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Unconfined explosion: Blast-structure interaction [1]. Garage beneath building.

Hydrogen versus Gasoline.




Deflagration and Detonation
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Flame Propagation: Laminar and Turbulent
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Gas Explosions versus Dust Explosions

(b) FAST COMBUSTION {c) EXPLOSION
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From Ref. [2].



Ignition and combustion properties. Initial conditions: 25°C and 101.325 kPa.

Fuel Lower | Lower | Stoich. | Upper | Upper | Minim. | Auto- | Lamin.
flamm. | deton. | fuel deton. | lamm. | ign. ign. | burn.
limit |limit |conc. |limit |limit |energy |temp. | veloc.
vol. % | vol. % | vol. % | vol. % | vol. % | mJ °C cms!

Hydrogen (Hs) 4.0 18.3 29.5 59.0 75.0 0.017 | 585 225

Methane (CHy) 5.3 6.3 9.5 13.5 17.0 0.274 b3 37

Methanol (CH3O0H) | 6.0 - 12.3 - 36.5 0.174 385 48

Propane (CsHg) 1.7 3.1 4.0 9.2 10.9 0.240 450 47

Gasoline (CgHg) 1.0 1.1 1.9 3.3 6.0 0.240 215 30
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Flammability and detonation limits [3].
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Domestic hydrogen boiler.
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Flammability and detonation limits [3].
Initial conditions: 1 bar and 298.15 K.
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Initial conditions: 1 bar and 298.15 K.
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ature, Tjé‘d, of hydrogen-oxygen and hydrogen-air
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Regulations, Codes and Standards
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Codes of Practice

e Directives and regulations are the law. They represent
the State’s position on what is acceptable and what is not.
They impose duties, responsibilities and accountabilities
on people and organisations. Consequently, regulations
are at the top of the hierarchy of things of which you
need to take heed. Make sure that you are aware of the
regulations pertaining to the work that you are proposing

to carry out.

Directive 2014/34/EU: ATEX 114 [§]
Directive 1999/92/EC: ATEX 153 [9]

e Codes are laws written and enacted by the leg-
islative branch of government. But unlike directives
and regulations they require industry consensus or
approval by a knowledgeable body to be put into
effect.

e Standards are intended to aid designers and en-
gineers with ensuring that the piece of technology
needed to fulfil a certain function is appropriate
and has been properly designed and manufactured.
e There is an additional, special form of guidance
issued by the State: the so-called ‘Approved Code
of Practice’ (e.g. COMAH [10]). If you follow this
guidance then you will comply with the law. If you
don’t do it this way, then the onus is on you to
prove that your way assures at least the same level
of safety as that achieved through following the
guidance.



ATEX 114

Objectives Pertaining to Gas and Dust Explosion Hazards

PREVENT FORMATION
EXPLOSIVE MIXTURES

ELIMINATE IGNITION SOURCES

MINIMIZE INJURY AND DAMAGE

e Implement a hazardous dust
inspection, housekeeping, testing and
control program

e Use proper dust collection systems
and filters

e Apply inertization

e Minimize the escape of flammable
gases and dust from process
equipment or ventilation systems

e Use surfaces that minimize dust
accumulation and facilitate cleaning

e Provide access to all hidden areas to
permit inspection

e Inspect for dust residues in open and
hidden areas at regular intervals

e If ignition sources are present, use
cleaning methods that do not generate
dust clouds

e Use only vacuum cleaners approved
for dust collection

e Locate relief valves away from dust
deposits

e Use appropriate electrical equipment
and wiring methods

e Control static electricity, including
bonding of equipment to ground

e Control smoking, open flames, and
sparks

e Control mechanical sparks and
friction

e Use separator devices to remove
foreign materials capable of igniting
combustibles from process materials
e Separate heated surfaces and
heating systems from dusts

e Separate heated surfaces and heating
systems from flammable gas mixtures
e Select and use industrial trucks
properly

e Use cartridge-activated tools
properly

e Use an ignition preventive
maintenance program

e Separation of the hazard (isolate
with distance)

e Segregation of the hazard (isolate
with a barrier)

e Deflagration isolation/venting

e Pressure relief venting for equipment
e Direct vents away from work areas
e Specialized fire suppression systems
e Fixplosion protection systems

e Spark/ember detection for
suppression activation

e Develop an emergency action plan
e Maintain emergency exit routes

10



ATEX 114
Equipment Groups and Catergories [§]

Category M1 Category M2 Category 1 Category 2 Category 3

Level of
) Very High High Very High High Normal
protection
Endangered by ]
Is likely to be
firedamp and/or Is endangered
endangered

combustible dust

Unlikely to occur, and
Danger by gas, _ _
) Long periods or ] if they do occur, only
vapour, mist or Likely to occur |
frequently infrequently and for a

air/dust mixtures

short period

2 independent means | Also in case of | 2 independent means Even in the event of

Required / Or assured for 2 more severe / Orassured for2 | frequently occuring Only during normal
protection fFaults occuring operating fFaults occuring disturbances of operation
independently conditions independently fault
Usage Mining & mining Mini:f:al;n;ning Gas: Zone 0,1 &2 Gas:Zone 1 &2 Gas: Zone 2
surface installations installations Dust: Zone 20, 21 & 22 Dust: Zone 21 & 22 Dust: zone 22




ATEX 114
Gas Groups and Dust Groups |S]

Exgrloo:::m Temperature Class /| Maximum Surface Temperature Allowed

Graphite Powder

ignition
Temp | >4s0° | >300° | _>200° | 15| 100" | 850 |
Bl

Methane  l-amyl acetate Amyl alcohol  Acetaldehyde s Feplgive DUsts e
Acetone n-butane Petrals
- Ammonia n-butanol Diesel Oils HEKEaustet
Ignition Benzene 1-butene Heating Oils Non-Conductive Dusts Powdered Sugar
energy Ethylacetate Propylacetate n-hexane ,
- our
higher Methane I-propanol
than Methanol  Vinyl Chloride A S ILE?
0.18m]) Fibers
Propane Tobacco
Toluene
Cyanid : :
el (g, Sutadleno  Dimethyiether Diethylether EXPLOSION SEVERITY CLASSIFICATION
energy el Ethyloglicol Class | K St-Vahl@l Severity
lower (barms™)
than Coal Gas Ethylene sulfide -
GRET I (lighting gas) Oxide Hydrogen St3 | Ks > 300 Extremely explosive
e St 2 | 200 < Kg; < 300 | Strongly explosive
Ignition St1 | 100 < Kg; <200 | Moderately explosive
energy Mydirogen Aot iene Carbon 0< Kg: <100 Weakly explosive
lower B, St0 | Kg; =0 Not explosive
than
0.18m)
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ATEX 153

HAZARDOUS AREA CLASSIFICATION

Hazardous places are classified in terms of zones on the basis of the
frequency and duration of the occurrence of an explosive atmosphere.
The extent of the measures to be taken in accordance with Annex II,
Part A, is determined by this classification.

GAS EXPLOSIONS

Zone 0 A place in which an explosive atmosphere consisting of a
mixture with air of flammable substances in the form of gas, vapour
or mist is present continuously or for long periods or frequently.
Zone 1 A place in which an explosive atmosphere consisting of a
mixture with air or lammable substances in the form of gas, vapour
or mist is likely to occur in normal operation occasionally.

Zone 2 A place in which an explosive atmosphere consisting of a
mixture with air of flammable substances in the form of gas, vapour
or mist is not likely to occur in normal operation but, if it does occur,
will persist for a short period only.

DUST EXPLOSIONS

Zone 20 A place in which an explosive atmosphere in the form of a
cloud of combustible dust in air is present continuously, or for long
periods or frequently.

Zone 21 A place in which an explosive atmosphere in the form of a
cloud of combustible dust in air is likely to occur in normal operation
occasionally.

Zone 22 A place in which an explosive atmosphere in the form of
a cloud of combustible dust in air is not likely to occur in normal
operation but, if it does occur, will persist for a short period only.

13

Approved Code of Practice [10]

Health and Safety Executive. Control of Major Accident
Hazards (COMAH). Hazardous Area Classification and
Control of Ignition Sources.

Zone 0 / 20: Explosive mixture for more than 1000h/yr.
Category 1 equipment. One year equals 8760 hours.

Zone 1 / 21: Explosive mixture for more than 10, but less
than 1000 h/yr. Category 1 or 2 equipment.

Zone 2 / 22: Explosive mixture for less than 10h/yr, but still
sufficiently likely. Category 1, 2 or 3 equipment. Require
controls over ignition sources.

Categorization into the three zones is based upon release
calculations according to EN 60079-10-1 [11] and EN 60079-
10-2 [12].




Codes and Standards Pertaining to Dust Explosion Hazards

e NFPA 68. Standard on Explosion Protection by Deflagration Venting, 2013 Edition. National Fire Protection
Association, Quincy, MA, United States of America, 2013 [13].

e NFPA 654. Standard for the Prevention of Fire and Dust Explosions from the Manufacturing, Processing, and
Handling of Combustible Particulate Solids, 2017 Edition. National Fire Protection Association, Quincy, MA,
United States of America, 2017 [14].

e NFPA 61. Standard for the Prevention of Fires and Dust Explosions in Agricultural and Food Processing
Facilities, 2017 Edition. National Fire Protection Association, Quincy, MA, United States of America, 2017 [15].
e NFPA 484. Standard for Combustible Metals, 2015 Edition. National Fire Protection Association, Quincy, MA,
United States of America, 2015. [16].

e NFPA 664. Standard for the Prevention of Fires and Explosions in Wood Processing and Woodworking Facilities,
2017 Edition. National Fire Protection Association, Quincy, MA, United States of America, 2017 [17].

e NFPA 655. Standard for Prevention of Sulfur Fires and Explosions, 2017 Edition. National Fire Protection
Association, Quincy, MA, United States of America, 2017 [18].

e EN 13237. Potentially explosive atmospheres. Terms and definitions for equipment and protective systems
intended for use in potentially explosive atmospheres, 2012 Edition. European Committee for Standardization
(CEN), Brussels, Belgium, Europe, 2012 [19]

e EN 1437. Explosion suppression systems, 2005 Edition. FEuropean Committee for Standardization (CEN),
Brussels, Belgium, Europe, 2005 [20]

e EN 14491. Dust explosion venting protective systems, 2012 Edition. European Committee for Standardization
(CEN), Brussels, Belgium, Europe, 2012 [21]

e EN 14797. Explosion venting devices, 2006 Edition. European Committee for Standardization (CEN), Brussels,
Belgium, Europe, 2006 [22]
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e EN 13673-1. Determination of the maximum explosion pressure and the maximum rate of pressure rise of gases
and vapours - Part 1: Determination of the maximum explosion pressure, 2003 Edition. European Committee for
Standardization (CEN), Brussels, Belgium, Europe, 2003. European Standard, Prepared by Technical Committee
CEN/TC 305 Potentially explosive atmospheres - Explosion prevention and protection 23]

e EN 13673-2. Determination of the maximum explosion pressure and the maximum rate of pressure rise of gases
and vapours - Part 2: Determination of the maximum rate of explosion pressure rise, 2005 Edition. European
Committee for Standardization (CEN), Brussels, Belgium, Europe, 2005. European Standard, Prepared by Tech-
nical Committee CEN/TC 305 Potentially explosive atmospheres - Explosion prevention and protection [24]

e EN 14034-1. Determination of explosion characteristics of dust clouds - Part 1: Determination of the maximum
explosion pressure ppax of dust clouds, 2004 Edition. European Committee for Standardization (CEN), Brussels,
Belgium, Europe, 2004. European Standard, Prepared by Technical Committee CEN/TC 305 Potentially explosive
atmospheres - Explosion prevention and protection [25]

e EN 14034-1. Determination of explosion characteristics of dust clouds - Part 1: Determination of the maximum
explosion pressure ppax of dust clouds, 2011 Edition. European Committee for Standardization (CEN), Brussels,
Belgium, Europe, 2011. European Standard, Prepared by Committee EXL/23 FExplosion and fire precautions in
industrial and chemical plant. Amendment July 2011. Amends and replaces EN 14034-1:2004. [26]

e EN 14034-2. Determination of explosion characteristics of dust clouds - Part 2: Determination of the maxi-
mum explosion rate of explosion pressure rise (dp/dt)max of dust clouds. 2006 Edition. European Committee for
Standardization (CEN), Brussels, Belgium, Europe, 2006. European Standard, Prepared by Technical Committee
CEN/TC 305 Potentially explosive atmospheres - Explosion prevention and protection [27]

e EN 14034-3. Determination of explosion characteristics of dust clouds - Part 3: Determination of the lower
explosion limit LEL of dust clouds, 2006 Edition. European Committee for Standardization (CEN), Brussels, Bel-
gium, FEurope, 2006. European Standard, Prepared by Technical Committee CEN/TC 305 Potentially explosive
atmospheres - Explosion prevention and protection [28]

e EN 14034-4. Determination of explosion characteristics of dust clouds - Part 4: Determination of the limiting

15



oxygen concentration LOC of dust clouds, 2004 Edition. European Committee for Standardization (CEN), Brus-
sels, Belgium, Europe, 2004. FEuropean Standard, Prepared by Technical Committee CEN/TC 305 Potentially
explosive atmospheres - Explosion prevention and protection. [29]

e EN 60079-10-2. Explosive atmospheres. Classification of areas. Explosive dust atmospheres, 2015 Edition.
European Committee for Standardization (CEN), Brussels, Belgium, Europe, 2015 [12]

e [SO 6184-1. Explosion Protection Systems - Part 1: Determination of explosion indices of combustible dusts in
air. The International Organization for Standardization (ISO), 1985. [30]

16



Regulations, Codes and Standards
ATEX Methodology

Hazardous Area Classification:
Determine whether hazardous places are present and, if so, where they are located.

Likelihood Likelihood of I
. Likelihood of
of = |explosive x| (1)
. 1gnition source
explosion atmosphere

Combustible gas and dust clouds in the explosive region are categorized into 3 zones, based upon the release (as
per EN 60079-10-2 [12]):

Zome 0 or 20: A continuous release inside a containment enclosure gives rise to Zone 0 (gas) or 20 (dust). A place
in which an explosive mixture is continuously present (or for long periods, or, frequently for short periods).

E.g. a mill or pneumatic conveying system.

Zone 1 or 21: A primary instantaneous release gives rise to Zone 1 or 21. A place in which an explosive atmosphere
is likely to occur occasionally under normal operating conditions. E.g., bagging points and inspection ports that
are frequently opened, ventilation systems for flammable gases.

Zone 2 or 22: A secondary instantaneous release gives rise to Zone 2 or 22. A place where an explosive mixture is
unlikely to occur under normal operation but, if it does occur, will persist for a short period only. E.g., leaks from
incorrectly fitted lids, spillages.

17



The Age of Energy Gases

Global Energy Transition Waves
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Phenomena, hazards, and risks

Hydrogen release, Thermal and pressure  Development and safety assessment Standards,
mixing and  and missile effects from validation of and risk analysis ,_9uidelines, and
distribution fires and explosions mitigation techniques legal requirements

Production

Transport and
distribution,
refueling stations

Hydrogen storage
(LH2,CGH2)

o o0

©
©
©

Tunnels, parking
and garages

Utilisation, portable
and stationary
applications

Applications and accident scenarios

0

The HySafe Activity Matrix. From [32].
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1. Hazard 3. Quantification of 5. Risk reduction
identification failure frequency

Fault tree Safety Management System
analysis

Layer of Protection Analysis

Data banks

Process
Safety

analysis

Checklist

' Index methods Mitigation |
. Event tree analysis Reliability Emergency planning
- Human factors
Hazardous Safe
Process conditions
[ 1 Risk
Damage f—
4_ 5
Effect _analysis | evaluation . .
analysis ——— Risk communication
Risk _ Risk perception
Source terms presentation RISI?
comparison

2. Quantification

of consequence 4. Risk assessment 6. Risk appraisal

The Risk Analysis Fishbone Diagram.
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Coverage 200000 kmlyr.

_ - E " ——

Hydrogen calamity (transportation) = :
Hydrogen 10 kgI100 km — 35 refuellngslyear

Impact energy transition on refueling operations. From [33].
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GASEOUS HYDROGEN STORAGE - EXPLOSION HAZARDS

Kjorbo, Norway

Monday 10 June 2019 at 17:30 h
Hydrogen Explosion (3.0 — 3.5 kg Hs)
Glass damage at 60 — 70 m distance

Office at 60 m distance
Houses at > 225 m distance
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DELFT UNIVERSITY OF TECHNOLOGY - GREEN VILLAGE
Explosion involving 3.5 kg hydrogen Blast calculation according to Ref. [34].
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PRESSURE EFFECTS ON PEOPLE, STRUCTURES AND EQUIPMENT

Entry Overpressure Damage/injury
(kPa)

1 190 Occupants of unstrengthened building will be killed by direct action of blast, by being
struck by building debris, or by impact against hard surfaces [35].

2 69-76 Occupants of unstrengthened building are expected to suffer severe injuries or death from
direct blast, building collapse, or translation [35].

3 70 Probable total destruction of buildings; heavy machine tools moved and badly damaged
36].

4 60 Loaded train boxcars completely demolished [36].

) 5} Occupants of unstrengthened building will be killed or incur serious injuries by blast to
eardrums and lungs, by being blown down or struck by fragments and building debris [35].

6 50-55 Unreinforced brick panels, 25-35 cm thick, fail by shearing or flexure [36].

7 50 Loaded tank cars/train wagons overturned; brick walls, 20-30 cm thick, collapse [36].

8 40-45 Collapse of pipe bridge [36].

9 35-40 Displacement of pipe bridge, failure of piping [36].

10 20-40 Large trees fall down [36].

11 35 Breakage of wooden telephone poles; most buildings destroyed, except for concrete rein-
forced shear wall buildings; platting of cars and trucks pressed inwards [36].

12 30-35 Near-complete destruction of houses [36].

13 30 Cladding of light industrial buildings ruptured. Panelling torn-off [36].

14 20-28 Frameless, self-framing steel panel building demolished; rupture of oil storage tanks [36].

15 24 Personnel injuries of a serious nature or possible death are likely from fragments, debris,
firebrands or other objects. There is a 10% chance of eardrum rupture [35].

16 15-20 Unreinforced concrete or cinderblock walls shattered [36].

17 20 Heavy machines in industrial buildings suffer little damage; steel frame building distorted
and pulled away from foundations [36].

18 18 Lower limit of serious structural damage; 50% destruction of brickwork of houses [36].

24
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23

24
25
26
27
28
29

30
31
32
33
34

16

15
7-15

10
5.9-8.3

0.15

Table 1: Continued.

Personnel may suffer temporary hearing loss or injury from secondary blast effects such
as building debris and the tertiary effect of displacement. No fatalities or serious injuries
from direct blast are expected [35].

Partial collapse of walls and roofs of houses [36].

Corrugated asbestos shattered. Corrugated steel or aluminum panels fastenings fail, fol-
lowed by buckling; wood panel fastenings fail, panels blown in [36].

Steel frame of clad buildings slightly distorted [36].

Personnel are provided a high degree of protection from death or serious injury with
injuries that do occur being principally caused by glass breakage and building debris [1].
Partial demolition of houses, made uninhabitable [36].

Collapse of roof of a tank [36].

Windows usually shattered; occasional damage to window frames [36].

Minor damage to house structures [36].

Limited minor structural damage [36].

Probability of 0.95 of no serious damage beyond this value; some damage to house ceilings;
50% of window glass broken [36].

Typical threshold for glass breakage [36].

Breakage of small windows under strain [36].

Loud noise similar to sonic boom; occasional glass failure [36].

No structural damage; occasional breaking of large window panes already under strain [36].
Annoying noise [36].
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Confined deflagrations: explosion severity parameters

Ohm. ﬂ‘»
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Confined deflagrations: explosion severity parameters

10 T T T T T T

pressure (bar)

0 T | T | T | T | T | T
0 50 100 150 200 250 300
time (milliseconds)

Experimental explosion pressure curve of a 500 gm™ cornstarch-air mixture [37].
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Confined deflagrations:

explosion severity parameters
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Confined deflagrations: explosion severity parameters
Scaling an explosion: a matter of invariance across size?

industrial
apparatus

laboratory
test vessel

() 0"

T
noReactants — n,Products : Prax = %%Po and Kgq = <—> Vi3
ng Lo
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Deflagration parameters (hydrogen-air, laminar)

Theoretical maximum explosion pressure
¢ | 0.5 0.75 1.0 1.25 1.5 20 | 3.0
Par (bar) | 6.096 | 7.366 | 8.011 | 8.016 | 7.807 | 7.35 | 6.546

vol.% hydrogen vol.% hydrogen
1020 30 40 50 1020 30 40 50
1 | 1 | l | | ] | | | ] | I 1 1 | I |
1_(_] I ] | I ] ] | ] | | 15[]{}
R R T AN 80— BEER R BN EN
_ _ w0 17T
= | by * L
8] — — = % =
il %‘ﬁg? ® o =N %_ b x:: : %
— . . % — 1000 =
g 6- i - = 50— =
S W 1 g4 *.8 -k
. | — = .. 300 x 8 A £
o, © 30— 2 ki B
4 o expt. 169 ml 4 L 900 s * A :rfI
9 | x expt. 120liter _ 20 )§ S B
e theoretical | 10 __]{]Dg i
n E|I II || IJ || : |.| |]| : |I : 0 lllll || I] |] : lI |I| I|.| .D
05 1 15 2 25 3 35 05115 2 25 3
equivalence ratio, ¢ equivalence ratio, ¢
Comparison between P,,,,- and Kg-values: (o) 169-ml cylindrical vessel [7], (x) 120-litre explosion

sphere [5].
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Confined deflagrations: explosion severity parameters
Effect of compression on laminar burning velocity

\

unburnt

velo_city laminar mixture
profile flame

9 —_—

4>_,:< S g

= - SuL =

= — 3

] —_— '>_<'_

a8 _ S c

5 — St ®

R

moving fixed
observer observer

S = flow velocity + S|, Sr=8.+8,
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Laminar burning velocity: effect of pressure and temperature

Methane-air [38]

vol.% methane

curve 1

B curve 2

25—
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Hydrogen-air [7]
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Governing equations of a compressible reacting flow

Governing equations: Assumptions:
dp
E +V-(pv)=0 (2) e Steady state
) > Non-unif field
gp'v) LV (pov) = —Vp VT 4 Z Vg 3) e Non-uniform pressure fie
¢ i=1 e Viscous dissipation in energy equation in-
2 (pY; :
YD) L9 ooy = V[V 1) cluded
d (ph) op e Neglect effect of body forces in momentum
ot + V- (pvh) = ot tv- VP +7:Vo—V-[AVT]+V ¢ and energy equation
N N 5) . .
Xja ( e Soret and Dufour effect in species and en-
: Y:h,V;+RT : Y.qg-V. Y
tV Z P + ; ]Z; (./\/l Dw) * ; pig ergy equation included

T

hs, + / Cpi(T) dT

TO

_123/;
i=1

where T =p [VU + (V’U)T] + (k= 2p) [V - o] I (7)
and q = eoT" (8)
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Governing equations of a compressible reacting flow: laminar flame solution

The reaction rate coefficients are in the form k; = AT?exp (—E,/RT).

Units are in moles, cubic centimetres, seconds, Kelvins and calories.

Reaction A I} E.,
1 H, + O, = 20H 1.70-10%3 0.0 47780.
2 OH+H, =H,O+H 1.17-10° 1.3 3626.
3 H+0,=0H+O0 5.13-10'6 -0.816 16507.
4 O+H,=O0OH+H 1.80 - 1010 1.0 8826.
5 H+O0,+M=HO,+M* 210-10'® -1.0 0.
6 H+03+0,=HO0,+0, 6.70-10" -1.42 0.
7 H+03+Ny;=HOy+N, 6.70-10% -1.42 0.
8 OH + HO3 = Hy0 + O, 5.00 - 1013 0.0 1000.
9 H+HO, =20H 2.50 - 1014 0.0 1900.
10 O+HO,=0,+0H 4.80-10'3 0.0 1000.
11 20H= 0+ H,0 6.00 - 108 1.3 0.
12 Hy+M=H+H+M 2.23-10'2 0.5 92600.
13 03+M=0+0+M 1.85- 10"t 0.5 95560.
14 H+OH+M=HO+M¢ 7.50-10% -2.6 0.
15 H+HO, =H,; + 0, 2.50- 1013 0.0 700.
16 HO32 + HOy = H3045 + Oy 2.00-10%2 0.0 0.
17 Hy0,+M = OH+OH+M 1.30-10'7 0.0 45500.
18 H;0, +H = HO, + Hy 1.60 - 10'2 0.0 3800.
19 Hy0, +OH = H,0+HO, 1.00-103 0.0 1800.

@ Third body efficiencies: k5(H20) = 21 k5(Ar), ks(Ha) = 3.3 k5(Ar).

Third body efficiencies: k12(H20) = 6 k12(Ar), k12(H) = 2 kio(Ar),

k12(H2) = 3 k12(Ar). © Third body efficiency: k14(H20) = 20 k14(Ar).

Detailed kinetic scheme for hydrogen-air combus-
tion. From [39)].
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Solution of the governing equations for the laminar
flame structure. From [40].



Confined deflagrations: a simple model

Objective:
Find a dynamic equation for the pressure evolution

Approximate expression relating the unburnt mixture
mass fraction to the fractional pressure rise [38,41,42]:
My, _ Pmax - P
M0 Pmax - PO

(9)

Differentiation with respect to time:

dP Pz — Podmy,
— = 10
dt my0 dt ( )

The combustion wave propagates with a velocity equalling
the sum of the expansion velocity, S, the conversion ve-
locity, S,,, and the burning velocity .5,,. Since the unburnt
mixture immediately ahead of the flame front moves with
velocity S.+.9,, the velocity at which the unburnt mixture

enters the combustion wave is minus the burning velocity. A relationship can be established between the rate of

Therefore, the mass consumption rate of the unburnt mix- pressure rise and the burning velocity. By substitution
ture can be expressed as of equation (11) into equation (10):
dm 9 dP Pz — Py 5

dtu = —47r}puSy (11) = 4W7r1jfl—u0rfpu3u (12)
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Confined deflagrations: a simple model

The next step is to express the density of the unburnt mixture, p,, and the location of the flame front, r;, in terms
of known variables. For adiabatic compression of the unburnt mixture, Pp~7 = constant and hence

1
Pu0 PO "
(%) "

Furthermore, V;, = V,cs5e1 — Vi, which can be rewritten as
4 4 myRT,

= - %esse -
3777"]0 l P

Since p~! = RT /P where R denotes the specific gas constant in Jkg ! K~!, the volume of the unburnt mixture
can be expressed as

(14)

R e A O O (15)
1
and equation (14) yields the following expression for the location of the flame front:
P 3 Phow — P 3
rf = Ryessel |1 — (F) b P (16)
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Confined deflagrations: a simple model

By inserting equations (16) and (13) into equation (12) and by noting that m,q = puViesser, the following ordinary
differential equation is obtained for the rate of pressure rise:

P\7

— ] S 17

1

1 (PO> g Pmax - P
P Pma:r - PO

From equation (17) it can be seen that (dP/dt) increases monotonically with P and hence the maximum rate of

pressure rise is attained when P = P,,,,. By substituting P = P,,,, into equation (17) and multiplying both sides

by the cube root of the vessel volume, the following expression is found for the K¢, g-value:

2
AP 3(Ppar — P) ’

dt Rvessel

1
Kaysi = (47) VY8 = (3605 (e — o) (=) S, (18)

which is a normalization of the maximum rate of pressure rise with respect to the vessel volume.
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Burning velocity: determination by solving inverse problem

8.0 7
J Measured
707 Fitted

fitted curve

6.0 7
5.0

4.0

pressure (bar)

3.07
2.0

1.0 =

oo +rrrvr rrrrreTr T
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

time (s)

Table 3 Fitted results

Parameter Value * s.e.

S.o (306.0 = 4.3)E-02 m s!
« {(—93.4 = 2.0)E-02

be] (41.2 = 1.6)E-03 m

For a 95.0% confidence interval, multiply s.e. by 1.9793.

Fit method: Marquardt non-iinear fit. Sum of Res. squared:
100.8282 with 124 degrees of freedom. This has a P value of
0.9372.
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Determination of the burning veloc-
ity by solving the inverse problem for
the pressure-time curve of a 500 gm ™3
cornstarch-air mixture measured in the

strengthened 20-litre explosion sphere.
From [42].
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Vented deflagrations: pressure relief venting

39

Pressure

max

A — Unvented explosion
B — Small vent area
C — Large vent area
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A model for vented deflagrations

Bradley D. and Mitcheson A. The venting of gaseous explosions in spherical vessels. I - Theory. Combustion and

Flame, 32:221-236, 1978 [43].
Bradley D. and Mitcheson A. The venting of gaseous explosions in spherical vessels. II - Theory and experiment.
Combustion and Flame, 32:237-255, 1978 [44].

Model developed for centrally ignited fuel-air mixtures in a spherical vessel with vent flow expressions for the rate
of change in the mass of unburnt mixture:

( pryenyia]” P :
L1\ T ) ; 71 .
) —47r7"f£pu5u — CyA,p :% <7T) 7] if 7 < (%) K (sonic)
Z;’“ - 2 =1 = 2 N (19)
29Pp (P,\ 7 AN . P, 71 ,
—47Trf£pu5u — C4A, 7—_% (?> 71— <?) 7 ] if 7> <%> 7 (sub-sonic)
\

where p is the density of the vented mixture, P, the ambient pressure, C; a discharge coefficient and A, the vent
area. Substitution into (10), and repeating steps (11) to (17) results in

(

1
win

3 (Poas—P0) |\ (P\4 Puw—P | (P P2
P - () ] () s R ()
dat : 1 13 1 2 11T v (20)
3P =P0) [y (B Bune= " (PYY 5, con, d 2200 (B)F |1 (B) ]
Ryessel P maz — L0 Fo y—1\P P
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A model for vented deflagrations

Assume that the density of the vented mixture, p, is equal to
that of the burnt mixture, p,. With this assumption, the density
of the vented mixture, p, in equation (20) can be computed from

=1 1
T,  Tw(P\7 [P\ 1)
p—pb—Tfpu—puO Tf PO PO
30 =
: A.0 000
L Pecl2t® 20 Nem'
XY=
, -
® : 0 00
" L #r.2008 80 N’ 0 0%
~ 10}
30
| S
sk
t o s A

41

The figure shows the solution of equations
(20) and (21) for two area ratios (vent area di-
vided by total surface area of enclosure) and
four different vent opening pressures.

From: Bradley D. and Mitcheson A. The
venting of gaseous explosions in spherical ves-
sels. I - Theory. Combustion and Flame,
32:221-236, 1978 [43].



Explosion severity
Pressure relief venting (VDI methodology)

St 1~\
St 2+ E’@Q bar)
\ \ i PStCltzm ) /94/0,6
| \ 408 10
> W 245 20
N ‘\\ A P /////
\\\ A //ée;’/ly
\\ //,«Z VQ'/'
N %%
Ksy (bar-m-S’) NN el s
high energy_ignition: :\ %}a I ,_///f j (/
1 < KSt <200 :St1 N ////: 4 —
201< KSt <300:5t2 i \\\ //‘//’ i
301=< Koy : St3 UL NDY &2 i
N ;
relief area F [T L volume of vessel VT
(me) : f (m3) s
Nl T
0 1 011 10 100

From [45,46].
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Explosion severity
Pressure relief venting (NFPA methodology)

The NFPA 68 standard [13] proposes the following expression for the required venting
area to protect an enclosure against a dust deflagration:

Pmax
A, =10"" (1 + 1.54P§{3) x Kg x V34 x \/P —1
red
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Explosion severity

Pressure relief venting (Other methodologies)
Tamanini F. Scaling parameters for vented gas and dust explosions. Journal of Loss Prevention in the Process
Industries, 14:455-461, 2001. [47]

P—PO ’}/—|—1 Av Pmax_PO
Define II = m and I' = Cdcu\/ 9 V2/3 KG

1
& py =1.02
? i = 0.507
»
o
o ¢ 01 ¢} Spherical Geometry
HER
Q -
| -
T Q
o <
o
© g ¢ _
gl:r = 0.01 : —— p = 5: X, =0.913
% r —a— = 7; = 0.936
g —x— =9 = 0.950
§ —h— =11 = 0.959

0.001
0.01 0.1 1 10

Vent Parameter, I
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Explosion severity
Peculiarities of vented deflagrations
Flame distortion by vent ducts

Laminar flame TR Turbulent flame

Fully turbulent
region

Fully laminar x=Db
region

Hot combustion
product

Laminar flame r Xeontr = b/2
front /
Xx=3b

Cool combustible
mixture

Flow pattern inside a vent duct [48-50].
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Explosion severity
Peculiarities of vented deflagrations
Flame distortion by vent ducts

bu’;ﬂed gases f'_fresh mixture

P

Flow patterns in vessel before and after combustion in the duct, effect of flame front distortion; a) narrow ducts,
b) wide ducts. After Ponizy & Leyer (1999) [48,49].
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Explosion severity

Peculiarities of vented deflagrations
Flame distortion by vent ducts

MI
VP
\ ¥
v v
P
b L P, P o P
o o A ' M— |
||ca+q_.~_‘,_.; 2 lo H I —
I, PM 12 PM lm, PM
5 i
PM ] J
Bl
P 400 s e __Lr el
IGN A
i ]

Experimental setup used by Ponizy & Leyer (1999) [48,49]. IGN, ignition (electrically heated wire); VP, vacuum
pump; MI, mixture inlet; V, valves; PM, photomultipliers; PC, P1, P2, . . . Pn, pressure gauges; IIGN, 10, I1, . .
. Im, ionization gauges. The tube diameter is 53 mm.
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Explosion severity
Peculiarities of vented deflagrations
Flame distortion by vent ducts

_ 6.2 bar)
(30.0 bar)
_{134.0 bar)
Ps
lewy ’{
= 1.13m . lemg
¥pm 1,62 m
(42.0 bar)
(9.5 bar)
Py Pe e
T ]h, lens oSl :
j'a::ﬂ.ﬁ‘lm x}=1.35m
oms | 2ms | . 02ms

Deflagration to detonation transition (detonation onset at 1.7 m from duct entrance) [48,49].
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Explosion severity
Peculiarities of vented deflagrations

From: [51].
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Enclosure geometry/aspect ratio
Ignition location

Varying pressure and temperature
Varying turbulence

Changes in flame shape

Flame stretch and flame curvature
Darrieu-Landau instability
Thermo-diffusive instability
Raleigh-Taylor instability
Richtmeyer-Meshkov instability
Flame distortion at outflow boundaries

Vent cover inertia



Laminar burning velocity /flame thickness: effect of pressure/temperature

Objective:
Find an expression for the pressure and temperature dependence of the laminar burning velocity
and the laminar flame thickness

Governing equations: Assumptions:
0
a_i + V- (pv) =0 (22) e Steady state
) al Unife field
(aptv) LV (pov) = —Vp Vo4 Z Vg (23) e Uniform pressure fie
i=1 e Neglect viscous dissipation in energy equa-
d (pYi : i
(oYy) + V- (pvY;) = =V - [pY; V] + (24) tion
ot .
d (ph) op e Neglect effect of body forces in momentum
+ V- (pvh) =~ +v - Vp+7:Vo -V -AVI]+V - q and energy equation
ot ot
N N X X, N (25) 4 Neglect Dufour effect i ti
v ZPYihiVi i RTZ Z A LV VR ZPYiQ v, eglect Dufour effect in energy equation
i=1 i=1 j=1 i=1 e Keep Soret effect in species and energy
N T equation
-1
P05y g, + /Cpl(T) dT (26)
P LA '
TO
where T =4 [Vv + (V’U)T] + (k= 2p) [V -v] I (27)
and q = eoT* (28)
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Step 1: Make use of the fact that h = > Y;h; to restate equations (24) and (25) as:

V- [pYi(v+ V)] = (29)
N
VD pYihi(v+ V) = AVT| =0 (30)
=1
Step 2: Use .
hi = h(}i—l—/Cpi AT (31)
TO

to rewrite equation (30) as

N N A
V- ZpYi(v—l—Vi)h}i—I—ZpYi(v%—Vi)/CpidT—AVT =0 (32)
i=1 i=9 7o
and apply equation (29) to the first term of the left hand side to obtain
N T

N T N
v p’vZ/YZ—CpidT—l—pzvi/YiCpidT—AVT == hjay  (33)
i=1 1=1

1=6 Te ) To
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Step 3:

Assume a background fluid so that
pY;V; = —pIDVY;

Cp = ZYZCP

Since

it is possible to rewrite equation (33) as

T N L N
: T + pD Y;) | YiCp;dT — pID T| == hSai
\Y va/de +p ;(v )T/ Cp; dT — p pCp]DCPv thlw

and because of the equality,

T N T
V/CPdT VZY/CPsz (VY;)/CPZdT-I-EY;V/CPZdT
To =1 i=1 To

T
f: / Cp; dT + Z Y;Cp; VT = EN:(VY;) / Cp;dT + CpVT
=1 To 1=1 1=06 To
equation (36) may be rewritten as
T
V- /deTer]DV/deT pD [Le — 1] CpVT | = thwz
7o T°

52
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(38)
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Step 4:

Assume unity Lewis number in equation (39):

If Le = 1 then pID may be replaced by A\/Cp ! From figure with simplified flame structure: p,v = p,S.; = m
constant.

Pu

velocity
profile

Finally

laminar
flame T=T;
dT'/dz =0
B temperature
Sur - profile
reaction
s, -«— zone
preheat
zone
T=T,
dT/dx =0 -« »
or
N
pv/deT+p]DV/deT == b
Jo o i=1

' CpVT 4+ V - \VT] = Z h by
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Step 5:

Express the combustion reaction in terms of a mass balance:

1 kg Fuel + v kg Oxidizer — (v + 1) kg Products

Then
1 1

— tp = ——tioy = ——py
v v+1

and hence,
N
D W = hgaip + h o dox + iy ey
i=1

- (h;F + Vh;OX o (V + 1) h;Pr) wF
— A H by

where A.H denotes the fuel’s heat of combustion.
Equation (39) may then be restated as:

M CpVT + V - [AVT] = —A Huiy

(42)

(43)

(44)

(45)

54

Step 6:

Integrate the one-dimensional form of equation (45)
from ¢ — —o0 to x — oo for the simplified flame

structure,
o dld dT
] —+—(A— ) =-AHu 4
mCPd:}:+da: <)\da:) H g (46)
subjected to the boundary conditions,
r——oc0: T=T, r—oo: T =T (47)
and the subsidiary conditions,
dT drl
—00: — = D — = 4
T — —00 o 0 T — 00 o 0 (48)
Inside the flame zone,
ar 1y -1,
op,: — = 49
T €L dx 5L ( )

Integration of equation (46) gives:

” o741/ dz=0 x
i Cp Tl + A = —AH / g dz (50)

O dT /dz=0



Step T:

Apply a change of variables to the right hand side of equation
(50) on the basis of the assumed temperature profile (49):

dr Ty —T, oL
i S — dr = dT 51
dx 5L v Tf — Tu ( )
Hence,
T
. oA H ) —
m Cp (Tf — Tu> = — L /deT = —(SLACHU)F (52)
Ty =T,
Ty
or, equivalently,

= A single algebraic equation with two unknowns:
e the mass flux 1 (= puSuy),
e and the laminar flame thickness d;.

Step 8:

Find a second algebraic equation by integrating equation (46)
from © — —oo to x — 01,/2, subjected to the boundary con-
ditions,

4] T.+T
r——o0: T=T, r=—=: T= k), (54)
2 2
and the subsidiary conditions,
dT 5, dT T;-T,
—o00: — =10 — — = 55
v dx v 2 dx or, (5)
Integration of equation (41) results in
5r/2
. oT | s —Tw)/on
' Cp T[S0 N = —AH / g da
“ Ox dT/dz=0 .
(56)
and hence,
. Ty — T,
1Cpm (Ty = T,,) — /\fé— =0 (57)
L

since wy is practically zero in the preheat zone.
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Step 9:

Solve equations (53) and (57) for S, and dp:

SuL = |:—2

o= |2

A AH

W

0.Cr Co (T; — T.) pu
A CP (Tf - Tu) Pu
puCp ACH

Wg

Express the heat of combustion of the fuel as

A.H =

(v +

DCp(Ty = To)

2

|

1
2

D=

and substitute this into equations (58) and (59):

SuL

-2
-2

(v+1)
puCP

A
puCp v + 1wF

U)

&

|

(61)

(62)

56

Step 10:

Assume a generalized overall reaction,

N N
D> M — > v M (63)
=1 =1

N

with a an overall reaction order n = )_.", v}

Mass consumption rate of each individual species:

d(pYs/Mi) _ | pgm E.\ 177 (Y )"
— =y —v) BT"exp ( — 5 ]1:[1 M (64)

= wp o< p" BT ™exp (—

e ) IO (o)

Since
pu < T, P (66)

and most of the combustion occurs in the reaction zone,

Wp o 1" P"T}"exp [— (67)

)



Step 11:

Substitute equations (66) and (67) into equations (61) and (62) to obtain:

n—2

SuL )\(Tu) Tu P\ 2 Tf _% Tf % Ea 1 1
T -\ P T° o o \7 T e 68
ul h AMTuo) Tuo (Po) (T}? Ty PN ToR Ty 1 (68)
or NT,) (P % Ty 3 Ty ) E, /1 1
5 ) 7o) \7¢ R\ T 7o 69
i (#) <T; ;) “Pl'm\7T T (69)

where S,7, 07 and T} are the laminar burning velocity, the laminar flame thickness and the flame temperature of
the unburnt mixture at a reference state Fy and T5.

When the variation in T, is caused by adiabatic compression, equations (68) and (69) can be approximated by:

S . <P>c+jT11+a

=\B (70)

o, P\¢
DA 1
oy (Po) (7)

o
ul,
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Laminar burning velocity: effect of lame morphology

el

H2/02/N2 -:0 .;'I.:_r .
P=1atm :"
é=0.70

H,/O,/He
P=60 atm
¢=0.70

Flame morphology of propagating hydrogen-air flames.

From: Tse S.D., Zhu D.L., and Law C.K. Morphology and burning rates of expanding spherical
flames in H2/0O2/inert mixtures up to 60 atmospheres. In Proceedings of the Twenty-Eighth
Symposium (International) on Combustion, pages 1793-1800, Pittsburgh, 2000. The Combustion
Institute.
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Laminar burning velocity: effect of flame stretch and flame curvature

convective heat
transfer

convective heat
transfer

QINYXIW JuIng
unburn{ mixture
QINYXTUI JuIng

unburnt mixture

convective heat
transfer

Sur < Sul

global
curvature

local
curvature

streamline 1

compression

streamline 2

stretch

unburnt mixture

streamline 3

Effect of flame stretch and flame curvature on the laminar burning velocity.
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Laminar burning velocity: effect of flame stretch and flame curvature

Stretch rate of a surface element in a strained fluid:

1 dA
._1aa 72
T A d (72)

Universal expression which relates the stretch rate of a flame surface element to the velocity field, v, of a non-
uniform flow-field:

s=-—nn:Vo+V-v+5,;V-n (73)
- v
Ss Se

When a planar laminar flame with a thickness 67 is distorted into a bulge of size A, the local laminar burning
velocity at each point can be related to the local stretch rate as

Sup, —Sur, L ( 1 dA> 5
— =gl ) TOle (74)
where € = 67 /A. When A > 67, € is a small number so that:
1 dA
uo - 75
Suz, — Sur <A 7 ) + O (e (75)

= L5+ O (e (76)
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Laminar burning velocity: effect of flame stretch and flame curvature

Express L£s as a linear combination of quantities that account for the separate effects of the strain rate, flame
curvature, pressure, etc., each having its own Markstein length:

Ls= LS5+ LeSc+ ... (77)
= Sl — Suz = (Ls$s + LeSc +...) + O (€9) (78)
Combine equations (73), (76) and (78):
Sup = Ls[nn:Vv -V -v]+[1 =LV -n|S,; (79)
=L;[nn:Vv -V -v] + [1 + p ic@] Suy (80)
=L;[nn:Vv -V -v] + [1 + %] Sul (81)

The quantities denoted by L, and L. are called Markstein lengths.
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Unstretched laminar burning velocity

vol.% hydrogen vol.% hydrogen

0.5 1 1.5 2 2.5 3 0.5 1 1.5 2 2.5 3

equivalence ratio, ¢ equivalence ratio, ¢
Unstretched laminar burning velocity of hydrogen-air mixtures as a function of equivalence ratio
at 15=293.15-298.15 K and Fy=1 bar. solid line: computed data by Marinov, Westbrook, & Pitz
(1996) [52], (o) Dowdy, Smith & Taylor (1990) [53], (®) Kwon & Faeth (2001) [54], (&) Tse, Zhu
& Law (2000) [55], (o) Dahoe (2005) [7].
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Turbulent burning velocity: flame-turbulence interaction

fluid laminar turbulent turbulent
velocity flame flame flame
i HC c

o - C

= - SuL C G

X

E - SuL c

E s C ;

= C

S T c

o — C

[

5 — St Su <O C
- D) -
—_— smallest length scales largest length scales

of turbulence are larger of turbulence are smaller
<§ <§ than laminar flame thickness  than laminar flame thickness
moving fixed
observer observer

SuT = f(SUIn Ufms)
SuT = f(SuLa Urmss gt)
SuT - f(SuL7 5L; Urmss Kt)

—N—

SuT = f(SuL: 5L7 Ufmsagt)
5T = g(SuL7 5L7 Ulms» Kt)
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Turbulent burning velocity: combustion regimes

well stirred reactor N
10 — Re>1,Da<1 Ka>1 V

distributed reaction

21 zones Re > 1, T
Q| Da>1,Ka>1 ©
ré /
S _\ Ko~ b Ny
% <
N corrugated flames g
7 Re>1,Da>1,Ka<1l =
4 N - el PDazlinacd o=
— . S-‘ i
. }_lamlnar wrinkled flames .g i
1 flames I
i Re>1,Da>1,Ka<1 =H
| Re<1 = -
v

1
1 lefor 10
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Turbulent burning velocity: turbulence scales

/4800

“~ 4600 Velocity field

Generic scales:
U L T=L/U
Integral scales:
U= L =1 T =m="0/u
Kolmogorov microscales:

UZUK £=€K TZTKZEK/UK

Pressure field
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Turbulent burning velocity: correlations
From: Dahoe A.E., Skjold T., Roekaerts D.J.E.M., Pasman H.J., Eckhoff R.K., Hanjalic K., and Donze M. On
the application of the Levenberg-Marquardt method in conjunction with an explicit Runge-Kutta and an implicit

Rosenbrock method to assess burning velocities from confined deflagrations. Flow, Turbulence and Combustion,
91:281-317, 2013 [40].

Model Ref.
(82)  2ur — 1 4 Y 156, 57]
SuL a SuL ’

Note: Analysis of instantaneous laminar flame area within a turbulent flame brush. Instantaneous
laminar flame area is assumed to increase linearly with vy, .

SuT — Ulmns 2
(383) 2L - \/ 1+ (TL) 58, 59]
Note: Analysis of instantaneous laminar flame area within a turbulent flame brush. Distorted

laminar flame is assumed to consist of conical bulges. Effect of turbulence taken into account by
surface area ratio between cone mantle and cone base.

(84) gﬁ =1+ Srms Same as (82). [60]
1
SuT — rms SuT — Urms 2
(85) T =14,/3 (86) g =1+ \/§<suL)

Note: Time-scale analysis of r.m.s. displacement [61] within interaction time between flame element
and turbulent eddy. Eqn. (84): weak turbulence (¢;/v;, > 0;/S.;) Eqn. (85): intermediate
turbulence (¢;/v;,. =~ 0;/S.). Eqn. (86): strong turbulence (¢;/v; . < 0;/Sur)-
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(87) % — \/ 1+ (Zgi—m)2 62]

ul
Note: Analysis of intersection between eddies and laminar flame. Eddies assumed to have diameter

¢, and a sinusoidal velocity profile characterised by v;,,, [63].

SuT — Urms 2
(38) L =1+C (g 64]
Note: Analysis interaction of laminar flame with isotropic turbulence [63, 64].

SuT — Urms ’
50)  gr=1+ (@) 65

Note: Analysis of the longitudinal displacement of the reactive-diffusive zone by turbulence in an
Eulerian frame of reference.

(90) g—f:{% 1+{1+0(§—$)2F”2 66]

Note: An extension of model (89) with thermal expansion taken into account [67].

SuT — Ulms " — —
O) FL-C (SuL) C=35n=07 68]
Note: Analysis of flame-turbulence interaction. Turbulence characterised by single velocity scale

and single length scale [67].

_1 ; 2
(92) gL—g — f(K) where K = CRe,? (g—HL> 69]
Note: C=0.157. Two-eddy theory. Rate of burning equal to product of rate of eddy decay and

amount of mixture that reacts chemically during eddy lifetime. Localized reaction rate within an
eddy is expressed by laminar burning velocity [69]. K is the Karlovitz stretch factor [70].

(93) gz”—g =c(g=) =21 71]

SuL
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Note: Monte Carlo solution of a modelled transport equation for the joint probability density
function (pdf) of velocity and reaction progress variable [71].

S, 3 /v \3

ul 2 rm

0 gL =Re, (@) [72
Note: Analysis of exchanges of state (burned or unburned) between adjacent fluid elements along a
discretized line element in the streamwise direction [72].

0 5= (ol-0-7) oo (o]} o

ulL
Note: Fractal modelling of laminar flame surface with fractal dimension D = 2.32-2.40 [73-76],
outer cutoff £,=(;, and inner cutoff {;=(x. Res=pvy,li/p, a=(A;/Re;)/* and S=(A;/Rej )V,
A;=0.37 from turbulent pipe flow data [69,73,77].

S Vlis
96 e 78
(96) =g 78]
Note: Fractal modelling of laminar flame surface in turbulent flow. Flame surface: outer cutoft

l,=¢; and inner cutoff equal to Gibson length scale, ¢;=(¢. [79].

O7)  FL = exp [0 /Si3] 80,81

Note: Analysis of very thin reaction zone in a turbulent flow field [80]. Flame represented by
scalar field G(zx,t) which propagates according to [82,83] 0G /0t + v - VG = S, |[VG|. Ref. [80]
derives (97) by dynamic re-normalisation group analysis to G-equation. Ref. [81] derives (97) from
two distinct expressions for turbulent flame brush thickness while assuming exponential growth of
interface between parcels of reactants and products.

(98) 2T —14( (5 S0t C=53 84]

SuL rms
Note: Curve fit to experimental burner data (turbulence by perforated plate) [84].
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NG | 1 ENE::
(99) 9L =1+CRe} ($)° =1+ CRejDat ()’ 67]
Note: C'=+/2/15~0.6. Application of two distinct expressions for the turbulent flame brush
thickness in conjunction with an estimate of the mean distance the flame must travel to consume
the mixture between dissipative vortex tubes and the relationship Ap/ &:\/ﬁReZ/ ® [85,86]. The
Taylor microscale, Ap, is the spacing between the vortex tubes. Curve-fitting to more than 200 data

points for 15 mixtures reported by eight different research groups gave a value of C'=0.62 [67].

1
Sur _ 1/4 (M) — <_5Lvrm8)4 ] (M)
(100) o= 14+ 5., o) = 1+ 7 Dai o 87]
Note: Curve fit to experimental turbulent burning velocities of methane-air, hydrogen-air and

methane-hydrogen-air mixtures in fan-stirred vessels (651 spherical bomb and 1m? cylindrical ves-
sel).

) 0.4
(101) gi—g — OLe "3Re)5 (g—mL) C =1.534 [70]
Note: Curve fit to 1650 experimental data points by 20 different groups [70, 88].
S L (v,
102) L —1+CDal () =051 89
102) 5, = L HODalGr 89

Note: Analysis of flame front motion from solution of Favre-averaged governing equations in spher-
ical coordinates with Bray-Moss-Libby formalism as closure model [90-92] and a model for local
combustion failure [89].

T 3
SuT — Urms 1/2 — et 1 1 Ulms 1
(103) g1 () =1 (5r) Dat () 93
Note: Experimental analysis of a downward propagating premixed methane-air flame through a

nearly isotropic turbulent flow field in a tube [93].
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(104)  PL=1+C <§_Z)1/4 (gf—ﬁ)m — 1+ CDat (g 94]

Note: C'=+/2/15~0.6. Application of a model originating from Refs. [67,95] to upward propagat-
ing potato starch dust-air flames in a tube [94,96].

Sur _ M4 ( Yrms v
(105) gL =1+CDa ( SuL) [40]

Note: Dimensional analysis. Simplification of equation (145).
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Turbulent burning velocity: Damkdhler’s correlation

Equate mass flux, m, through cross sectional

area of flame brush, Ay to mass flow of unburnt In the limit v;, . > S,;, equation (109) implies that
mixture through wrinkled laminar flame area, the turbulent burning velocity becomes independent
Ar: of the laminar burning velocity
m = puATSuT - puALSuL (106) SuT ~ Ulns (110)
SuT AL
S.. - Ap (107) This is known as Damkoéhler’s hypothesis.
Damkdohler approximated the ratio of the area
of wrinkled laminar flame and the cross section V=Su; V.
of the turbulent flame brush by -
flame brush
A Sy + Vi v;
= =14 == 108 Sy
Ar Sur Sur (108) E T g
Substitution into equation (107) leads to E A7 SuL AN g
2 AL g
S v; 5 °
ul’ 1+ 228 (109) instantaneo{
SuL SuL flame front
velocity turbulent

profile flame
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Turbulent burning velocity: Schelkin’s correlation

These assumptions lead to

Schelkin assumed:
AL \/ R2 —|— h2 2’U
e Turbulence creates conical bulges in a laminar flame. A_T S B (111)

e Increased flame surface is proportional to the average

cone area divided by the average cone base. and substitution into equation (107) gives:

e If the radius of the cone base and the apothem are

SuT 2'U£ms 2
denoted by R and h, then the surface area of the g = 1+ < (112)
ulL wlL

cone base and the cone mantle are equal to 7R? and
7RV R? + h2.

e When a circular element of a planar laminar flame
is bulged into a cone, the surface area increases by a
factor v/ R? + h2/R.

e Diameter of the cone base is proportional to the
average length scale of the turbulence, R %Et.

e Diameter of the cone base is proportional to the
average length scale of the turbulence, R o %Et and
that the apothem scales as h o v} l;/Sur.

e Apothem to be proportional to the average fluctuating
and the time during which an element of

velocity vy,

the flame interacts with an eddy, ¢;/S, .
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Turbulent burning velocity: Karloviz’s correlations

Define a turbulence macro velocity scale, a
turbulence macro time scale and a turbulence
macro length scale:

1
Ut = Uppg = (U’Q)?

T = /p(T)dT where p(T) =
0

Kt = UVtTt = /Ul,“msTt

Karlovitz assumed that an additional velocity
produced by the turbulent diffusion, S,’, has
to be added to the laminar burning velocity:

Sur = Sur + St (113)

The additional velocity is taken into account
by dividing the root-mean-square displacement
due to the turbulence by the average time in-
terval during which a flame element interacts

with an eddy, 7 = ¢;/S.r:

(114)
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Karloviz’s correlations for the turbulent burning velocity

The root-mean-square displacement and root-mean-square ve-
locity are interrelated through:

t t

=202 [ p(r)dr =2 (vy,,)* /p(T) dr (115)

0 0

dx?
dt

Weak turbulence: v, < S,r. Hence T (= 4;/S.1) < 7 (=
lifvr,s). Consequently, p(7) ~ 1 if ¢ < T so that the root-
mean-square displacement within the interaction time between
a flame element and a turbulent eddy becomes (by integrating

1
equation (115)): (42)2 = vy T

rms

- Sut g , = = V. . (116)

Substitution into equation (113) and division by S, ; results
in

SuT (oK
=14+-== 117
SuL * SuL ( )
Strong turbulence: 7 (= (;/S.;) > 7 (= {;/v,,,). The inte-
gral on the right hand side of equation (115) assumes a defi-
nite value which is equal to the time scale of the turbulence,
7y. This leads to

~2)7 = /20T (118)

and

_ (P>% V QgtvrmsT

T  4/SuL

= /25, 1 Vims (119)

74

Insertion into equation (113) and division by S, yields:

1
SuT 2
=1 Urms 12

Intermediate turbulence: 7 (= (;/S,.) = 7 (= ¢;/v;,), the
root-mean-square displacement depends on the shape of the
correlation function. If the shape of the correlation function
is approximated by an osculation parabola, where 7, denotes
the Taylor microscale,

p(r)=1-— 17—_ (121)

27,2
the integral in (115) may be solved for the variance of the
displacement to give

(T 7)) = v [5T° -

2 =v?[iT% - LT =~ Zu?T?
(122)
Consequently,

1 5
72)2  \/ 12VmsT
S = = = \/ 5 Vms (123)

(7 T T
and
S T (o
=1 2 s 124
SuL * 12 SuL ( )




Turbulent burning velocity: correlations

Comparison with experimental data

40.0

Methane-air, 9.52 vol%, ¢= 1.0, S, = 0.37 ms!, ;= 1 mm

Experimental data:  S,7/Sup, V £y, & Vg

35.0 —
30.0 —
225.0

= 20.0 4

3 S
Q150 E

10.0

5.0

Shaded region: scatter in Su7/Sur
Solid marker: mean value Sy7/Sur,

45.0
—42.5
—40.0

&

—37.

wt
1. 01]

B
—35.0

—32.5

0.0

(=]

Vims/SuL

Hydrogen-air, 40 vol%, ¢= 1.52, S, = 2.64 ms™, §;,= 351.8 um

Experimental data: © S,r/Sur, V ly, & Vg

Shaded region: scatter in Suz/Sur
Solid marker: mean value Sy7/Sur,

Key:

eqn (99

T
5.0
Vims/Sur,

S
-
)
o
)
w
S
e
=)

(f) eqn (100), (g) eqn

(a) eqn (83), (b) eqn (89), (c) eqn (95), (d) eqn (97), ()
) 101), (h) eqn (102), (i) eqn

(103), (j) eqn (104), (k) eqn (146). From [40].

100 Methane-air, 9.52 vol%, ¢ = 1 20.0 Hydrogen-air, 40 vol%, ¢ = 1.52
A Experimental data . V Experimental data
8.0 — 16.0 —
T, 6.0 7, 12.0
A A
&
wy 4.0 w5 8.0
Curve 3
v
2.0 A ! 4.0+
00 Solid curves: %ﬁ =1+ C'Da” (%ﬁ)h 00 Solid curves: gﬁ =1+C'Da” (%&ﬁ)b
. I I I I : I I I I
0.0 4.0 8.0 12.0 16.0 20.0 0.0 4.0 8.0 12.0 16.0
U;ms [m S-l] /Ul‘rﬂs [nl S-l]
6 T T T T T T T T T T T
5 [C =031 andn=1.26] ]
4 v i
4— v —
~ -1 v -
% 3 —
~
E‘ 4 i
w2 - —
1 SuT =1+C (Urms)n ]
7 SuL ul 7
0 T T T T T T T T T T T
0 2 4 6 8 10 12
U;ms/SuL
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Borghi Diagram: Dimensionless Groups

Governing equations: % +V-(pv) =0
2 (pv) =
5tV (pow) :—V-p—i—V-‘r—l—;pY;g
Y
0 (ph) _op | .
o TV (pwh) ==+ v Vp+ Vo + V- (AVT) —V~q—;png'(]DZVYz)

Restate using a length scale, £, a velocity scale, U, and, a chemical time scale, 7., so that

ap* * ** _
e + V' (pv*) =0

* % 2
a(p;v ) LV (o) = (p?;f >V* .

ot

+(pTZf2) (pU£> Ve (%)i::pyg
0o () ) (22
a<g:*) R (A Y {aﬁ o]

Vv \YaR &
+< D ) pZ/I/J) (CPTO)T ( P ) (pblﬁ 1Cp

pL[Q q 1% 12 ,Cg al

0
_ Y7*.q*_ 0 - —Z E Yl *f’f.‘7*Yi
( P ) (pZAij(]) <,OZA£) (p]Dz) (2/{2) i—1 P T
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(125)
(126)
(127)

(128)

(129)

(130)
(131)

(132)
(133)

(134)
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Borghi Diagram: Dimensionless Groups

So that finally: (Z)[t): + V- (p*v*) =0
0 (8,0;0*) LV (pot) = —Ma2Vip MR_fv* L %ZZN;P*YQQ*
(9(53/;) LV (P = RelsCiv*QYi + Ma?Da i
a(ng*) LV (0 hY) = Ma®Ee [g_z; s V*p*] N lef%*:v*v*
*%V”T*‘gv*'q*‘ﬁﬁ;mﬁ'v*”

7

(136)
(137)

(138)

(139)



Turbulent burning velocity and flame thickness
Dimensional analysis

Express the departure of the turbulent velocity from the laminar burning velocity, S,7 - Sz, as a function of the
laminar burning velocity, S, ;, the laminar flame thickness, d;, the root-mean-square value of the velocity fluctu-
ations, v ., the macro length scale of the turbulence, ¢;, the density, p, the dynamic viscosity, u, the diffusion

rms?

coefficient, ID, the thermal conductivity, A, and the specific heat, Cp:

SuT - SuL = f(SuLaéLanmsvéhpa:u?]Da)‘7CP> _ (140)
= D' (Su)" (62)" (V)" ()" (p)" ()" (D) (V)" (Cp)’ (141)

Invoke the dimensions of the quantities involved as

e f 2\ 9 h 2\ !
mo o m\¢ LG a( kg kg m kgm m
T e (e () (GE) (%) (5%) (%) (142
m: l=a+b+c+d—3e—f+29+h+2i
— <s: —l=—a—-c—f—-—g—3h—2 (143)
kg: O=e+ f+h
K: 0=—-h—1

and solve to obtain

a=1—-c—f—g—h, b=—d—f—g—h, e=—f—h, i=-—h (144)
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Substitution into equation (141) gives

SuT_SuL:D/ SuL5L I L I A "o Ufms/gt e M ‘
SuL D pD pCPID SuL/(SL SuL

| Sur _ 1+ D'Bo”Sc? Le® Da? (M) ’ (145)
SuL B SuL
N
— 2L =1+CDa (gs) (146)

where Bo denotes the Bodenstein number, Sc the Schmidt number, Le the Lewis number, and, Da the Damkdhler
number. Notice that Le = Sc/Pr where Pr denotes the Prandtl number.
A similar analysis can also be made for the turbulent flame thickness:

(ST —(SL = f(SuL,(SL,U;mS,ft,,O,M,ID,A,CP) (147)
= D" (Sur)" (00)" (v3e)” (4" (p)° ()" (D) (A)" (Cp)’ (148)

e f 2\ 9 h 2\ !
mo o m\¢ p (M€ a( kg kg m kgm m
P (o () e () ) (5) () (%) 149
m: l=a+b+c+d—3e—f+29+h+2i
— <s: O=—-a—c—f—9g—3h—2 (150)
kg: O=e+ f+h
K: 0=—-h—1

so that

and henceforth
a=—-c—f—g—h, b=1—-d—f—-g—h, e=—f—h, i=—h (151)
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Substitution into equation (148) leads to

5T—5L:D,, Suror\ Y e f-s A\ Vins/ Ct d-e Ulms I
(SL D p]D pCpID SuL/(SL SuL

. 5_T — 14+ D//BOCNSCd//Lee//DaaN <%> ! (152)
5L SuL
or _ 1yaa” [ Vims v

Together, equations (145) and (152) constitute a more detailed turbulent flame propagation model with twelve
constants: o', a”, V', 0", ., ", d,d", ¢, ", D and D".
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Detonations: Hugoniot Curve — Hugoniot Relations

shock wave

e Relationships exist between the variables on

-

the two sides of a shock wave. These are known
as the Hugoniot relations.

e The Hugoniot relations establish the connec-

tion between eight quantities: four variables on M = poo M = Poo Voo

>

the left (low pressure) side of the shock wave >
Pocs Moo s Poo; Voo

(po, ho, po, vo) and four variables on the right Po, ho, po, vo
(high pressure) side (Poo, Foos Poos Voo )-

e These variables are the solution to the inviscid

Figure 1: Simplified shock wave structure.

conservation equations for mass, momentum,
and energy for waves in a steady, constant area

ow. The Hugoniot relations are:
e There are three Hugoniot relations connect- POV) = Poclo0 = M (154)
ing eight quantities (four on either side of the Do+ POV = Poc + Pt (155)
2 2
shock wave). ho 4 Y 4 Ve (156)

2 2
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Detonations: Hugoniot Curve — Rankine-Hugoniot Relation

Equations (154) to (156) may be combined into the Rankine-Hugoniot relation

—1 (s - 1 1
1o (p——@> _P p()( +—> — —(he — h1) (157)
vy Poo PO 2 Poo PO

The difference between a detonation and the shock in an inert gas is in the form of A .
In a shock the chemical composition remains unchanged, whereas in a detonation the chemical composition changes
so that energy is released. Chemical equilibrium is attained after the gas passes through the wave.

A

e A plot of py versus 1/py for a given value of
(po, 1/pp) and the heat release —(ho — hq) is called | Strong Detonation
the Hugoniot curve.

<+—— Upper CJ point

Region II,
e The Hugoniot curve is the locus of all possible so- \\Veak Detonation
lutions of equations (154) to (156), or equivalently, =
. VN Region V,
equation (157). \ 1\ Impossible
e The point (pg, 1/po) is called the origin of the Hugo- ) LN Region III,
. & Origin Hugonfot-~-___ ™ Weak Deflagration
niot plot. curve (bo,1/po) T
! . o7 ooint” Region 1V,
e There are two Chapman-Jouget points. They | wer - PO Strong Deflagration
. . . 1
arise from drawing tangents to the Hugoniot curve /o 1/p

through the origin of the Hugoniot plot (pg, 1/po).
Figure 2: The Rankine-Hugoniot diagram.
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Detonations: Hugoniot Curve — Rayleigh-line Relation

Equations (154) and (155) may be combined into the Rayleigh-line relation

P2 = LR TR0 e (158)

1/po =1/ peo
The Rayleigh-line relation is a criterion to identify regimes within the Hugoniot curve where deflagration

and detonation are possible.

e Region I, strong detonation regime. \|Strong Detonation

<«— Upper CJ point

e Region II, weak detonation regime. Region 11

e Region III, weak deflagration regime. -
: : : . . Region V,
e Region IV, strong deflagration regime. L N Inpossible
e In region V, it is seen that 1/pg — 1 <0 ol LI Region 111,
g j /IOO . /IOOO . = Origin }Ilué;5ﬁ'f0t ~~~~~~~~~ Weak Deflagration
and in pp—ps > 0. The Rayleigh-line relation curve (bo,1/po) 7T _
. . . . . . . ! A Region IV,
implies imaginary values for vy (i.e. impossible ; Lower CJ point grong Deflagration
for deflagration or detonation to exists). 1o 1p

Figure 2: The Rankine-Hugoniot diagram.
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Deflagrations are subsonic combustion waves:
e Typical deflagrations propagate at speeds on the order of 1-100 ms™!.

e Across a deflagration, the pressure decreases while the volume increases: py, < po and 1/p > 1/pp.

e For deflagrations, the structure of the wave, and turbulent and diffusive processes, determine the
propagation speed.
Detonations are supersonic combustion waves:
e Typical detonation waves propagate at a velocity on the order of 2000 ms™1.

e Across a detonation, the pressure increases while the volume decreases: ps > pg and 1/p < 1/pp.

e For detonations in stoichiometric hydrogen and hydrocarbon fuel-air mixtures: ps,/pg = 15 — 20.
For detonations, gas dynamic considerations are sufficient to determine the solution. Chapman
(1899) [97] and Jouguet (1905) [98] proposed that detonations travel at one particular velocity,
which is the minimum velocity for all the solutions on the detonation branch (the Chapman-Jouget
velocity).

e Zeldovich (1940) [99], von Neumann (1943) [100] and Déring (1943) [101] postulated independently
that a detonation is a combustion wave being sustained by a shock wave.
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Detonations: Hugoniot Curve — Chapman-Jouget Points
Differentiate the Rankine-Hugoniot relation (157) with respect to ps to obtain:

v

1 ¥ > dpoo < v ) 1 1 dps < 1 1 )
+ poo__(poo_pO) - A + — =0 (159)
Poo (7 —1 d(l/poo) v—1 2 2 d(l/poo) Poo Po
and hence:
-~ (57)
Po —P0) =\ — 7 | Px
dpo —1
P _ 7 (160)
d(l/poo) ( 2y > i o (i + i) Rayleigh-line
Y= 1 Poo Poo Po Upper CJ point
The slopes at the Chapman-Jouget points are: Hugoniot curve
d 00 0o T
p _ p Do (161) S
d(1/pc) ey (1/psc) = (1/po)
From (160) and (161): .
P — P ol oo X v
(1/ ) — (O/ ) = ~VPocPoo — Po (162) = Origin Hugoniot
Poo Po curve (]:oo, 1/po)
The Rayleigh-line is tangent to the Hugoniot curve i
at the Chapman-Jouget points. From (162) and the 1/:
Rayleigh-line relation (158): PO 1/p
2=l 2y U] = € (163)
o0 ( poo> o0 & & Figure 3: The upper Chapman-Jouget point and the tangency condition be-

tween the Rayleigh-line and the Hugoniot curve.

Equation (163) implies that the Mach number behind the shock wave is unity (Mas, = 1) at the Chapman-Jouget
points.
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Detonations: Hugoniot Curve — Chapman-Jouget Points

Experimentally observed conditions of pressure (ps), temper-
ature (Ty), and velocity (vs) at the upper Chapman-Jouget
point. Initial conditions py = 1bar and T, = 291 K. After:
Hirschfelder, Curtiss & Bird (1967) [102].

Explosive mixture | pressure |temperature | velocity
Poo (bar) | T (K) Vo (ms™)
( ) 18.1 3583 2819
(2Hy + O9) + 509 | 14.1 2620 1700
(2Hy + Os) + 5Ny [ 144 2685 1822
(2Hy + Os) + 4Hy |16.0 2976 3527
( )

( )

2Hy + O

2Hy + Og) + 5Hey | 16.3 3097 3160
2Hy + Og) + 5Arp | 16.3 3097 1700

86



Detonation Wave Velocity — Iterative Calculation Procedure

A procedure for estimating the Chapman-Jouget velocity from the thermodynamic properties of the
unreacted mixture may be derived as follows. The sonic velocity behind a detonation wave is:

(91900]
o = 4] |22 164
[apm S (164)

Because 1y, = ¢ at the upper Chapman-Jouget point, the condition of mass conservation (154) across
the shock wave and equation (164) lead to:

1 1 8pOO] 1 [ OPoo ]
U) = —Coofoo = —A| P2 | =—| =—4|— | =7 165
" Po £ Po\/p [apoo s po\/ O(1/ps)] s (162

Differentiation of the isentropic relation for the burned gas,

L™ Opse YocPoxc
Doo | — = constant — — [—] =
<poo) 01/p)ls  1/pc

and substitution into equation (165) gives

1 /
Uy = pool//pp() ’Voopoop%.o = pp;.; V fyooRooToo or p%u% = YooPooPoo (167)
00

after application of the ideal gas law.

(166)
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Derive an equivalent Rankine-Hugoniot relation by combining Kirckhoff’s law with the ideal gas law,

N T
p_v—1 o T \P
—=—)> Y h°.+/CpZ~(T)dT — h=nh +(—)—
P ; fi y—1)p
TO
and substituting this into the conventional Rankine-Hugoniot relation (157):

1 1 1
heo — ho = §(poo — Do) <— + —>

Poo Po
Because h = e+ (p/p),

hoo - hO - (eoo - 60)(poo - pO) (i;.o + @>

so that (169) becomes
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Substitute equation (167) into the

Rayleigh-line relation (158): 1 n 1 Po—po (173)
Poo Po YooPooPoo

and combine this result with

equation (172) to obtain
’ " €oo — €0 = %Opoogfo (174)
Multiply equation (173) by (pso + po) to have
B 1, 1) _ (P —1m)
(Poc = o) (poo N Po) = YocPooPoc (175)

Equations (172), (174) and (175) form the design basis of an iterative procedure to determine
the Chapman-Jouget velocity from the thermodynamic properties of the unreacted mixture.

For a detonation wave p., >> pg so that equations (174) and (175) may be rewritten into an approximate
Rankine-Hugoniot relation (176) and an approximate Rayleigh-line relation (177):

00 RooToo
/foopoogc?o - 2’)/00 (176)

5
Poo 1 RoTy ) (Poo) _ RoTy
( ) (1 1 Yo R T ) \ Po R.T. 0 (177)

eoo_e
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The iterative procedure to determine the Chapman-Jouget velocity from the thermodynamic properties

of the unreacted mixture is as follows.

1. Assume po.
2. Assume T,,.

3. Calculate the equilibrium composition based
on Poo and 1.

4. From the equilibrium composition, determine
Yoo, Roo and €.

5. Verify whether 7v,, Ry and ey at the as-
sumed temperature T, satisfies the approxi-
mate Rankine-Hugoniot relation (176).

e If equation (176) is satisfied, proceed to
step 6.

e If not, then reassume a new p,, and return
to step 2.

90

6. Solve the approximate Rayleigh-line relation
(177) for poo/pO-

7. Find py from the equation of state, e.g. the
ideal gas law

(%) (55)
Pec 0 RoTy o

e [f the calculated p., equals the assumed
Poo, the iteration sequence has completed.

(178)

Proceed to step 8.
e If not, then return to step 1 and assume a

NEW PDoo.

8. Calculate the Chapman-Jouget velocity, vo,
from equation (167).



ONE-DIMENSIONAL DETONATION WAVE STRUCTURE
The Zeldovich-von Neumann-Doring Theory

The simplest model of the structure of a detonation wave (the ZND structure) consists of a shock wave
coupled to a reaction zone. Zeldovich (1940), von Neumann (1943) and Doéring (1943) were the first
who postulated this view.

e The shock wave compresses and heats up the gas, which reacts after an induction period.

e The reaction triggers a volumetric expansion of the gas, which drives the shock wave.

30 3000 03
i 1 F
25 2500 E |
E | 1 ¥ 9oz
E ~ |
L) b=
- | = g
£ 20 20008
a ] o
("] L o -E =
o | i £ &
o ! s 3ot
15 7 7 1500'_ 5
i P | =
————— T | fiy
| 1 It .j’:’(“ 1"‘.:.-'\._.._.;—4| I L n 1 1 " s s |
TSR Ll - L 0
1% 0.025 0.05 0.075 Y in 0 0.025 0.05 0.075 0.1
Distance (cm) Distance (cm)

ZND profile of a detonation wave in stoichiometric hydrogen-air mixture ignited at 1 bar and 300 K. A
denotes the induction zone length.
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MULTI-DIMENSIONAL DETONATION WAVE STRUCTURE

Detonation waves have a multidimensional structure.
e They consist of a leading shock waves, triple points, and transverse waves.
e The wave structure has a cellular pattern.
e The structure of a detonation wave is correlated with the induction length.
e The cellular structure left behind on sooted foils is a record of the triple point trajectory.

e Empirical correlations exist between cell width and induction length.

Cellular structure imprinted on a sooted foil record by the detonation of a 2Hy + Oy + 17Ar mixture,
ignited at 20 kPa and 295 K. After Austin (2003) [103].
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MULTI-DIMENSIONAL DETONATION WAVE STRUCTURE

triple point trajectories reaction zone

transverse waves

shear layers /}"“ S

b) detonation front

a)
a) Structure of a detonation wave in a 2Hy + Oy + 20Ar mixture at 20 kPa and 295K (after Akbar
1997) [104)).

b) Formation of the cellular structure on a sooted foil record by a detonation wave (after Winterberger

Shepherd (2004)).

N N

gg/—\
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MULTI-DIMENSIONAL DETONATION WAVE STRUCTURE
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Morphology of a multi-dimensional detonation front propagating from left to right. After: Austin
(2003) [103], Eckett(2000) [105], and Pintgen, Eckett, Austin & Shepherd (2003) [106].
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MULTI-DIMENSIONAL DETONATION WAVE STRUCTURE

Morphology of a multi-dimensional detonation front:
e Triple points exist at the junction of the leading shock front and a transverse wave.

e The pattern observed on soot foils is a history of the triple point tracks in the propagating
detonation front. Urtiew and Oppenheim (1966) [107] have shown that the tracks are closely
related with the triple points on the detonation front.

e The precise physical mechanism by which the tracks are made in the soot layer is still unclear!

e The width of cells that appear on the foil are a measure of the spacing of the transverse waves
in the detonation front. This global length scale, referred to as the detonation cell width, A, can
not in general be calculated a priori but may be related to the induction zone length, A, by a
constant of proportionality ,A. More specifically,

A=AA (179)

e The constant A depends on the fuel-oxidiser-inert type (Westbrook (1982) [108]) and also varies
with the equivalence ratio (Shepherd (1986) [109,110)).

e The induction zone length can be empirically related to dynamic parameters such as the critical
initiation energy (Lee (1984) [111]).
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MULTI-DIMENSIONAL DETONATION WAVE STRUCTURE

Schlieren images of (left) a 2Ho-Oo-12Ar detonation, py=20kPa, and (right) a 2Hs-O5-17Ar detonation,
po=20kPa (after Austin (2003) [103]).
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DETONATION CELL SIZE
Dependence on composition and temperature
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Detonation cell-size for hydrogen-air mixtures at different initial temperatures (after Breitung et
al.(2000) [112]) and Ciccarelli (2002) [113].
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DETONATION CELL SIZE

Comparison between hydrogen and hydrocarbon fuels
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Detonation cell-size of different fuels (after Knystautas et al. [114]).

98



RELATIONSHIP BETWEEN DETONATION INITIATION
ENERGY AND DETONATION CELL SIZE
Comparison between hydrogen, other fuels, and explosives

1000
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Detonation cell-size of different fuels (after Schauer et al. [115]).
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DETONATION LIMITS
Confined and unconfined detonation limits of hydrogen and other fuels

Detonation limits (vol %) of confined and unconfined mixtures and flammability limits (vol %) in oxygen and air
(after Grossel (2002) [116], Kuo (2005) [117], and Nettleton (1987) [118]).

Fuel Confined Confined Unconfined Unconfined Flammability | Flammability
detonation limit | detonation limit | detonation limit | detonation limit limit limit
02 air 02 air OQ air
lower  upper | lower upper | lower upper | lower upper | lower upper | lower upper
Hy 15.0 90.0 18.3 58.9 4.0 95.0 4.0 75.0
CH4 5.7 14 5.3 15
CoHg 3.60 46.4 2.87 12.20 11.0 39.0 4.0 9.2 3.0 66.0 3.0 12.4
CsHg 2.50 42.5 2.57 7.37 7.0 31.0 3.0 7.0 2.1 9.5
nC4Hyg 2.05 38.0 1.98 6.18 2.5 5.2 1.8 8.4
nCgHig 1.55 17.3 1.45 2.85 0.95
CyHy 4.10 60.0 3.32 14.70 9.2 51.0 2.9 80.0 2.7 36.0
CsHg 2.50 50.0 3.55 10.40 6.7 37.0 3.5 8.5 2.1 53.0 2.4 11.0
CsoHy 2.90 88.8 4.20 50.0 6.7 68.0 2.5 80.0
CH3;0H 9.50 64.5 6.7 36.0
Co.H;0H 5.1 9.8 3.3 19.0
CoH;OC5H; | 2.6 >40 2.8 4.5 14.7 29.0 2.0 82.0 1.9 36.0
gasoline 1.1 3.3 1.4 7.6
CO 38.0 90.0 155  93.3
NH; 25.4 75.0 13.5 79
Ce¢Hg 1.55 36.0 1.60 5.55 1.3 7.9
xylene 1.05 26.5 1.1 6.4
CH3COCH;3 | 3.3 40.0 2.6 13.0
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Nomenclature

LATIN SYMBOLS

Cp

NS e W

Q

Constant pressure specific heat.

Gravitational force.

Gravitational acceleration g.

Microscopic enthalpy h

Microscopic pressure.

Macroscopic pressure.

Maximum explosion pressure.

Radiant flux. Radiant fluxes emitted from reaction
zones are often described as g = eaT* [119, p.646]
where o denotes the Stefan-Boltzmann constant and e
is the emissivity.

Front boundary of the flame zone.

Rear boundary of the flame zone.

Burning velocity.

Laminar burning velocity.

Laminar burning velocity at reference conditions.
Turbulent burning velocity.

Temperature

Microscopic velocity.

Root-mean-square value of the velocity fluctuations.
Volume explosion vessel
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w; Chemical source of the i-th species. (kg m™ s71]

Y; Mass fraction of the i-th species -]

GREEK SYMBOLS

Y Specific heat ratio. -]

J Flame thickness [m]

or, Laminar flame thickness [m]

59 Laminar flame thickness at reference conditions [m]

or Turbulent flame thickness [m]

A Thermal conductivity. [Wmt K1

AT Taylor micro length scale [m

i Dynamic viscosity. [Pas]

v Kinematic viscosity. [m2 s]

p Density. [kg m3]

T T =4 (V’v + (VU)T> + (k= 2p) (V- v) I denotes the [Nm?]
shear stress tensor. x denotes the bulk viscosity.

OTHER SYMBOLS

D, Fickian diffusion coefficient of the i-th species. [m? s71]

SCALES

le Gibson length scale [m]

5% Kolmogorov length scale [m]

Kt Turbulence macro length scale [m]

L Length scale. [m]

M Molecular mass. [kg mol™1]

T, Chemical time scale. [s]
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TK Kolmogorov time scale

|
Ty Turbulence macro time scale [s]
UK Kolmogorov velocity scale. [ms]
o Turbulence macro velocity scale. [m s
U Velocity scale. [m s
DIMENSIONLESS INDEPENDENT VARIABLES AND OPERATORS
t* Physical time ¢ over L£/U. -]
V* Nabla operator divided by the reciprocal length scale,  [-]
v/t

NONDIMENSIONAL DEPENDENT VARIABLES
o* Density p divided by p/U?. -]

* Velocity v divided by the velocity scale U. -]
p* Microscopic pressure p divided by plU?. -]
T* Shear stress tensor 7, divided by uld/L. -]
g’ Gravitational force g divided by the magnitude of the  [-]

gravitational force g.

Y Mass fraction of the i-th species. -]
w} Chemical source w; divided by p(L/U)/Te. -]
h* Enthalpy h divided by Cp 1. -]
T Temperature 7' divided by a refernce temperature 7y. [+
q’ Radiant flux g divided by the magnitude of the radiant [-]

energy flux qp at a reference temperature.

DIMENSIONLESS GROUPS

Bo Bodenstein number, Y/L/ID. Bo = Re Sc. It is the mass [-]
transfer analogue to the Peclet number, Pe.
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Boltzmann number, pUUCpTy/qo.

Damkohler number, (L/U) /7. = 1Sy, /vidL.
Eckert number, U?/CpTy.

Froude number, U?/gL.

Karlovitz number, 7./(L/U) = vidr/lKk Sur-

Lewis number of i-th species, A\/pCpID;. Le = Sc;/Pr.

Newtonian Mach number, U/+/p/p.
Peclet number, pCplUL/A. Pe = RePr.
Prandtl number, uCp/A.

Reynolds number, pUL /.

Schmidt number of i-th species, u/pID;.
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