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Definition-1

 Deflagration
• A propagating chemical reaction of a substance in which the 

reaction or propagating front is limited by both molecular and 
turbulent transport and advanced into the reacted substance at 
less than the sonic velocity in the unreacted materials

 Detonation
• A propagating chemical reaction of a substance in which the 

reaction or propagating front is limited only by the rate of 
reaction and advanced into the reacted substance at or greater 
than the sonic velocity in the unreacted materials

 Flammable limits
• The minimum (lower flammable limit, LFL) and maximum 

(upper flammable limit, UFL) concentration of vapor in air that 
will propagate a flame



Definition-2

 Flashpoint Temperature
• The temperature of a liquid at which the liquid is capable of 

producing enough flammable vapor to flash momentarily
 Explosion

• A release of energy that cause a blast (by AIChE/CCPS, 1994)
 “blast” is defined as a transient change in the gas density, 

pressure and velocity of the air surrounding an explosion point
• A rapid expansion of gases resulting in a rapidly moving 

pressure or shock wave (by Crowl and Louvar, 1990)
• The bursting or rupture of an enclosure or a container due to the 

development of internal pressure (NFPA, 1986)













Vapor Cloud Explosion(VCE)-1

 When a large amount of flammable vaporizing liquid or 
gas is rapidly released, a vapor cloud forms and disperses 
with surrounding air

 If this cloud is ignited before the cloud is diluted below its 
lower flammability limit(LFL), a VCE or flash fire will 
occur

 Models of VCEs
• TNT equivalency model
• TNO multi-energy model
• Modified Baker model



Vapor Cloud Explosion(VCE)-2 

 The parameters that affect VCE behavior
• Quantity of material released
• Fraction of material vaporized
• Probability of ignition of the cloud
• Distance travelled by the cloud prior to ignition
• Time delay before ignition of cloud
• Probability of explosion rather than fire
• Existence of a threshold quantity of material
• Efficiency of explosion
• Location of ignition source with respect to release





Vapor Cloud Explosion(VCE)-3

 TNT equivalency model
• Easy to use
• Generally applied for many CPQRAs

 W is the equivalent mass of TNT(kg or lb)
 η is an empirical explosion efficiency(unitless)
 M is the mass of hydrocarbon(kg or lb)
 Ec is the heat combustion of flammable gas (kJ/kg or Btu/lb)
 ETNT is the heat of combustion of TNT(4437-4765 kJ/kg or 1943-

2049 Btu/lb)
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Vapor Cloud Explosion(VCE)-4

 Overpressure can be estimated using an equivalent mass 
of TNT and using the distance from the ground zero point 
of the explosion

• mTNT is the equivalent mass of TNT
• R is the distance from the point of explosion
• Ze is the scaled distance
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Vapor Cloud Explosion(VCE)-5

 Overpressure impulse, iP
• Defined as the area under the positive duration
• An important aspect of damage-causing ability of the blast on 

structures since it is indicative of the total energy contained 
within the blast wave
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 TNO multi-energy method
• Assumes that blast modeling on the basis of deflagration 

combustion is a conservative approach
• Energy of explosion is highly dependent on the level of 

congestion and less dependent on the fuel in the cloud



 The procedure for employing the multi-energy model to a 
vapor cloud explosion

• Perform a dispersion analysis to determine the extent of the cloud
• Conduct a field inspection to identify the congested areas
• Identify potential source of strong blast present within the area 

covered by the flammable cloud
• Estimate the energy of equivalent fuel-air charges
• Estimate strengths of individual blasts
• Once the energy quantities E and initial blast strengths of the 

individual equivalent fuel-air charges are estimated, the Sachs-
scaled blast side on overpressure and positive-phase duration is 
calculated



Flash Fire

 Non-explosive combustion of a vapor cloud resulting 
from a release of flammable material into the open air

 Thermal radiation hazards from burning vapor clouds are 
considered less significant than possible blast effect

 Flash fire model
• Based on flame radiation



Physical Explosion-1

 A Physical explosion relates to the catastrophic rupture of a 
pressurized gas filled vessel

 Rupture could occur for the following reasons
• Failure of pressure regulating and pressure relief equipment
• Reduction in vessel thickness due to

 Corrosion
 Erosion
 Chemical attack

• Reduction in vessel strength due to
 Overheating
 Material defects with subsequent development of fracture
 Chemical attack
 Fatigue induced weakening of the vessel

• Internal runaway reaction
• Any other incident results in loss of process containment



Physical Explosion-2

 A kind of Energy resulting from physical explosion
• Vessel stretch and tearing
• Kinetic energy of fragment
• Energy in shock wave
• “waste” energy (heating of surrounding air)

 Characteristics of various types of physical explosion





Physical Explosion-3

 Relate to calculation of a TNT equivalent energy and use 
of shock wave correlation

 Energy required to raise the pressure of the gas at constant 
volume from atmospheric pressure, P0 to the initial or 
burst, pressure, P1 (Brode, 1959)

• E is the explosion energy(energy)
• V is the volume of the vessel(volume)
• γ is the heat capacity ratio for the expanding gas(unitless)
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Physical Explosion-4

 Energy with isothermally expansion (Brown, 1985)

• W is the energy(lb TNT)
• V is the volume of the compressed gas(ft3)
• P1 is the initial pressure of the compressed gas(psia)
• P2 is the final pressure of expanded gas(psia)
• P0 is the standard pressure(14.7 psia)
• T0 is the standard temperature(492 R)
• Rg is the gas constant(1.987 Btu/lb-mole-R)
• 1.39*10-6 is a conversion factor(this factor assume that 2000 Btu=1 

lb TNT)
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Physical Explosion-5

 Energy considering thermodynamic availability (Crowl, 
1992)

• Available energy represents the maximum mechanical energy 
that can be extracted from a material as it moves into equilibrium 
with the environment

 P is the burst pressure
 T is the burst temperature
 PE is the ambient pressure
 E is the maximum mechanical energy
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 Pressure at the surface of the vessel for sphere burst

• Ps is the pressure at the surface of the vessel(bar abs)
• Pb is the burst pressure of the vessel(bar abs)
• γ is the heat capacity ratio of the expanding gas(CP/CV)
• T is the absolute temperature of the expanding gas(K)
• M is the molecular weight of the expanding gas(mass/mole)

Physical Explosion-6
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Physical Explosion-7

 AIChE/CCPS(1994) describe a number of techniques for 
estimating overpressure for a rupture of a gas filled 
container

• Procedure
 Collect data

• The vessel’s internal absolute pressure, P1
• The ambient pressure, P0
• The vessel’s volume of gas filled space, V
• The heat capacity ratio of the expanding gas, γ
• The distance from the center of the vessel to the target, r
• The shape of the vessel : spherical or cylindrical

 Calculate the energy of explosion, E, using Brode equation
 Determine the scaled distance, R, from the target



 Check the scaled distance
 Determine the scaled overpressure and scaled impulse using 

Figure 2.58 and 2.59
 Determine the final overpressure and impulse from the definition 

of the scaled variable
 Check the final overpressure
 Calculate the initial vessel radius
 Calculate the initial starting distance for the overpressure curve
 Calculate the initial peak pressure



BLEVE and Fireball-1

 BLEVE(Boiling Liquid Expanding Vapor Explosion)
• Is a sudden release of a large mass of pressurized superheated 

liquid to the atmosphere
• A special type of BLEVE involves flammable material, such as 

LPG
 San Carlos, Spain(July 11, 1978)
 Mexico city(November 19, 1984)

• Effect of BLEVE
 Blast effects
 Fragments
 Radiation



BLEVE and Fireball-2

 Fragment
• Figure 2.70

 Provide data for the number of fragment and the fragment range
 Shows that roughly 80% of fragment fall within a 300 m range

• Number of fragment = -3.77 + 0.0096[vessel capacity(m3)]
 Range of validity : 700-2500m3







BLEVE and Fireball-3

 Empirical equation for BLEVE fireball diameter, Duration 
and fireball height

• Maximum fireball diameter(m)
 Dmax = 5.8 M1/3

• Fireball combustion duration(s)
 tBLEVE = 0.45 M1/3 for M < 30,000 kg
 tBLEVE = 2.6 M1/6 for M > 30,000 kg

• Center height of fireball(m)
 HBLEVE = 0.75DMAX

• Initial ground level hemisphere diameter(m)
 Dinitial = 1.3DMAX

• M is the initial mass of flammable liquid (kg)



BLEVE and Fireball-4

 Heat flux based on the radiative fraction of the total heat of 
combustion(Robert(1981) and Hymes(1983))

• E is the radiative emissive flux(energy.area time)
• R is the radiative fraction of heat of combustion(unitless)
• M is the initial mass of fuel in the fireball(mass)
• Hc is the net heat of combustion per unit mass(energy/kg)
• DMAX is the maximum diameter of the fireball(length)
• tBLEVE is the duration of the fireball(time)

 Hymes(1983) suggest the following values for R
• 0.3 for fireball from vessels bursting below the relief set pressure
• 0.4 for fireball from vessels bursting at or above the relief set pressure
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BLEVE and Fireball-5

 AIChE suggest an equation for the radiation flux received 
by a receptor, Er at a distance L(for the duration of the 
combustion phase of a fireball)

• Er is the radiative flux received by the receptor(W/m2)
• τa is the atmospheric transmissivity(unitless)
• R is the radiative fraction of the heat of combustion(unitless)
• HC is the net heat of combustion per unit mass(J/kg)
• M is the initial mass of fuel in the fireball(kg)
• XC is the distance from the fireball center to the receptor(m)
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BLEVE and Fireball-6

 Atmospheric transmissivity, τa
• Fraction of thermal radiation result from absorbing and scattering by the 

atmosphere

 τa is the atmospheric transmissivity (fraction of the energy transmitted 0 
to 1)

 PW is the water partial pressure(Pascal, N/M2)
 XS is the path length distance from the frame surface to the target(m)

• Water partial pressure as a function of the relative humidity

 RH is the relative humidity(percent)
 Ta is the ambient temperature(K)
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BLEVE and Fireball-7

 Radiation  received by a receptor(for the duration of the 
BLEVE incident)

• Er is the emissive radiative flux received by a black body 
receptor(energy/area time)

• τa is the transmissivity(dimensionless)
• E is the durface emitted radiative flux(energy/area time)
• F21 is the view factor(dimensionless)

21ar EFτE =



Confined Explosion-1

 Confined explosion
• Deflagrations or other source of rapid chemical reaction which 

are constrained within vessels and buildings
• Dust explosions and vapor explosion (deflagration or detonation) 

within low strength vessels and building are one major category
• Calculation technique is based on the determination of the peak 

pressure





Confined Explosion-2

 Maximum pressure rise as a result of a change in the 
number of moles and temperature(Lee, 1986)

• Pmax is the maximum absolute pressure(force/area)
• P1 is the initial absolute pressure(force/area)
• n is the number of moles in the gas phase
• T is the absolute temperature of the gas phase
• M is the molecular weight of the gas
• 1 is the initial state
• 2 is the final state
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Pool Fire-1

 Pool fire
• Tend to be localized in effect and are mainly of concern in 

establishing the potential for domino effects
• Drainage is an important consideration in the prevention of pool 

fire
• Important consideration are

 The liquid must be drained to a safe area
 The liquid must be covered to minimize vaporization
 The drainage area must be far enough away from thermal 

radiation fire source
 Adequate fire protection must be provided
 Consideration must be provided for containment and drainage of 

fire water
 Leak detection must be provided



Pool Fire-2

 Component of pool fire model
• Burning rate
• Pool size
• Flame geometry including height, tilt and drag
• Flame surface emitted power
• Geometric view factor with suspect to the receiving source
• Atmospheric transmissivity
• Received thermal flux







Pool Fire-3

 Burning rate
• Radiative heat transfer and the resulting burning rate increases 

with pool diameter

 mB is the mass burning rate(kg/m2s)
 ΔHc is the net heat of combustion(energy/mass)
 ΔH* is the modified heat of vaporization at the boiling point of 

the liquid by following equation 

• ΔHv is the heat of vaporization at the ambient 
temperature(energy/mass)

• Cp is the heat capacity of the liquid(energy/mass-deg)
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Pool Fire-4

 Pool size
• Pool size is fixed by the size of the release and by local physical 

barriers(e.g., dikes, sloped drainage area)

 Dmax is the equilibrium diameter of the pool(length)
 VL is the volumetric liquid spill rate(volume/time)
 y is the liquid burning rate(length/time)

• Assume that burning rate is constant and that the dominant heat 
transfer is from flame

•
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Pool Fire-5

 Flame height for circular pool fire (Thomas, 1963)

• H is the visible flame height(m)
• D is the equivalent pool diameter(m)
• mB is the mass burning rate(kg/m2s)
• ρa is the air density(1.2kg/m3 at 20C and 1 atm)
• g is the acceleration of gravity(9.81m/s2)
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Pool Fire-6

 Flame height based on large-scaled LNG test (Moorehouse, 
1982)

• Includes the effect of wind on flame length

 u10
* is a nondimensional wind speed determined using

• uw is the measured wind speed at a 10 m height(m/s)
• ρv is the vapor density at the boiling point of the liquid(kg/m3)
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Pool Fire-7

 Flame tilt and drag
• These effect alter the radiation received at surrounding location
• AGA(American Gas Association) suggest the following 

correlation

 u* is the nondimensional wind speed at height of 1.6 m and θ is 
the flame tile angle

1=θcos for 1≤u*

u*cos 1
=θ for 1≥u*



Pool Fire-8

 Surface emitted power
• Two approach for estimating the surface emitted power

 Point source model
 Solid plume radiation model

• Point source model
 Based on the total combustion energy rate
 Include smoke absorption of radiated energy
 Estimating procedure

• Calculate total combustion power(based on burning rate and 
total pool area)

• Multiply by the radiation fraction to determine total power 
radiated( commonly use 0.15-0.35 by table 2.27)

• Determine flame surface area(commonly use only the cylinder 
side area)

• Divide radiated power by flame surface area



Pool Fire-9

• Solid plume radiation model
 Considering amount of soot are generated, obscuring the 

radiating flame from the surroundings, and absorbing much of 
the radiation

 As the diameter of the pool fire increases, the emitted flux 
decreases.

 Model for sooty pool fire of high molecular weight hydrocarbon 
using these effect (Mudan and Croce, 1988)

• Eav is the average emissive power(kW/m2)
• Em is the maximum emissive power of the luminous 

spots(approximately 140kW/m2)
• Es is the emissive power of smoke(approximately 20kW/m2)
• S is the experimental parameter
• D is the diameter of the pool(m)
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Pool Fire-10

 Geometric view factor
• For point source model

 Assume that all radiation arises from a single point and is 
received by an object perpendicular to this

• Fp is the point source view factor(length-2)
• x is the distance from the point source to target(length)

• For the solid plume model
 The view factor provided in Figure 2.78 for untilted flame, figure 

2.79 for tilted flame

2P 4ππ
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Pool Fire-11

 Received thermal flux
• For point source model

 Determined from of the total energy rate from the combustion process

• For solid plume radiation model
 Based on correlations of the surface emitted flux

• Er is the thermal flux received at the target(energy/area)
• τa is the atmospheric transmissivity(uintless)
• Qr is the total energy rate from the combustion(energy/time)
• Fp is the point source view factor(length-2)
• η is the fraction of the combustion energy radiated, typically 0.15 to 0.35
• mB is the mass burning rate(mass/area-time)
• ΔHc is the heat of combustion for burning liquid(energt/mass)
• A is the total area of the pool(length2)
• F21 is the solid plume view factor
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Jet Fire

 Jet fire
• Typically result from the combustion of a material as it is being 

released from a pressurized process unit
• API method(1996)

 Based on the radiant fraction of total combustion energy, which 
is assumed to rise from a point source along jet flame path

• Mudan and Croce(1988)
 Provide the model to calculate the flame height(equation 2.2.63)

• Radiative heat flux
 Using a procedure similar to the point source method described 

for pool fires
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Effect Model

 Effect model
• To calculate the effect on human beings, consequences may be 

expressed as deaths or injuries and property such as structure 
and buildings

• Predicts effects on people or structures based on predetermined 
criteria

• The probit method reflects a generalized time-dependent 
relationship for any variable that has a probabilistics outcome 
that can be defined by a normal distribution
 Can be applied toxic, thermal and explosion effect





Dose-Response Function

 Dose-response function
• Difficult to evaluate precisely the human caused by an acute, 

hazardous exposure due to following reason
 Humans experience a wide range of acute adverse health effects 

including irritation, narcosis, asphyxiation, organ system damage 
and death

 There is a high degree of variation in response among 
individuals in typical population

• Such as age, health etc.
• Figure 2.85 explain the relation percent of individual affected and 

response
 Within one standard deviation, 68% of the individual organisms 

response, in case of two standard deviation, 95.5 %of the total 
individual





Probit Function

 Probit function
• Available for a variety of exposures including exposure to toxic 

materials, heat, pressure, radiation, impact and sound
• General form of probit equation

 Y is the probit variable
 k1 and k2 is the constants

lnVkkY 21
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Toxic Gas Effect-1

 Toxic effect model
• Assess the consequences to human health as a result of exposure to a 

known concentration of toxic gas for a known period of time
• Toxicologic criteria and methods

 Emergency Response Planning Guidelines for Air Contaminant 
(ERPGs) issued by AIHA(American Industrial Hygiene 
Association)

 Immediately Dangerous to Life or Health (IDLH) established by 
NIOSH(National Institute for Occupational Safety and Health)

 Emergency Exposure Guidance Levels (EEGLS) and Short-Term 
Public Emergency Guidance Levels (SPEGLs) issued by National 
Academy of Science

 Threshold Limit Values (TLVs) established by ACGIH(American 
Conference of Governmental Industrial Hygienists)

 Permissible Exposure Limit (PELs) promulgated by 
OSHA(Occupational Safety and Health Administration)



Toxic Gas Effect-2

 ERPGs
• Provide a consequence of exposure to a specific substance

 ERPG1
• Maximum airborne concentration below which it is believed that nearly 

all individuals could be exposed for up to 1 hr without experiencing any 
symptoms other than mild transient adverse health effects or without 
perceiving a clearly defined objectionable odor

 ERPG2
• Maximum airborne concentration below which it is believed that nearly 

all individuals could be exposed for up to 1 hr without experiencing or 
developing irreversible or other serious health effects or symptoms that 
could impair their abilities to take protective action

 ERPG3
• Maximum airborne concentration below which it is believed that nearly 

all individuals could be exposed for up to 1 hr without experiencing or 
developing life-threatening health effects





Toxic Gas Effect-3

 IDLHs
• Defined as a condition “that poses a threat of exposure to 

airborne contaminants when that exposure is likely to cause 
death or immediate or delayed permanent adverse health effects 
or prevent escape from such an environment”

• Currently available for 380 materials
 EEGLs and SPEGLs

• EEGL is define as a concentration of a gas, vapor or aerosol that is 
judged to be acceptable and that will allow healthy military 
personnel to perform specific tasks during emergency conditions 
lasting from 1 to 24 hr

• SPEGLs defined as acceptable concentrations for exposures of 
members of the general public



Toxic Gas Effect-4

 TLV-STEL
• Maximum concentration to which workers can be exposed for a 

period of up to 15 minutes without suffering
 Intolerable irritation
 Chronic or irreversible tissue change
 Narcosis of sufficient degree to increase accident proneness

 PEL
• Similar to the ACGIH criteria for TLV-TWAs since they are also 

based on 8-hr time-weighted average exposure
 Toxic endpoints

• Used for air dispersion modeling of toxic gas released as part of 
the EPA Risk Management Plan(RMP)

• Use ERPG2 or LOC(Level of Concern) by Emergency Planning 
and Community Right-to-Know Act





Thermal Effects

 Two approaches are used
• Simple tabulations or charts based on experimental results
• Theoretical models based on the physiology of skin burn 

response
• Probit model(Eisenberg, 1975)

 Y is the probit
 t is the duration of exposure(sec)
 I is the thermal radiation intensity(W/m2)
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Explosion Effects

 Explosion effect
• Based on either the blast overpressure alone, or a combination of 

blast over pressure, duration and/or specific impulse
• Structure

 Y is the probit
 P0 is the peak overpressure(Pa)
 Table 2.18a and 2.18b provide an estimate of damage expected as 

a function of the overpressure
• People
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Evasive Action

 Evasive action
• Include evacuation, escape, sheltering and heroic medical 

treatment
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