation, or
even multi-phase effects. CFD can produce more detailed results than experimental
methods. It is particularly true to study chemical explosions because certain
experimental conditions are more difficult to carry out at very fast combustions
experimentally, but with numerical simulations, it is very possible. Using CFD
approach, therefore, this work investigates the explosions produced by gas
combustions.

Furthermore, this numerical simulation intends to attend to the problems posed by
combustion waves in the petroleum tank farms through: (i) the initiation of combustion
waves, (i1) the propagation of combustion waves, (ii1) the transition of different forms
of combustion waves, and (iv) the consequences of the combustion. The numerical
simulation work showed that there are two parts, and they are: (a) the ignition stage of
combustion waves, and (b) the flame development of the explosion waves. How can
the above situation be achieved? In achieving the above, the combustion mixture is
ignited by the application of an external energy input in the form of heat for substances
like solids and liquids thereby breaking down the molecules in the fuel to form
chemically reactive species called free radicals which then combine with the oxidizer.
The research findings of my numerical simulation work proved that complex
configurations have effects and influences on explosion of combustible reacting
mixtures of hydrogen and propane studied in this research. This research work also
revealed that chemical kinetics have influences and effects on explosion of reacting
mixtures of hydrogen and propane. From the research results of this work obtained in
line with the contributing effects and influences of kinetics and geometric
configuration, the problems of explosions associated with tank farm operations can be
prevented and thus make petroleum tank farm operations safe. Furthermore, the flame
velocities in the open-tubes are usually not very high as those of the closed-end tubes,
remarkably the maximum flame velocity. Moreover, the open-end tube supports flame

retardation, but the closed end tube encourages flame acceleration. In the open-end
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tube, there is no limited gas expansion, and the speed up is weak and thus no DDT is
formed. In the closed-end tube, there is limited gas expansion, and the speed up is
strong and hence DDT is achieved. Also, if there is no vent, there will be no explosion
and this is because the burnt wave is deflagration and not detonation, but when there
is vent created in the tube mode, DDT will occur and eventually detonation will take
place and consequently explosion follows. During DDT, the flame is not uniform,
hence, explosion will likely be formed.

The results obtained showed that chemical kinetics have effects and influences on the
explosion based on the case studies investigated. However, no DDT and no FD were
formed for case studies 2, 3, 4, and 5 and this was because it is an open-end tube and
there is no limited gas expansion, and no artificial obstacle, and therefore, deflagration-
to-detonation transition (DDT) and fast deflagration (FD) were not formed, but the
ignition process moves straight to detonation, thus forming a single explosion.
Comparing the different case studies of Hz-O; studied: a, b, ¢, d, and e showed that it
was only case study e that formed detonation, DDT, and FD, and consequently
explosion occurred, and that was because case study e had very high temperature. In
addition, in comparing the case studies of the reactions of propane investigated, it
showed that it was only case study 20 did not form detonation. However, the rest case
studies 21, 30, 31and 40 formed FD, DDT, and detonation flame forms, and this is
because case studies 21, 30, 3land 40 had high fuel concentration and high
temperatures, and hence explosion occurred.

The results obtained showed that complex geometric configuration has influences and
effects on hydrogen-oxygen and propane oxygen reactions based on the case studies
investigated. It was also observed that even at the initial stage of the reaction, owing
to different artificial obstacle in position of the tube, the geometrical effects on H.-O>
reaction process were quite different. For example, for case study Block, FD, DDT
and detonation were formed, however for case studies Step and Wall, no FD and DDT
were formed, but the ignition process moves straight to detonation thereby forming a
single explosion. Also, for case studies block, step and wall species, it was observed
that as the concentration of the chemical species increases, the temperature also
increases, and this will cause an increase to the flame velocity and detonation will
result which will consequently lead to explosion. Moreover, for closed end tube such
as that of case study Block species studied in this work, the block constitutes an

artificial obstacle, hence, FD, DDT, and detonation were formed. However, for case
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studies step and wall, the wall has influence because the wall and the step as artificial
obstacles will block the gas and thus the gas will become hot and expand, hence the
ignition process will move straight to detonation, this is a single explosion, and it is
direct initiation. Therefore, no FD and no DDT were formed for case studies step, and
wall species. Furthermore, for case studies A, B, and C, the concentration of the
chemical reacting species increases with increase in temperature and therefore, DDT
and detonation will be formed, and more heat release rate is produced. In this research,
vent is created in the tube, and if there is no vent, there will be no explosion, and this
is because the burnt wave is deflagration and not detonation. Hence, when vent is
created in the tube, DDT will occur and consequently detonation is achieved, and vent
explosion will take place. The simulated results agreed with the principles of the
effects of complex geometry on explosion [39]. For case studies 20, 21, 30, 30x, 31,
and 31x of propane using oneblock, it was noted that as the concentration of the
chemical species increases, the temperature also increases, and this will cause an
increase to the flame velocity and detonation will result which will consequently lead
to explosion. Moreover, for closed end tube such as that of case study with one Block,
the block would constitute an artificial obstacle, hence, FD, DDT, and detonation were
formed. When shock tube is without block(s), DDT might occur at 60cm, whereas
when one block is in shock tube, DDT could occur at 27cm, and this is because the
block stands as an obstacle. Therefore, this implies that the more the number of blocks

in the tube, the more the effect of the blocks on the position of the DDT and Detonation

7.2 Limitations of this research work

1) This research work will investigate absolutely the mechanisms and
consequences of explosions in Petroleum Storage tank farms by detailed
chemical kinetics using CFD Simulations.

2) According to the previous works of NUREG-1824, there has been no
petroleum gas chemical kinetics programme in AMROC, and thus a new
programme involving petroleum gas kinetics in AMROC was generated in this
work.

3) Certainly, this dissertation research work was not able to cover all the available
methods of simulating the kinetics of petroleum gas in petroleum storage tank

farm operations.

0 Chapter 7 Conclusions/Limitations/Recommendations 157



4) On this background, the utilisation of the research findings obtained from the
design of this study and or the methods used to establish internal and external
validity is not certain.

5) In addition, there are no similar experimental data to judge the dissertation

results of the AMROC simulation against for purpose of comparison.

7.3 Recommendations for the future researches
A general overview of an investigation into mechanism and consequences of
explosions in Petroleum Storage Tank Farm Operations in the Oil and Gas Industries
showed that there are many virgin areas yet to explore to making tank farm operations
adequately safe. Moreover, AMROC software tool was employed in studying the
numerical simulation of the chemical kinetics of hydrogen-oxygen and hydrocarbon
gases detailing on the deflagration to detonation transitions as major factors
contributing to tank farm incidents in order to attain viable, reliable and dependable
results useful for good analysis should of necessity be considered. Other CFD software
useful for simulating the kinetics of such gases include:

(i) ANSYS CFX Software

(if) ANSYS Fluent Software

(iii) Salome Software
Also, other variables that can equally be studied include:

(@) Smoke visibility

(b) Flame height

(c) Natural factors like earthquake, tornado, hurricane etc.

(d) Simulating tank diameters greater than 10 metres and above.

(e) Simulating varied tank heights

(F) A mesh size of 8,000,000 cells and above

(9) Other variables of fire spread such as conduction, convection etc.

In addition, other researchers to use 3D for simulation.
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Appendices

APPENDIX 1: Calculations of flame speed of H,-O; of by kinetics for case studies 2, 3,4, 5

Case Flames Simulation results Calculated flame speed of H,-O; of by
Studies kinetics for case studies 2, 3, 4, 5
R2 LF l,=0cm —bzh _ 0
. ty—tq1 (0)x10~%
t; =0x10"
! sec = 0 m/sec
c; = 0.000 kg/m?
=T, = 2800K
DD l, =32.7cm o= LL—1
t, = 0.246 x 10~ sec =t
¢; = 0.1021kg/m3 = 40 — 327
r 452K (0.5026 — 0.246) x 10~
1=3 7.3
l =40 cm = 02566 x 10~ “™/se¢
t = 28.4489 x 10* x 10~2m/s
= 0.5026 X 10™* sec | = 28.45 x 10% m/sec
c; = 0.01014 kg/m? = 2850 = 2,850 m/sec
=T, = 3454K
Rs LF l,=0cm —bth 0
. ty—tq1 (0)x10~%
t; =0x10"
! se¢ = 0 m/sec
c; = 0.000 kg/m?®
=T, = 2800K
DD ll=31.9cm V= lz_l1
t; th—t
=0.24671 X 10™*sec | = 6.9~ 319
(0.771664 — 0.24671) x 10~*
c; = 0.01019 kg/m? 15
Ty = 3534K = 0525 x 104 *
[, =46.9cm = 28.57 x 10* x 10™2m/s
[ = 28.60 x 102 m/sec
=0.771664 = 2,860 m/sec
x 10™* sec
¢, = 0.01068 kg/m?
=T, = 3502K
R4 LF L, =0cm —bth __ 0
. ty—tq1 (0)x10~%
t; =0x10"
! sec = 0 m/sec
c; = 0.000 kg/m?
=T, = 2800K
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Calculated flame speed of H»-O- of by kinetics for case studies 2, 3,

t, = 0.81 X 10~ *sec
c; = 0.0103 kg/m?®
=T, = 3752 K

4, 5 contd.
DD l, = 25¢cm . L1
t, = 0.3 x 10™* sec ta—t
¢, =0.01098 kg/m® | = 3025
" 2803 (0.67 —0.3) x 10~*
= Wcm/s
l, =30cm =13.51 x 10* x 10~2m/s
t, =0.67x107*sec | =13.51 x 102 m/sec
c, = 0.01238 kg/m? = 1351 =1,350 m/sec
=T, = 2700 K
Rs LF l,=0cm = % =
t; =0x107* sec 0
¢; = 0.000 kg/m? (0) x107*
=T, = 2800K = 0 m/sec
DD I, =299cm b L—1
t, = 0.188 x 10~* sec =t
c; = 001138 kg/m® | = (0_81{7'0?1_8;;9'3 TEGA
T, = 3749 K 179
= mcm/s
l; = 47.8cm =0.622 x 10* cm/s

=28.778 X 10* x 10_2m/s
= 28.8 x 10% m/sec
= 2,880 m/sec

APPENDIX 2: Calculations of flame speed of H,-O- of by kinetics for case studies a, b, c, d, e.

Case Flame Simulation Calculated flame speed of H»-O- of by
Studies forms results kinetics for case studies a, b, ¢, d, e
Ra LF l,=0cm =bzh _
ty—tq

t; =0x107* sec 0

¢, = 0.000 kg/m? (0) x 10~*

=T, = 1500K

= 0 m/sec
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Calculated flame speed of H2-O; by kinetics for case studies a, b, c, d, e contd.

t, =17 x 10™* sec
¢, = 0.00907 kg/m®
=T, = 2956 K

FD L, =11.6 cm yol”h
t, = 32.5x 10~* sec =t
¢, = 0.01203 kg/m? =3 _13;;51)1;(610_4 cm/s
T, = 2682 K 14
l,=13cm zmcm/s
t, = 33.0 X 10™*sec = 2.8 10* cm/s
¢, = 0.01204 kg/m? =2.8x10* X 1072m/s
=T, = 2722 K = 2.8 X 102 m/sec = 280 m/sec
DDT l, =158cm yol”h
t; = 34 x 107 * sec =t
¢; = 0.01184 kg/m® = (34.51? 341)5%810_4 em/s
T, = 2784 K ”5
l, =18 cm =mcm/s
t, = 34.5 X 10~ * sec = 4.4 x 10* cm/s
¢, = 0.01185 kg/m? = 4.4 % 10* x 10~2m/s
=T, = 2805 K = 4.4 X 102 m/sec = 440 m/sec
Rb LF l,=0cm = bzh _
L=ty
t; = 0x107* sec 0
¢, = 0.000 kg/m? = o ST
=T, = 1500K = 0.m/sec
FD l,=75cm vzlz—ll
t, = 13.5 x 104 sec =t
8.6 —7.5
;1 Z Zggj 293 o = @z-135) x 10 ™/
1.1
I, =86cm = Wcm/s
t, = 14 X 10™* sec =2.2x%10*cm/s
¢, = 0.009607 kg/m3 = 2.2 % 10* x 102m/s
=T, = 2901 K =2.2x 10?2 m/sec
= 220 m/sec
DDT l, =92cm pol2Th
t, = 14.5 x 104 sec =t
¢, = 0.01033 kg/m? =0 igl'i;)gfw_ll cm/s
T, = 2905 K lo1
L, =193 cm =@ x 10 S

=4.04 X 10* cm/s
=4.04 X 10* X 10™2m/s
= 4.04 X 102 m/sec = 404 m/sec
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Calculated flame speed of H2-O; by kinetics for case studies a, b, c, d, e contd.

R¢ LF l,=0cm bkt _
t; = 0x107* sec _ tz;tl_ em/sec
¢, = 0.000 kg/m® (@107
=T, = 1500K = 0 m/sec
FD L, =23cm vzlz_ll
t; =7.5%x 107*sec =t
c; = 0.008751 kg/m?® = % cm/s
T, = 2910 K 1
= Wcm/s
lp=44cm =1.4x10*cm/s
ty =9 x 107* sec = 1.4 x 10* x 10~2m/s
¢, = 0.008954 kg/m? = 1.4 % 102 m/sec
=T, = 2928 K = 140 m/sec
DDT I, =148 cm yobh
t; =13 x 107 * sec te—t
¢, = 0.008566 kg/m® __ 172-148
(13.5—13) x 10~*
T, = 3001 K 24
= W cm/s
l, =172 cm =4.8x10* x 102m/s
t, =13.5x 107" sec = 480 =480 m/sec
¢, = 0.008290 kg/m?
=T, = 3023 K
Rd LF l,=0cm = bzh _
t; =0x107* sec tz;tl
¢, = 0.000 kg/m? = o ST
=T, = 1500K = 0 m/sec.
FD l, =34cm o L-14
t, =7 % 10™*sec te=t
¢, = 0.008329 kg/m? - % cm/s
T, = 2968 K 1
= Wcm/s
lpb=55cm =2.1x10* cm/s
t; = 8 x 107" sec = 2.1 10* X 10~%m/s
¢, = 0.008256 kg/m?
=T, = 2979 K =2.1x10%m/sec
=210
=210 m/sec
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Calculated flame speed of H2-O; by kinetics for case studies a, b, c, d, e contd.

t, = 10.5 X 10~ * sec
¢, = 0.007054 kg/m?
=T, = 3912 K

DDT I, =55cm L k-h
t; =8x 10 *sec tz=t
¢; = 0.008256 kg/m?® = % cm/s
T, = 2979 K 14
I, =195cm = Wcm/s
t; =11x 107" sec = 4.67 x 10* x 1072m/s
¢, = 0.007149 kg/m? = 4.70 x 10? m/sec
=T, = 3146 K v = 470 =470 m/sec
Re LF l,=0cm —bkh _
t; = 0x107* sec tz;tl
¢; = 0.000 kg/m? = o M
=T, = 1500K = 0 m/sec.
FD l, =44 cm . LL—1
t; = 8.5 x 10*sec 2=h
¢; = 0.007912 kg/m?3 = % cm/s
T, = 3015 K »
l,=58cm :Wcm/s
t; =9 x 107 *sec = 2.8 10* cm/s
¢, = 0.008256 kg/m? = 2.8 X 10* X 107%m/sec
=T, =3031K = 2.8 X 102 m/sec = 280 m/sec
DDT l, =58cm pol2Th
t; =9x 10 *sec tz—t
c; = 0.007777 kg/m? = (957_89—)>5<810_4 cm/s
T, = 3031 K 20
l,=78cm = Wcm/s
t, =9.5x 107" sec = 40 x 10* x 10™%m/s
c; = 0.007474 kg/m? = 4.0 x 102m/sec
=T, = 3065 K = 400 m/sec
DD l, =108 cm pol2Th
t, =10 x 10~* sec =t
¢, = 0.007147 kg/m? = (10;6;81_0)12'30_4 cm/s
T, = 3105 K 60
I, =16.8cm = mcm/s

=12 x 10* x 10"2 m/s
=12.0 X 102 m/sec
= 1,200 m/sec.
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APPENDIX 3: Calculations of flame speed of propane by kinetics for case studies 20, 21, 30, 31,40

Case Flames Propane Simulation Calculated flame speed of propane by
Studies results kinetics for case studies 20, 21, 30, 31,40
Reo LF l,=0cm _b-h _
t; =0x107* sec tz;tl
¢, = 0.000 kg/m? = @0 CM/seC
=T, = 2500K = 0 m/sec.
FD L, =37cm ’U:lz_ll
t; = 5.5x 107* sec t,—t;
¢, = 0.002389 kg/m® | = %
T, =3377K
I, =47cm = mﬂn/sec
t, = 6.0 X 107* sec — 2% 10* x 10~2m/s
c, = 0.002438 kg/m® — 2 % 102 m/sec
=Tz = 3496 K — 200 = 200 m/sec
DDT l; =10cm v=l2_l1
t; = 7.0 x 107* sec t,—t,
¢, = 0.0029 kg/m? _ %
T, = 3105K 9
I, =124 cm = WCTH/S%
t, =7.5%x107* sec 48 10* x 102m/s
c; = 0.002890 kg/m* | _ 48 x 102 m/sec
=T, = 3213 K _ 480 = 480 msec
Ra LF l,=0cm _ % _
2=t
t;, =0x% 1074 sec _ 0 misec = 0 msec.
¢, = 0.000 kg/m* (0)x10~*
; Ty = 2500K
FD l,=45cm U:lz_l1
t;, = 9.5 % 10™* sec t,—t,
¢; = 0.002318 kg/m?3 _ 5.7—-45
T, = 3215K (10 —9.5) x 10~*
l; =57cm = ﬁcm/sec
tz=10Xx 107" sec | = 24 % 10* x 102m/s
¢, = 0.002461 kg/m3 = 2.4 x 102 m/sec
=T, = 3221K — 240 = 240 m/sec

Appendices

176



Calculated flame speed of propane by kinetics for cases 20, 21, 30, 31,40 contd.
DDT L=72cm b ﬂ
t; = 10.5 X 10™* sec -t
¢, = 0.002659 kgim?* | = 20~ 72
(11 —10.5) x 10~*
T, = 3239 K s
l, =9.6cm = mﬂn/sec
t, =11 X 10™* sec 48 10° x 102m/s
¢, = 0.0029081 kg/m® | — 4.8 x 10% m/sec
=T = 3285K — 480 = 480 m/sec
DD l,=93cm - ﬂ
t; =11 x 10 sec t,—t;
¢ = 0.002908 kg/m? | - 11:8-53
(11.5—11) x 10~*
T, = 3285K i
I,=118cm =mcm/s
t, =11.5x10"*sec | _ 13.0 x 10% x 10-2m/s
¢, = 0.003088kg/M* | _ 130 % 102 m/sec
=12 =3350K = 1300 m/sec
Rso LF LL=0cm _ bbb _
t, = 0% 107* sec tz;tl
¢, = 0.000 kg/m? = @aoms CM/SEC
=T, = 2500K = 0 m/sec.
FD I,=10cm - ﬂ
t, = 2.1 x 107 sec t,—t;
¢, = 0.001856 kg/m® | = CRE 1_ ;;5;-2 —
T, = 3236 K 02
l,L=12cm = mcm/sec
t, =225x10"*sec | _ 133« 10-2m /s
¢, = 0.001876 kg/m® | _ 133 % 102 1m/sec
=Th = 3235K 133 = 130 m/sec
DDT lL,=20cm = L—1
t; = 3.25 X 10™* sec t,—t;
¢ = 0.002046 kg/m® | = >3~ 20
(4.0 — 3.25) x 10~*
=T, = 3344 K iy
I, =53cm =mcm/s
t, =4.0x 10"*sec 44 % 10° x 102m)s
¢ = 0.002583ka/m* | — 4 4 x 102 m/sec = 440 = 440m/sec
=T, = 3430K

Appendices

177



Calculated flame speed of propane by kinetics for cases 20, 21, 30, 31,40 contd.
DD I, =10.8cm yol”h
t, = 4.8 x 10™* sec =t
¢ = 0.002804 kg/m® | = (4.95133.;01)0;810—4
=T, = 3344 K -
I, = 14.6 cm = 015y x 10+ ™S
t; = 4.95x 107" sec | — 253 x 10* x 10-2m/s
¢, = 0.004216 KO/M® | _ 253 102 m/sec
=T, = 3430K = 2530 = 2530m/sec
Ra1 LF l,=0cm —lzh _
t; = 0Xx 107* sec tz;tl
¢, = 0.000 kg/m? = oo Ve
=T, = 2500K = 0 m/sec.
FD l, =0.85cm yol”h
t; = 5.45 x 107* sec =t
¢, = 0.0002170 kg/m® | = 3-085
I = 2504 K (7.25 — 5.45) x 104
2.15
l,=3cm = Wcm/sec
t; =725x107"sec | _ 1194 x 10-2m/s
¢, = 0.001722kg/m* | _ 1 194 x 102 m/sec
=T, = 3240 K 119.4 =120 m/sec
DDT I, =21cm yol2h
t; = 8.2 x 107 *sec ta—t
1= 0002311 kg | = 5'88.2)2;(110_4 em/s
=T, = 2500K 17
I, =3.80 cm = Wcm/s
t; =86x107"sec | — 43 x10* x 10~2m/s
¢, = 0.002562 KO/M® | = 43 % 102 m/sec
=T = 2500K = 430 m/sec
DD I, =10.3cm yolz=h
t; = 9.4 x 10~*sec =t
¢, = 0.003521 kg/m® | — 14>~ 103
(9.55 — 9.4) x 10~*
=T, = 2500K o
l, = 145cm = 015) x 10% /s
t; =955x107%sec | = 28,0 x 10* x 10~2m/s
¢z = 0.003501kg/m® | _ 5800 = 2,800 m/sec
=T, = 2500K
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Calculated flame speed of propane by kinetics for case studies 20, 21, 30, 31,40

Rao

LF ll =0cm _ I,—1y _
ty—tq
t; =0x107* sec .
= —, cm/sec
¢ = 0.000 kg/m? (0)x10
=T, = 2500K = 0 m/sec.
FD 11=I.OCTfl v_lz_ll
t, = 1.55 X 10™* sec t,— &
c; = 0.001733 kg/m® | = 1.3—-1.0
5 (1.7 — 1.55) x 10~*
T, = 3254 K
1 3 0.3
l = 1.3 cm h mwn/sec
fp = 17X 107 sec | = 10* x 10?m/s
¢, = 0.001767kg/m* | — 4 8 x 102 m/sec
=T, = 3255 K = 480 = 480 m/sec
DDT 11=10cm v_lz_ll
t; = 7.5x107* sec t, — t;
¢ = 00029 kgim* | = 124100
105 (8 - 75) X 10~4
T, = K
1 =310 9
l,=124cm = mcm/sec
t;=80x107"sec | — 3 10% x 10-2m/s
¢z = 0.003041kg/m* | — 5 5 102 m/sec
=T, = 3613 K — 200 = 200 m/sec
DD I, =53cm L

t; = 2.6 X 10™*sec
¢, = 0.002774 kg/m?
=T, = 4500K
l,=11.7cm

t, = 2.85 X 10™*sec
¢, = 0.004744 kg/m?3
=T, = 4500K

tp =ty

11.7 - 5.3
~(2.85-26) x 10*

6.4
" (025) x 107
= 25.6 x 10* x 10~2m/s
= 25.6 X 102 m/sec
= 2560 =2,560 m/sec

cm/s

cm/s

Appendix 4: Calculated flame speed of effects of geometric configurations for cases block, step, wall

Case
Studies - H2-O2

Flames

Simulation

results

Calculated flame speed of effects of
geometric configuration on

Explosion in H2-O, combustion
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Calculated flame speed of effects of geometric configuration on Hz-O2
combustion for case studies block, step, wall contd.
Block LF l,=0cm b _
tr—t
t; = 0x10™* sec 01 /
= ——— Cm/sec
¢; = 0.000 kg/m? (0)x10~*
=T, = 2500K = 0 m/sec.
FD 11 =5.2cm . lz _ ll
t, = 032 x 107 sec t,— &
¢, = 0.007117 kg/m? _ 525-5.2
(034 — 0.32) x 10~*
=T; = 4009K .
I, =5.25cm = mcm/sec
t, = 0.34 x 10—4’ sec =25% 104 x 10_2m/s
¢ = 0.007454 kg/m’ =2.5%x10%2 m/sec
=T, = 3994K = 250 = 250 m/sec
DDT l, =6.58cm = L—1
t; = 0.38 X 107* sec t, — t;
¢; = 0.007132 kg/m? __ 667-658
(0.4 —0.38) x 104
=T, = 3988 K 0.0
12 = 667 cm =(0-02)—X10_4cm/s
tz = 04X 107 sec =45 x 10* x 10~2m/s
¢, = 0.006800 kg/m® = 4.5 x 10% m/sec
:Tz =3982K = 450 = 450m/SeC
DD I, =75cm - ﬂ
t; = 0.42 X 10_4’ sec t, — t4
¢; = 0.009279 kg/m? - 14.5-75
(0.68 — 0.42) x 10—+
=T, = 4067 K -
I, =145cm = mcm/s
t2 = 0.68 x 10_4’ sec =26.92 X 104- X 10—2m/s
¢, = 0.008329 kg/m’ = 26.92 x 102 m/sec
:Tz =4067 K = 2692 m/SeC= 2,690 m/SeC
Step LF l,=0cm i
to—tq
t; =0x107* sec . /
= ————;cm/sec
¢, = 0.000 kg/m? (0)x10~4
=T, = 300K = 0 m/sec.
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Calculated flame speed of effects of geometric configuration on H»-O;

combustion for cases block, step, wall contd.

DD L=47cm

t; = 0.02 X 10™* sec
¢ =

0.00000008493 kg/m?
=T, = 1341K
l,=58cm

t, = 0.06 X 10~ *sec
¢, = 0.009279 kg/m?®

L—-1

o=t

B 5.8 —4.7
~(0.06 — 0.02) x 10—+
B 1.1

"~ (0.04) x 104
=27.5x10* x 1072m/s
= 27.50 X 10?2 m/sec

= 2750 =2,750 m/sec

v =

cm/s

t, = 0.02 X 10~ *sec
¢, = 0.005159 kg/m?®
=T, = 4300 K

=T, =3789K
Wall LF I,=0cm e
ty—tg
t; = 0% 10~% sec -
- — cm/sec
= 0.000 kg/mS ©)x10
:T1 = 300K = 0 m/Sec.
DD ll = 57 cm o ﬁ
t; = 0.01 X 10™*sec t,—t
6.0 —-5.7
¢; = 0.005481 kg/m?® _
1T 4474 K ’ (0.02 —0.01) x 10~* cm/s
Lo _ 0.3
l, =6.0cm = (0.01) x 10~ cm/s

=30 x 10* x 10~2m/s
=30 x 102 m/sec
= 3,000 m/sec

Appendix 5: Calculated flame speed of effects of geometric configurations on Explosion for cases A, B, C.

t; =0x107* sec
¢, = 0.000 kg/m?
=T, = 2,250K

Case Flames | Simulation Calculated flame speed of effects of

Studies - H,-O2 results geometric configuration on H2-O;
combustion for cases A, B, C.

Ra LF I,=0cm =Lkt _

-ty

— o /
= Taos CM/sec

= 0 m/sec.
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Calculated flame speed of effects of geometric configuration on H2-O;

combustion for case studies A, B, C contd.

t, = 1.55 X 10™* sec
¢, = 0.01034 kg/m®
=T, = 3176K

FD 11=5.8cm v_lz_ll
t, = 1.35 X 10~* sec t,— &,
¢, =0.01062 kg/m® | = 6.3 5.8
(1.65 —1.35) x 10~*
=T, = 3109K
0.5
l,=63cm = Wc‘m/sec
= —4
t, =1.65%x 107*sec | _ 1,667 x 10* x 10-2m/s
¢z = 0.01010kg/m® | — 1 67 x 10 m/sec
=T, = 3183 K — 167 = 170 m/sec
DDT |1, =6.0cm L=k
t1 = 165 X 10_4 sec tz - tl
c; = 0.01010 kg/m* | = 74-6.0
(1.95 — 1.65) x 10~*
:T1 = 3243 K 14
12 = 7.4cm = Wcm/sec
t; = 1.95x 107" sec | — 4667 x 10* x 10 2m/s
cz = 0.009393kg/m’ | = 4,67 x 102 m/sec
:Tz =3274K :467:470m/sec
DD I, =105cm b L—1
t1 = 215 X 10_4 sec tz - tl
11.7 — 10.5
¢; = 0.009032 kg/m® | —
1T 4136 K (2.2 —2.15) x 104 cm/s
o _ 1.4
l,=119cm = (0.05) x 10~ cm/s
t, =22x107"sec | _ 28 % 10* x 10~%m/s
cz = 0.00897kg/m® | _ 78 x 102 m/sec
=T, = 4011 K — 2800 m/sec
Re LF I, =0cm T
ty—tg
t; =0x107* sec .
= — cm/sec
¢, = 0.000 kg/m? (0)x10
=Ty = 2,250K = 0 m/sec.
FD ll=5.5Cm U_lz_ll
tl = 145 X 10_4 sec tz - tl
c; = 0.01044 kg/m3 _ 5.75—-15.5
(1.95 — 1.65) x 10~*
=T, = 3153 K
0.25
l, =5.75cm = Wcm/sec

=2.5x%x10*x 10™%m/s
= 2.5 x 102 m/sec
= 250=250m/sec
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Calculated flame speed of effects of geometric configuration on

H,-0, combustion for case studies A, B, C contd.

t, = 5.05 X 10~ * sec
¢, = 0.006564 kg/m?
=T, = 3303 K

DDT | L =7.25cm _L-l
t; = 1.75 X 10™* sec =t
¢ = 0.009833 kg/m? | — 77— 725
(1.85 — 1.75) x 10~*
=T, = 3268 K 045
l,=77cm = Wcm/s
t, =1.85Xx 107*sec | _ 45 x 10* x 10-2m/s
c; = 0.00953kg/m*® | _ 45 102 m/sec
=T = 4012K = 450 m/sec
DD I, =95cm v—lz_ll
t; = 1.9 x 107*sec ta =t
29.8-9.5
¢, = 0.009443 kg/m® | —
' (2.65 = 19) x 10-% ™/$
=T, = 4202 K 203
l, =29.8cm = mcm/s
t, = 2.65x 107" sec | _ 271 x 10* x 1072 m/s
¢, = 0.008705KIM® | _ 571 x 102 m/sec
=T, =3735K — 2,710 m/sec
Re LF ly=0cm v_lz—ll
t;, =0x 10~% sec thh—t
o
¢ = 0.000 kg/m® = ros omisee
=T, = 2000K = 0 m/sec.
FD I, =73cm v_lz—ll
t; = 3.65 X 10™*sec tp—t
¢, = 0.007481 kgim® | = 00~ 73
(39— 3.65) x 10—+
=T, = 3092 K 14
[, =80cm = mcm/sec
t; =39x107*sec | — 28 x 10* x 10-2m /s
¢, = 0.007309kg/M® | _ 5.8 % 102 m/sec
=Tz =3120K = 2.8=280m/sec
DDT |, =13.2cm k-G
t; =4.8Xx 107*sec t — 1y
¢, = 0.006757 kgim? | — 44— 132
(5.05— 4.8) x 104
=T, = 3258K 12
l, =144 cm = mcm/s

=48 x10* X 10™2m/s
= 4.8 x 102 m/sec
= 480 =480 m/sec
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Calculated flame speed of effects of geometric configuration on

H,-0, combustion for case studies A, B, C contd.

DD

l, =205cm

=T, = 3812 K
l, =496 cm

=T, = 3689 K

t; = 5.55 X 10™* sec
¢, = 0.006324 kg/m?

t, = 6.65 X 10™* sec
¢, = 0.007291 kg/m?

-1

b=t

B 49.6 — 20.5

"~ (6.65 — 5.55) x 10~*
B 29.1

"~ (1.10) x 104
=26.5x 10* X 1072m/s
= 26.5 X 10% m/sec

= 2,650 m/sec.

v =

cm/s

cm/s

Appendix 6:Calculated flame speed of geometric configuration effects for cases 20,21, 30, 30x,31,31x

Case Flames | Simulation Calculated flame speed of effects of
Studies -Propane results geometric configuration on Explosion
in propane combustion
R2o LF L=0cm v=l2—l1
t; = 0x107* sec ta—t
¢, = 0.000 kg/m? = (0):10_4 cm/sec
=T, = 3000K = 0 m/sec.
FD L=62cm pol2Th
t; = 6.5x 10™* sec ta—t
¢; = 0.002609 kg/m?3 =G5 3'76;)6;210_4
=T, = 3678 K L
l,=77cm = Wcm/sec
t, =7.0x 107 sec = 3.0 X 10* X 10~2m/s
¢, = 0.002766 kg/m? — 3 x 102 m/sec
=T, = 3806 K = 300 = 300 m/sec
DDT |, =77cm pol2Th
t, =7.0x 107* sec =t
¢; = 0.002766 kg/m? =5 i‘i.;)7>'<710_4
=T, = 3806 K ”1
= Wcm/sec
[, =98cm =42 x 10* x 102m/s

t, =7.5%x107*sec
¢, = 0.002896 kg/m®
=T, = 3712 K

= 4.2 X 10 m/sec
=420=420m/sec
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Calculated flame speed of effects of geometric configuration on H2-O;
combustion for case studies 20, 21, 30, 30x, 31, 31x contd.

Rat LF I,=0cm :v:ﬂ
t; = 0Xx 107* sec =t
¢, = 0.000 kg/m® = (0):10_4 cm/sec = 0 m/sec.
=T, = 2500K
FD l,=48cm = L=k
t; = 9.5x 10™* sec ta—t
¢; = 0.002317 kg/m?3 = 6048
(10 — 9.5) x 10~*
=T, = 3215K L2
I, = 6.0cm =05y x 10+™/S
t; =10 x 107" sec = 24X 10* X 10™2m/s
¢, = 0.002453 kg/m? = 2.4 10% m/sec
=T, = 3223 K = 240 m/sec
DDT |l =52cm yobh
t; =10 x 10™* sec ta—t
¢; = 0.002453 kg/m?3 __ 93-52
(11 —10) x 10~*
=T, = 3223 K i1
l,=93cm = [1.0) x 1073 m/sec
t; =11 x 107" sec = 4.1 x 10* X 10~2m/s
¢, = 0.002876 kg/m* = 4.1 x 102 m/sec = 410 m/sec
=T, = 3237 K
Rso LF I, =0cm yol2h
t; = 0x107*sec =t
c; = 0.000 kg/m?® v = %
=T, = 3000K .
= Ox10 cm/sec
= 0 m/sec.
FD I, =55cm U:lz—ll
t; = 4.0 x 10™* sec ta—t
¢, = 0.002587 kg/m? = 5.85-55
(4.15 — 4.0) x 10~*
=T, = 4036 K 035
l, = 5.85cm = [018) x 10 ™/$
t, = 4.15 X 10~ *sec =23 x10* x 1072/s
¢z = 0.002637 kg/m? = 2.3 X 10 m/sec = 230
=T, = 4080 K =230 m/sec
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Calculated flame speed of effects of geometric configuration on Ho-
0O, combustion for case studies 20, 21, 30, 30x, 31, 31x contd.

DDT | I, =9.98cm ,olk—h
t, = 4.7 x 10~ sec 274
¢, = 0002796 kg/m? = (4.7;0_'2 4._7;3 '3810_4
=T, = 3878 K 0.22
I, =102 cm = (0.05) x 10-% /se¢
t, = 4.75 x 10™* sec = 4.4 x10* x 1072m/s
¢, = 0.002834 kg/m® — 4.4 % 10 m/sec
=T, = 4453 K = 440 = 440 m/sec
DD l,=102cm pol2Th
t; = 475 x 10~* sec 2~h
¢, = 0.002834 kg/m? =& 91_4':_7_5; ?('210_4
=T, = 4453 K 40
I, =142 cm = (0.15) x 10-% /see
t, = 4.9 x 10™* sec =26.667 X 10* x 10™%m/s
¢, = 0.005389 kg/m? = 26.667 x 10% m/sec
=T, = 4364 K =2670=2670 m/s
R LF |[L=0cm pol=h
t; = 0x10~* sec tz—t
¢, = 0.000 kg/m? = oy Cmisec
=T, = 3000K = 0 m/sec.
FD I, = 4.55cm ,ol2Th
t; = 3.85 x 10~* sec 2—h
¢, = 0.002453 kg/m® =G _5'3(?8_5;;5510_4 cm/s
=T, = 3880 K 045
I, =50 cm = (015) x 10+ ™/
t, =4 x 107" sec =3.0 x 10* cm/s
¢, = 0.002587 kg/m? =3.0 x 10* x 10~2m/s
=T, = 4035 K =3 x 102 m/sec
= 300 m/sec
DDT | [, = 9.56 cm yolk=h
t; = 4.65 x 10~* sec 27h
¢, = 0.002776 kg/m® _ 987936
(4.7 — 4.65) x 10~*
=T, = 3856 K 0.24
l, =98 cm = (0.05) x 10+ ™/

t, = 4.7 X 10™* sec
c, = 0.002796 kg/m?3
=T, = 3878 K

=48x10*x107%m/s
= 480 =480 m/sec
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Calculated flame speed of effects of geometric configuration on Ho-
0O, combustion for case studies 20, 21, 30, 30x, 31, 31x contd.

DD L, =124 cm yol”h
t, = 4.75 X 10™* sec =t
c; = 0.002834 kg/m?® = (4.91_4;.75)11'410_4 cm/s
=T, = 4453 K 18
I, =142 cm = 015 x 10 ™S
t; = 4.9 X 107 sec = 12 x 10* X 10~2m/s
¢, = 0.005389 kg/m?® =12 x 10% m/sec
=T, = 4364 K = 1,200 m/sec
Ras LF L=0cm v=l2_l1
t; = 0x107*sec =t
c; = 0.000 kg/m® v= %
=T, = 2500K ‘o
= Ox10 cm/sec = 0 m/sec.
FD l, = 7.4cm yol”h
t; =9.1x 107*sec ta—t
7.55 — 7.4
ilrlz :0 :;)72: 19 e R S e
0.15
I, = 7.55 cm = 005 x 10+ ™S
t, = 9.15 X 10~ *sec =3 x 10* cm/s
¢, = 0.002791 kg/m? = 3% 10* x 10-2m/s
=T, = 3495 K =3 x 102 m/sec = 300 = 300 m/sec
DDT I, =856cm . LL—1
t, = 9.25 x 10 sec ta—t
8.8 — 8.56
jn: =0 ::zzf 19 I = GEmeamx 1o
0.24
l,=88cm =mcm/s
t, = 9.3 x 107" sec = 4.8 x 10* x 10 2m/s
¢, = 0.002885 kg/m? — 4.8 x 10% m/sec
=T, = 3534 K v = 480 =480 m/sec
DD I, =10cm L-1

t; = 9.4 x 10™* sec
¢, = 0.002919 kg/m®
=T, = 4286 K

l, =1445cm

t, = 9.55 X 10~ *sec
c, = 0.005499 kg/m3
=T, = 4334 K

v =
b, —t

14.45 - 10
= (9.55—9.4) x 10~*
4.45
~ (015) x 107+
=29.667 X 10* x 10™%m/sec
= 29.667 =2970 m/sec

cm/s

cm/s
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Calculated flame speed of effects of geometric configuration on

propane combustion for case studies 20, 21, 30, 30x, 31, 31x contd.

Rs1x

LF l,=0cm v—lz_ll

t; = 0x107* sec =t

o

¢; = 0.000 kg/m? = Ox10-* cm/sec

=T, = 2500K = 0 m/sec.
FD I, =53cm v—lz_ll

t; = 8.75 X 10~ * sec =t

¢1 = 0.002566 kg/m? _ 6-53 em/s

(8.9 —8.75) x 104

=T, = 3377K 0.7

l,=60cm =mcm/s

t, = 8.9 X 10™* sec = 2.8 % 10* cm/s

¢z = 0.002609 kg/m’ = 2.8 x 10* x 10~2m/sec

=T, =3399K = 280 m/sec
DDT L=70cm b L,—1

t; = 9.1 x 10™* sec =t

79-7.0

¢, = 0.002702 kg/m? _

' : ©3-91) x 10 “/*

=T, = 3445 K 0.9

I,b=79cm = Wcm/s

t, =9.3 % 107 *sec =45x%x10* x107%m/s

¢, = 0.002728 kg/m’ = 4.50 x 10?m/sec

=T, = 3462 K =450 m/sec
DD l,=86cm v—lz_ll

t; = 9.35 X 10~* sec =t

13.75 - 8.6
c; = 0.002762 kg/m?® —
i (955 =935 x 10 ™S
=T, = 4239K 5 15
I, =13.75cm = mcm/s

t, =9.55 X 10™* sec
¢, = 0.004712 kg/m?3
=T, = 4208 K

= 25.80 x 10* cm/s
= 25.80 x 10* x 10™2m/sec
= 2580 m/sec.
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Appendix 7: Publications and Presentations

S/No. List of Publications

1 Numerical investigation into fast deflagrations and deflagration-to-detonations in
premixed gaseous Hz-O2-N2 Mixtures —
Joseph Adoghe!, Weiming Liu', Jonathan Francis?
Journal of ASPCC 2019, Japan

2 Investigation into mechanisms of deflagration-to-detonation using Direct Numerical
Simulations —
Joseph Adoghe?, Weiming Liu*, Jonathan Francis® and Akinola Adeniyi?
Journal of ICCHMT 2019, 128, 03002 (2019). Rome

3 Investigation into the propagation of fast combustion waves using Direct Numerical
Simulations —
Joseph Adoghe (2018). Fired-Up Programme 2018. Edinburgh, UK

4 Investigation into the propagations of fast combustion waves using Direct Numerical
Simulations (Poster Presentation) —
Joseph Adoghe. UCLAN Engineering EXPLO 2018.

5 Heavy-metal content of roadside gutter sediments in Ibadan, Nigeria —
Joseph Adoghet'P. C. Onianwat
Journal of Environmental International, Vol. 23, No. 6, pp. 873-877. (1997).
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