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Definitions &

> Deflagration YA

»a flame spread rate of less than the speed of sound.
(subsonic) &R &R KIBEIE

>Explosion /&XE
»a rapid release of high pressure gas into the environment.
> SERRBEREENIIRRE

> Detonation (&&=

»a flame spread rate that is above the speed of sound.
(supersonic) FERAVKIBEIE
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The Fire TrianglefAE=2Z%
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10. Pressure

Heat / Ignition Sources

Hot "Work

Electric Arcs and Sparks
Static Electricity

Hot Surfaces

Friction and Mechanical
Sparks

Chemical Action and Sparks
Speontanecus Combustion
Hypergols

Pyrophors (i.e. iron sulphide)
Compressicn
Iznition (Ddeseling)

11. Sudden Decompression

12, Catalytic Beactions

S~

Heat (Ignition)

AN

/

Oxvegen (Air)

Oxygen Sources

Planned Introduction of Adr
= Adr-based operations

o Adr Purging

Unplanned Introduction of A
Underbalanced operations
Swabbing & other operations
that create a vacuum

Pockets of air created during
the installation and servicing
of Equipment

Crxidized (Weathered)
Hydrocarbons

Oxidizers

Chemical Feactions

Crn-5Site Generated Nitrogen

{0

{ i

O 00

Eelease of Hydrocarbons into Adr

l

l

l

l

000

]

Gases

MNatural (as

Hydrogen Sulphids

LPG Gases (Including
propane and butane)

Are the octher relevant gases
(ie hydrogen, acetvlene)

0

Liguids / Vapours
Cruade o1l / Condensate
WGL liguads
Hydrocarbon based frac
fluids

Gasoline, Diesel & other

firels
Methanol

]

0

Chemicals

Solvents and cleaning
agets

Special componnded
hwvdraulic fluids &
lubricants

Chemicals used for well
servicing and stimulations

Solids

o Lubricants

Sealants,

o Packings, 07 rings,
diaphragms and wvalve seats

o Paints and Coatings

0




Explosion Limits 1R}EZEE AN

ERi=E
0] 0
100 Vol % 0 Vol %
I I
l I
Mixture i Explosion range i Mixture
too lean I ' I too rich
l I
I I
I I
no i 0 Deflagration
combustion I I no explosion
] l
LEL UEL
I : I
| — Explosion —_
1 lower limit higher

0 Concentration of 0
0 VOI AJ combustible substance in air 0 0 VOI AJ

oM MEEZERPRIRE
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History of methane explosion limits AN

= First reported explosion limits of methane by Davy (1816, 100 cm3 narrow necked
bottle, top ignition via candle flame):

* | EL = 6.2 (burning without explosion) LEL = 6.7 (diminished violence) UEL = 14.3
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® e
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Qq ® UEL Wy @ 00 b
‘ Seo P R
1960 -
| -
o
D
p— N 1940 —
& &
& S
1920 - o™ ® “o
E °s o
19m | ] I | ] ) 1 I
4 6 8 10 12 14 16 % 20

Page = 8



Explosion Limits of Selected Gases and Vapors

Page =9

Substance
designation

Acetylene
Ethylene

Gasoline

Benzol

Heating oil/diesel
Methane

Propane

Carbon disulphide

Hydrogen

Lower explosion limit
[Vol. %]

2,3
2,4
~0,6
1,2
~ 0,6
4,4
17
0,6

4,0

Upper explosion limit
[Vol. %]

100 (self-decomposing!)
32,6

~ 8

~6,5
17

10,8
60,0

77,0

AN




Flammable Region
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Explosion point, Flash point AN

E——
—

molar amount
vapor pressure

\ temperature——> \

lower explosion point upper explosion point

flash point

A = not explosive (to lean) = B = explosive

C = not explosive (to rich) D = hybrid mixtures possible
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Flame propagation in explosive atmospheres AN

= |f a combustible mixture can be ignited, the question arises how the
explosion can propagate under given conditions.

* The following characteristics describe the reaction propagation:

— Detonation limits /'BYEEE & B

— Propagation speed of deflagrations¥AEEEERE

/1N

— Maximum experimental safe gap.&x K&t 5z & B P&
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Basic principles of explosion protection

Examples of possible ignition sources

fire, flames, hot surfaces

Preventing the smoldering material

formation of an explosive

atmosphere J' ~q
Y/ static electricity
‘ (spark discharge)
AN 4
T —C
/|8
hanicall L ; =3
. mechanically
f&vc_n_dance of the _ Jaieralad :
ignition of an explosive sparks static
electricity
atmosphere (brush
discharge) .
electrically
generated

sparks

Ignition energy
A

ignitieon

ignition '

Page = 14 [ ignition energy

Fuel concentration




Ignition of explosive atmospheres
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= |gnition process is strongly dependent on the reaction mechanism!

= Variation of auto-ignition temperature with C-chain length

Ignition Temperature / °C

700 r 7
600 ™ /Hydrocarbons £
500 } - = -
. —
400 F = T Alkoholes |
300 F SR 4
100 r Aldehydes |
0 1 | | | i i i 1 | 1 | | i i i | 1
1 S N Wi A R |y S (e E Ty A R

Length of C-chain

700
600
500
400
300
200
100

AN




Solvent Tank Explosion AN
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RRECFF

. C.H, + (m+n/4) O, = mCO, + n/2 H,0
" S+0, = SO,

" SO, +1/2 O, = SO,
- Cl+1/2 H, = HCI

. N, + O = NO + N
. N+0O, = NO+O
. N+ OH = NO +H
. NO + 1/2 O, = NO,
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RRIEC] RICE R ERE
*"A+B=C

Ra —A*e —E/RT CA CB

Rate Coefficient:
k =A TBexp(-C/RT)
Equilibrium Constant:

K=DTEexp (-F/T)

Page = 18

A]nL

No Reaction A B CAK)
1 N;+0 e N+NO 2.6x10" 0.0 38390
2 N+0O;NO+0 6.4x10° 1.0 3162
3 N+QOH e H+NO 6.3x10" 0.5 0.0

4 NO + HO; & NO; + OH |.4x10" 0.0 705

5 NO + O+ N; e NO; + N, 1x10" 0.0 0.0

6 N;O + 0 e NO +NO 7.1x10" 00 14100
7 Ny + 0+ Ny & NJO+N, 5.5x10" 0.0 10770
B NO; + 0 & NO+0, 5 8x10" 0.5 0.0
9 N;O+ H & N;+ OH 7.6x10" 0.0 7654
10 CH;+OH& CH+H; 0 447x10" 0.0 1511
I CH; + NO & HCN + OH 1.39x10" 0.0 -554
12 CH+N; & HCN+N 4 4x10" 0.0 11060
13 CH+0; & 0+CHO 3.3x10" 0.0 0.0

14 CH+ OH & CHO+H 3.0x10" 0.0 0.0

15 HCN+ 0 & CN+OH 2.7x10° 1.58 13394
16 HCN + OH & CN + H;0 4.36x10" 0.0 45171
17 CN + OH & NCO+H 6.0x10" 0.0 0.0

18 CN+0y & NO+CO 5.6x10" 0.0 0.0

19 NCO + OH > NO + CO +H 10" 0.0 0.0
20 NCO + NO ¢ N;O + CO 10" 0.0 -196




No___ Reaction Rerl A . B CAK) D E FAK) No. Reaction Ref. A B CHK) D E F/AK)
y ool oo 130n0° oo  s4so L 00 e 24 CHetHerCHytHy 28 22x10' 30 4400 293 00 355

1 O+H;eoOH+H 137 1.80x10° 2.5 3300 25  CH¢+OH«CH,+H,;0 153 1.6x1907 1.83 1400 6.15 0.0 -7285

4  H+Oy+H;o>HO+H; 137 2.30::13; -0.86 0.0 0.745 0.0 -2338 26 CH#+0eCH,+OH 28 1.2x107 2.1 3840 66.51 00 1293
H+O# N3 HO+N; 3.75x1 -1.72 0.0 -

I OO IHONO, 3 00x10® 173 00 27 CHy+0eCH;O+H 28 ?.oxmu 0.0 0.000 0.072 0.0 -35100
H+0,+C0-HOACO 2.10x10"™  -0.86 0.0
H+0:#+C0yHO+COp 4.10x10"™  -0.86 0.0 No Reaction Ref. A B CHK) D E FAK)
H+0+CHiHO,+CH, 5.60x10°  -0.86 0.0 39 CH,#CHOOCH.FCO 61,143 1.0x10" 00 00 : S

5 H+HO:>OH+OH 137 2.20x0 0.0 710 30 CHy+HO»CH+O; 61, 143 2.0x1 1 0.0 0.0 = - -

6  H+HO.<0+H,0 137 5.0x10" 0.0 710 31 CHy+HOy>CHyO+0H 61,143  2.0x10" 00 0.0 - - -

7 H+HOp»Hy+Oy 137 2.16x10" 00 280 32  CH,O+H«>CH,O+H, 61,143  5.0x10" 00 0.0 - - -

8  OH+HOye&H;0+0: 137 1.80x10" 0.0 0.0 33 CH O+OH«CH,;O+H,0 61,143 25x10” 00 0.0 - - -

9  O+HO0H+O, 137 2.00x10" 0.0 0.0 34 CHyO+O«CH,O+OH 61,143  25x10" 00 0.0 - - -

100 H+H+H < H+H, 137 9.20x10"™ -0.60 0.0 0.24 0.0 -5259 35 CHy+CHyCiHe 61,143 28x10" 04 00 533x 107 00 -43880
H+H+N; e Hy+N; 1.00x10"™  -1.00 0.0 36 CHs+He>C;Hs+H, 61,143  55x10° is 2620 21.7 00 -1140
H+H+ 03 Hy+0y 1.00x10"™  -1.00 0.0 37 CiHs+OH+CH+H;0 153 3.54x10* 212 4393 . -
H+H+H;0+Hy+H,0 6.00x10"  -1.25 0.0 38 CHg+0e>CHs+0OH 153 8.98x10° 192 2864 - - -
H+H+CO+H,;+CO 1.00x10"  -1,00 0.0 39  CiHg+O»CH+HO, 61,143 20x10" 00 2510 - - -
H+H#+CO;6H;+CO; 5.49x10™  -2.00 0.0 40 C;Hs+*HeCHy+CH; 61,143 438x10° 00 00 - - -
H+H+CH,>H,+CH, 54910  -2.00 0.0 41 -CHs+OCH+CH,0O 61,143 50x10" 00 00 - - -

11 H+OH+MeH,0+M; 137 1.60x10%  -2.00 0.0 42  CH+CiHs»C,H+CHe 61,143 14x10" 00 00 - - -
M=H,, Oy, N3, CO, CO,, 43 CH+ 0o CH+CHO 61,143  2.0x10" 0.0 1300 . - -

M = H,0 28.00x107  -2.00 0.0 44 CHA+OH&CH+CH,O 61,143  4.0x10" 00 760 1.9 00 -7910

12 H+O+M+—OH+M, 137 6.20x10"™  -0.60 0.0
M :";[-:gm Nz, €O, €0, s1al0” 050 00 No. Reaction Ref. A B C(K D E  FAK)

13 OH+OHeO0+HO 137 e(27+1.5 45  CHHOH&CH+H,0 166  0.7x10" 0.0 1516 1.99 0.0 -7183

x 10°T) 46  CyHAHOCHy+H; 166  1.5x10" 0.0 513 8.64 0.0 448

14 OH+COeCO+H 137 1.50x107 13 -385  3.8x107 1.2 -13067 47  CH+HeCH,+H, 166  2.0x10" 0.0 0.0 0.35 0.0 -33020

15°  O+CO+MeCO+M; 137 s40x10* 0.0 2300 48  CyHy+Oye>CiHy+HO;y 166  |.0x10" 0.0 0.0 1 0.0 -31960
:;'H:. Pt ?5 Ny, €O, €O, 49 CHy*OeCH#CO 240 4110’ 15 854 533 00  -25510

165 H+CO+MerCHOM; 137 500x10% 00 755 17 00 -7080 30 CHOrCOsH, 238 10x10” 00 1864 0003 00 -93262
M = H;, O3, Nz, CO, COy,

CHy & H;0

17 CHO+O36HO+CO 137 3.3x10" -0.4 00

183 CHO+H&H;+CO . 1.2x10™ 0.0 0.0

19 CHO+OH«CO+H;0 137 1.0x10™ 0.0 0.0

20 CHO+O+OH+CO - 3.0x10"

21 CH;0+H«»CHO+H; 137 1.0x10* 30 700 10.6 00 -7778

27 CH;O0+OH «*CHO+H;0 137 3.0x10" 0.0 600

23 CH;0+0+»CHO+0OH 137 1.8x10" 0.0 1540




CH4 / Air Flame + 1 atm
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CH4 /02 /N2 Oxygen Enriched Flame - 1 atm
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NORYE
IRRABEER : NOXRVOCEREEGFEIENEE - BVPEESEETRIER

=2 AN

I

=NOX » Formation of NOX
— nitric oxide (NO) — thermal NOx formation
— nitrogen dioxide (NO2) — fuel NOx formation
— dinitrogen oxide (N20) — prompt NOx formation

— dinitrogen tetrooxide (N204)

— dinitrogen pentoxide (N205)

Page = 23



NOxHEEZ R AW

= 5 FZ 4 nitric oxide (NO)
— its content in flue gas is in the range of: 100 —1000 mg/m?3
= R Anitrogen dioxide NO2 + #JANOR 5-10%
— Its content in flue gas is in the range of: 10 —100 mg/m3
PUSI=YY

= N20 2 =x":

— its content in flue gas is in the range of: 1-10 mg/m?

Page = 24




MAJOR SOURCES OF NOX FORMATION DURING COMBUSTION A
EAINOX

B b= =2 -
WAL EE £

= Air nitrogen (N2)

— thermal NOX
— prompt NOXx

» Fuel nitrogen (NF)

— fuel NOx

Page = 25

NO
Formation
Thermal Nitrous
MO oxide
mechanism mechanism

N2+0 € NO+N
N+O02 © NO+O
N+OH < NO+H

N2 +0< N20
N20+0 « NO+ NO
N20O+H < NO+NH
N20 + CO < NO + NCO

Prompt
NO
mechanism

Fuel
NO
meachanism

N2 +CH «>HCN+ N
N2 + CH2 &3 HCN + NH
C+N2 < CMN+N

Fuel-N <> HCN €> NHi
N Hi + O,0H < NO
N HI + O,0H <> NO

HCN+ O © NCO+H
NCO+H €* NH+ CO
NH+H <« N+H2

N+QOH < NO+H




Thermal NOx Formation AN

*The basic mechanism for thermal NO production is given by six
reactions known as extended Zeldovich mechanism:

k
0+N; = NO+N (N.1)  huip = 18- 10" exp (-38,370/T)
vy
ki = 3.8 10 exp (—425/T)

ko kor = 1.8-10"T exp (—4680/T
N+0y;= NO+O AR
k2, o, = 3.8 - 10°T exp (—20, 820/7)
ks kar = 7.1-10" exp (—450/T
N+OH < NO+H R L SRS
k3 k3, = 1.7-10"" exp (—24,560/T)

[m?/ kmol s]
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Prompt NOx formation AN

= REACTIONS OF HYDROCARBON RADICALS WITH N2

» There are many hydrocarbon radicals in flame(CH, CH2, CH3, C2H4, C2H5, C3H7, C, C2...), which
can react with molecular nitrogen (N2).

HCN + O = NCO + H (N.9)
CH + N, = HCN + N (N.7)
NCO +H <= NH+ CO (N.10)
C+Ny; =CN+N (N.8)
NH+H <= N+ H» (N.11)
N+OH+=NO+H (N.3)
= general

— CHx+N2 <-> HCN and other radicals(CN, NH, N...)
= As a result: HCN, NHi CN are easily oxidized to NO in flame.

Page = 27



Fuel NOx formation AN

*The process where nitrogen in the fuel reacts (oxidizes)
with the oxygen in the combustion air to form NOX.

=\ + OH &> NO + X
=\ + NO &> N2 + X

Complex

Complex

Page = 28
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Exhaust to
Atmosphere

DFTO—EZZ5 ?
DFTOR eIt & & EIRIFRIN?
DFTOUEl FER1IENOXRY EE?

Natural Gas
/ Fired Burner

_ Combustion
" Chamber
Heat Exchanger
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VOCEE S S48 £ 45--CTO AN

Combustion

Natural Gas Blower

Exhaust to Fired Burnet

Atmosphere

CTORTERRS ? tR74 ?
CTORMTEHEERIFEIN?

- Catalyst

Heat Exchanger
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LLIT

VOCREERELE:

d % #4i—RTO/RCO AN
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Fuel Trein Fuel Train
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RCOLERTO&I & REIRAYER &

Fa Ts Fb
| N >
Ta RTO or RCO Tb
J
Q
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Fb h(Tb) - Fa h(Ta) = Q = m hc

BEE R KEIRETDb - Ta
BUR{ERE Ts #HEE
RCOEEREBENORER
i ES{EREEs. NOEER
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P
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o
—55
A
E
=

= Styrene => Polystyrene = Expandable Polystyrene (EPS).
= EBEIRIZ81Z > lsopentane VOCHE R AL

REEN | FIOHRE

N s
s PR

S

Nm3/hr

RIERHERX2 B 93.5 115.6 6.7 8.0 @m{m  FkA
A HER Lk 1093 1130 0.33 0.56 ZEHR
BIREMAER Lk 173 175 0.016 0.058 Z=F
BRER LR 1525 1650 0.18 0.32 ZE=
RCOIRERETEE BT 3150 3570 0.24 0.30 xR
T ERRETEE Lk 2885 3071 0.44 0.68 ZE=R
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“l find out what the world needs,

then | proceed to Invent it.”

— Thomas Edison
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Pulse Detonation Engine ° USA » 2011
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Pulse Detonation Engine, Soviet Union - 2016
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