The consequences of such an accident might be severe, even though the probability is
very small.

The surface area of the United Kingdom is 2.38 X 10° square kilometres. Purely
random civil aircraft crashes (as opposed to crashed near airports or on air force train-
ing routes, where it may be assumed that hazardous installations would not be built)
occur with a frequency of about 3.5 per year (Hall, Philips and Peckover, 1985). If an
area of 10* square metres is affected by each crash, then the probability of an installa-
tion being struck by a crashing aircraft is (3.5 X 10* + 2.38 x 10'), or
1.5 x 107"/annum, approximately.

5.1.8 Earthquakes

Aseismic design - the design of engineering installations to resist earthquake damage
= is a large topic in its own right. (See, for example, Newmark and Rosenbleuth,
1971.) Typically, a structure is designed to resist the ‘10 000 year’ earthquake for its
locality; that is, the maximum magnitude of earthquake that can be expected in a
10 000 year interval,

The magnitude M of an earthquake is a measure of the maximum ground motion.
An exact definition is ‘the common logarithm of the peak trace amplitude (in microns)
of a Wood—Anderson seismograph located on firm ground 100 km from the epicentre’.

Earthquake magnitude M and frequency N (yr™') may be related as follows
(Alderson, 1979):

logiwN = a - bM [5.3]

where a and b are constants for any given locality. In the UK, a and b are equal to 4.13
and 1.09, respectively.

For aseismic design, however, it is the peak ground acceleration that is of more inter-
est than the earthquake magnitude. The peak ground acceleration associated with a
10 000 year earthquake varies widely between different parts of the world. In the UK,
this acceleration is 2.5 m/s’ in Japan the level is 6.4 m/s? (Hall, Philips and Peckover,
1985). From these values of acceleration, the additional loadings imposed by the earth-
quake may be determined, in order to arrive at a design which will survive the
earthquake.

Peak ground acceleration ¢(m/s?) has been correlated with earthquake magnitude M
and the focal distance r (the distance from the earthquake epicentre, in kilometres).
Newmark and Rosenbleuth give

0= 12.3e"¥(r + 25) [5.4]
5.2 Explosions

In Section 5.1.2, an explosion was defined as ‘a sudden release of high pressure gas to
the environment’. In this section, the thermodynamic and kinetic criteria* for the

* Only a brief introduction to chemical thermodynamics and kinetics will be given here. Those readers
requiring a more detailed introduction are recommended to read, e.g. Warn (1969) or Stull (1977).
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occurrence of unconfined vapour cloud explosions, the blast damage Bmﬁ_anm.moa
confined and unconfined explosions, and blast scaling and missile damage will be
discussed.

5.2.1 Basic combustion chemistry of flammable gas—air mixtures

5.2.1(]) Chemical thermodynamics

During any chemical reaction, there is a change in enthalpy AH (i.e. heat is either
released to, or absorbed from, the environment) and a change in entropy AS. Entropy
may be thought of as the ‘degree of randomness’ in a system, and, by the second F,.& of
thermodynamics, entropy increases in an irreversible reaction. Thus, we may write a
general reaction

aA+bB=cC+dD, = AH, + AS

The change in enthalpy AH is called the heat of reaction, AH is positive for an endo-
thermic reaction and negative for an exothermic reaction.

In some reactions, e.g. the dissolving of crystals in water, the enthalpy change may
be endothermic (heat absorbed from surroundings) while the entropy change is
positive. The criterion for whether a reaction will occur spontaneously or not is given
by Gibb’s Free Energy AG,

AG= AH - TAS [5.5]

where the temperature T is in Kelvin.

If AG is negative, the reaction will occur spontaneously.

If AH is negative, the reaction releases heat. Enthalpy and entropy may thus be seen as

two forces which sometimes compete to decide whether a reaction will proceed or not.
From knowledge of AH and the specific heat for the product c,, it is possible to

calculate an adiabatic reaction temperature change AT, by assuming that all heat

generated goes towards heating up the products, and that no heat is lost to the

environment.

bﬁu?m ﬁM ,M.,L G.&
=1 Cpi

where AH is the heat of reaction per kg of product mixture,
N is the number of kmol formed of the 7th reaction product per kmol of
reactant, and
¢, is the specific heat of the sth reaction product.

For constant volume, the peak reaction pressure may now be calculated from the gas
law:

T.1[N
_[nlin [5.7]
we |2 1R b
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where N, and N, are the number of kmol of gas before and after the reaction,
respectively, and p, and p, are the pressures before and after the reaction.
The heat of reaction is determined from

AH = (ZAH(products)) — (LA H (reactants)) [5.8]

where AH; is the heat of formation of a substance.
Values for AH; may be obtained from books of data, e.g. Aylward and Finlay (1971).

5.2.1(ii) Chemical equilibrium

Consider again the reaction
aA+bB=cC+dD [5.9]

The relative amounts of A, B, C and D present after the reaction has occurred define
an equilibrium constant K|, given by

= G (&Y
K= ey [5.10]

where Gy, Cj, etc. are the molar concentrations (or partial pressures) of the reactants
and products at equilibrium. (Note: These should properly be replaced by their rele-
vant activities.)

The Gibb’s Free Energy change AG will be given by

AG = (LAG;(products)) — (XAG; (reactants))

where AG; is the Free Energy of formation, which may be obtained from books of
chemical data.
AG is related to the equilibrium constant K, in the following manner:

AG°= -RTInK, [5.11]

where AG” is the Standard Free Energy change (tabulated).

The Standard Free Energy change AG” is that which occurs at 298 K and 1 atm.
pressure. Under other conditions, the overall change in Gibb’s Free Energy AG, can
be determined thus:

AG. = AG°+ RThh K, [5.11a]

Hence, if AG, has a large negative value, the reaction will proceed almost to
completion. For explosions this will always be the case.

Thus, we may say that chemical thermodynamics can tell us whether or not a reaction
will proceed. It also enables us to determine to what extent the reaction will proceed, i.e.
the point of equilibrium. However, it tells us nothing about the speed (or kinetics) of the
reaction.
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5.2.1(iii) Reaction kinetics

The overall stoichiometric reaction [5.9] almost never represents the actual reaction
mechanism. However, if the reaction is as represented, then the reaction is said to be
‘of order (a + &), i.e.

p=k(CY (G [5.12]

where p is the reaction rate and
k is the reaction rate coefficient.

Most elementary reactions are either first or second order. Very few third-order
reactions are known. A genuine third-order reaction implies a simultaneous meeting of
three molecules in space, which is an unlikely event.

The reaction rate coefficient £ normally varies with temperature according to the
(experimental) Arrhenius equation:

k = aexp(- E/RT) [5.13]

where @ is the frequency factor (an experimental coefficient), and
E is the activation energy.
The activation energy E is so called because it is associated with an energy barrier
which the reactants must surmount before the reaction can occur (see Fig. 5.6).

Reactants

Products

Reaction ‘bond length’

Fig. 5.6 Activation energy E and enthalpy change AH for an exothermic reaction

Figure 5.6 shows that if the reaction is exothermic then the products have a lower
energy than the reactants. The energy release AH may then raise the temperature of
the remaining reactants, thereby causing the reaction rate to accelerate (via the
Arrhenius equation).

Other points to note are:

1. The magnitude of E is independent of AG or AH.
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3. The effect of catalysts is to reduce the activation energy E.

To summarise so far, we may say that combustion is possible if AG, is negative, AH
is negative and E is small with respect to AH.

It should be noted that if AG; for a compound is positive then the compound is
thermodynamically unstable, i.e. it may decompose. If the products of decomposition
are gaseous, an explosion is possible.

5.2.1(iv) Explosion hazard potential

Stull (1969) has proposed a means of classifying chemicals according to their potential
fire or explosion hazard, using both thermodynamic and kinetic data. Stull used the
adiabatic decomposition temperature T, (a measure of the energy released in a reac-

tion) and the activation energy E to propose a Reaction Hazard Index (RHI), defined
thus:

REf] w0 Le

e 5.14
T, + 30 E [5.14]

where T is in Kelvin and the activation energy E is in kcal/mole. This index correlates
well with the more arbitrary chemical hazard ratings given by the US National Fire
Protection Association. High RHI values indicate that the substances or mixtures
under consideration are particularly unstable and liable to detonate. Some values for
RHI are included in Table 5.1.

Other indices for quantifying fire and explosion hazards have been proposed, most
notably the Dow Fire and Explosion Index (Dow 1980). This uses thermodynamic

Table 5.1 Flammability data for some hydrocarbons in air at 1 bar and 25°C

Substance AIT(°C)y ~AH{MJ/kg) LFL(% by vol.) UFL(% by vol) T4K) E(kcal/mole) RHI
Methane 537 55.6 5.0 15.0 298 103.0 0.88
Ethane 472 51.9 29 12.5 597 89.5 1.82
Propane 450 50.4 21 9.5 626 63.3 2.48
Butane (def.) 288 49.6 1.8 8.3 633 86.3 1.96
(det) 288 49.6 29 5.2 - e =
Octane 206 47.9 0.95 - — — -
Decane 201 47.7 0.75 5.6 - - -
Hexadecane 202 473 0.43 - - - -
Cyclohexane 245 36.3 1.3 9.1 677 64.1 2.60
Hydrogen (def) 142.5 4.1 74.0 - — -
(det.) 142.5 18.3 59.0 — — -
Kerosene 254 1.16 6.0 - - -
Benzene 538 32.0 14 8.0 - - -
Kylene 496 429 1.1 7.0 BI7 79.5 2.55
Ethanol 394 29.7 33 19.0 — — —
Acetone
(Propanone) 538 30.8 2.6 12.8 714 68.0 2.75
Butanone 516 339 1.8 11.5 755 67.2 2.72

(def.) means ‘deflagration’, (det.) means ‘detonation’
Refs: Zabetakis (1965), Stull (1977), Gugan (1979), Lees (1980)
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data (the ‘material factor’), as well as specific process hazards (e.g. high-pressure pro-
cess plant), to produce an index between zero and one hundred depending on the
degree of hazard. Preventive and protective measures are then prescribed according to
the size of the index for a given process.

Other hazard indexing systems have been reviewed by Jones (1978). A handbook of
reactive chemical hazards has been prepared by Bretherick (1975).

5.2.2 Flammability of gas—air mixtures

All mixtures of combustible gases in air have upper and lower flammability limits
(UFL and LFL) which vary according to pressure and flame temperature (Fig. 5.7).
These limits also vary according to the initial bulk temperature of the gas mixture.
However the observed LFL and UFL usually correspond to the same flame
temperature, called the flame threshold temperature to produce a self-sustaining reac-
tion. (The adiabatic flame temperature may be calculated from the heat of reaction and
the specific heat of the products (at constant pressure), in a similar manner to eqn

[5.6].)

Absolute pressure

of mixture ) T4 T2 (initial bulk temperature)
.__.." > .__-M
FLAMMABLE
NON-FLAMMABLE
|
LFL _c_u_.

% flammable gas inair

Flame temperature

_
_
ﬁ
_
_

Flame threshold |
temperature

_; Stoichiometric mixture
]

% flammable gas in air

Fig. 5.7 Flammability and flame temperature of gas—air mixtures

137



i

Bulk temperature of
gas—air mixture

UFL

Auto-
ignition
MinimumAIT -] —

Saturation
line

FLAMMABLE

v MIST

< _ -

Combustible concentration of flammable
gasin air

Fig. 5.8 The effects of temperature and concentration upon flammability

The flame threshold temperatures for hydrocarbon—air mixtures are in the range
1500 + 150 K (Zabetakis, 1965). The maximum flame temperature occurs when the
gas—air mixture ratio is stoichiometric.

Figure 5.8 shows how the combustion characteristics of a flammable gas—air mix-
ture vary with concentration and bulk temperature. It can be seen that, at low
temperatures, the flammable gas may condense and form a mist. The flammability of
such a mist depends upon the size of the vapour droplets. For fine droplets, the com-
bustible concentration at the lower flammability limit (LFL) is about the same as for
uniform vapour—air mixtures. For larger droplets, though, the LFL may actually
decrease under certain circumstances, since coarse droplets may fall towards the flame
front, vaporise and locally increase the concentration.

The most commonly encountered mixtures are above the saturation line shown in
Fig. 5.8. Here it can be seen that the range of concentrations (UFL~LFL) steadily
widens as the temperature increases, until the Auto-Ignition Temperature (AIT) for
that particular concentration is reached. At this temperature, the mixture spon-
taneously ignites. The AIT therefore represents an additional hazard in the handling
of flammable materials. Table 5.1 presents data on AITs, LFLs and UFLs for some
common flammable liquids and gases.

The burning velocity is the velocity of propagation of the flame front with respect to
the unburnt gases. Ideal burning velocities can be calculated from mathematical
models and reaction kinetics, and agree well with experiment. The velocities are
typically in the range 0.10-2.0 m/s for air—fuel mixtures. The burning velocity
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sonic velocity in a deflagration, and supersonic velocity in a detonation.

5.2.3 Deflagration or detonation?

We are now ready to consider a problem that has already been introduced in Section
5.1.2(iii); what criteria determine whether a cloud of flammable gas will deflagrate (in
a flash fire) or detonate (in an Unconfined Vapour Cloud Explosion)? The con-
sequences of these different forms of combustion are very different. In a deflagration,
the flame front moves subsonically through the gases, and the overpressure caused by
the combustion is small. However, in a detonation, the flame front accelerates to
supersonic velocities, thereby producing a shock wave. Overpressures of about 20 bar
are typical for gas phase detonations in air.

The transition from deflagration to detonation has been discussed and considered by
many investigators, e.g. Stull (1977), Strehlow and Baker (1976) and Zabetakis (1965).
In principle, the combustion process generates hot expanding gas, which forces the
flame front to move faster; the accelerated flame front then generates gaseous combus-
tion products more quickly, and so the flame front is forced to accelerate further. For a
detonation, the flame front continues accelerating until it becomes a shock wave,
capable of causing auto-ignition of the gas ahead of the deflagration. The presence of
turbulence may assist this transition. Table 5.2 gives some data on detonation
velocities and overpressures resulting from detonations of hydrocarbons in air.

Table 5.2 Detonation velocities and overpressures for hydrocarbon—air detonations

Mixture Mixture Ratio(%)  Detonation Velocity(km/sec) Owerpressure(* 10°Pa)
H;~air 29.53 1.96 14.6

CH,—air 9.48 1.80 16.05

C,H,;—air 7.73 1.87 18.0

C.H,—air 6.53 1.86 17.74

C;H;—air 4.0 1.80 17.27

Ref: Lee et al. (1977)

The problem of whether a given cloud of flammable gas will deflagrate or detonate
when ignited remains unresolved. Kletz (1977) has suggested the following rough-
and-ready criteria for a detonation to occur:

1, The vapour cloud must be large; at least five tonnes of hydrocarbon, and possibly
as much as 15 or 20 tonnes, are required for detonation.

2. The release rate of vapour must be high, probably more than 1 tonne/minute.

3. There must be a delay before ignition to allow the vapour to mix with air so that
the mixture ratio is between the lower and upper flammability limits.
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Fig. 5.9 Ignition sources in a vapour cloud

It is also probable that the position of the ignition source in relation to the cloud is
important (Fig. 5.9). If the ignition source is in the centre of the cloud (a), the over-
pressure of the combustion products forces the flame front out into the cloud, and the
flame front accelerates, possibly to yield a detonation. However, if the ignition source
is near the edge of the cloud (b), the combustion products are free to disperse to the
atmosphere without causing the flame front to accelerate.

Kletz also proposes a relationship between the probability that the vapour cloud will
ignite, and the mass of vapour in the cloud (Fig. 5.10). For small leaks, the ignition
probability is about 0.03, but for large leaks the ignition probability may rise to as
much as 0.5.

Furthermore, Kletz suggests that only one in ten vapour cloud ignitions develop
into a detonation. Hence, given that a large leak has occurred, the probability of a
detonation (or UVCE) is about 0.05,

Finally, some experimental results suggest that the range of possible fuel—air mix-

Probability of #§
ignition

o5 — — — — — — — — —

0 -
Mass of vapour

Fig. 5.10 Ignition probability versus vapour cloud
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ture ratios (UFL-LFL) for detonation is narrower than the range of ratios for deflagra-
tion (see Table 5.1). However, reliable and repeatable data for this are not available.
Thus, a conservative approach to safety would assume that a mixture which burns can
also detonate.

5.2.4 TNT equivalent and yield for detonations

The “TNT equivalent’ for a flammable gas—air detonation may be calculated as
follows:

AH,

—_— [5.15]
AHyr

TNT equivalent mass (kg) = g.m.
where ¢ is the yield of the explosion,
m is the mass of flammable gas,
AH_ is the heat of combustion for the flammable gas (M]/kg), and
AHpyr is the energy released per kg for a TNT explosion (4.773 M]/kg).

Gugan (1979) has plotted yield against combustible mass for 22 UVCEs (Fig. 5.11).
This shows no correlation but it can be seen that a yield of 10 per cent is seldom
exceeded. Thus & = 0.10 seems a reasonable value for calculating potential damage
due to UVCEs. Brasie and Simpson (1968) suggest that lower values of yield should be
used to calculate potential damage — as low as & = 0.03. The more conservative value
of € = 0.10 is a better assumption for the purpose of safety assessment.

Values for AH, for some common hydrocarbons are included in Table 5.1.

% Explosive

yield 100 ‘_
1004 ° . :
1 S
L ]
1.0 o ®
- L ] »
014’
0.01 T T T —= Mass of combustible
100 1000 10* 105 10%  vapour (kg)

Fig. 5.11 Explosive yield versus combustible mass for 22 Unconfined Vapour Cloud
Explosions (Gugan, 1979)

141



5.2.5 The effects of explosive blast

5.2.5(1) Blast scaling

The overpressure Ap caused by an explosion of m kg of explosive at a distance r metres
from the explosion, obeys a fixed relationship such that

Ap = Ap(I) [5.16]

where

r

r= — [5.17]

I'is called the ‘scaled range’ (m/kg'®). This is known as ‘Hopkinson scaling’ after
Bertram Hopkinson, who developed the principle during the First World War (Baker,
1973).

Overpressure Ap (kPa)
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Fig. 5.12 The relationship between overpressure Ap and scaled ra
nge I for free surface blast
of TNT (Department of Defense, 1969) o
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Table 5.3 The effects of blast overpressure

Darmage effect Approx. overpressure
Crater lip 2000 kPa
Human HLUue 1000 kPa
Lung damage 400 kPa
Ear damage 100 kPa
Total building destruction 69 kPa
Loaded rail wagons overturned 48 kPa
Qil storage tanks rupture 27 kPa
50 per cent destruction of brickwork 17 kPa
Houses made uninhabitable 7 kPa
People knocked over 6 kPa
All windows shattered 5 kPa
Missile limit 1.5 kPa
Occasional window breakage 0.2 kPa

Refs: Gugan (1979), Brasie and Simpson (1968)

The side-on peak positive overpressure is a unique function of I for a given explo-
sive in a free surface blast (Dept. of Defense, 1969). Figure 5.12 shows the relationship
between overpressure Ap and scaled range I for TNT.

Figure 5.12 may thus be used in conjunction with eqns [5.15] and [5.17] to deter-
mine the peak overpressure resulting from the detonation of any given mass of flam-
mable gas, by means of its “TNT equivalent’.

5.2.5(ii) The effects of blast overpressure
The effects of blast are summarised in Table 5.3. It is notable that the LDso over-
pressure (the overpressure that kills 50 per cent of people) is very high. The conclusion
10 be drawn from this is that direct blast effects kill relatively few people in explosions;
flying debris or building collapse are a far more likely cause of death or injury. We are
thus unable to say anything as categorical as ‘nobody will be killed if they are more
than x metres from a blast’.

Marshall (1977) examined past explosions in an attempt to determine a correlation
between the size of an explosion and its lethality. Using data from 162 military and
accidental explosions he proposed a ‘mortality index’, M; thus:

M, = 4m™"" [5.18]

where m is the mass, in tonnes, of combustible or explosive material (not the TNT
equivalent mass). The mortality index M is then the number of fatalities per tonne of
explosive. (See also Fig. 5.23).

Although this is obviously a rough-and-ready approach since it neglects personnel
distribution at the time of the explosion, it probably represents the best means of
estimating the cost (in lives) of accidental explosions. An approximate cost for
damaged or destroyed property can be determined from overpressure calculations.
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kExample 5.1

As a result of a catastrophic storage vessel failure, 100 tonnes of ethane are released into the
atmosphere. Afier a few minutes the ethane could explodes.

The .mﬁEmZa energy will be (AH, X mass), which equals 51.9 x 10°M]J (from Table 5.1).
Assuming a 10 per cent yield, eqn [5.15] gives a TN'T equivalent mass of 107.7 tonnes.

The LDy, overpressure (from Table 5.3) occurs at a scaled range I"equal to 1.2 m/kg"”. The
actual z.w&nm for LDy, will therefore be 57 m in this case. The overpressure for _uE..H&um
destruction occurs at a scaled range of 3.97 m/kg'”. The radius for building destruction will
M“__annmo_.n be 189 m. Similarly, all windows will be shattered to a distance of 850 m from the

t.

Marshall’s equation [5.18] suggests that the typical death toll from such an accident would
be about 40.

mﬁ, must be emphasised that the probability of such a disastrous explosion is low. If the prob-
ability of storage vessel failure is 5 X 107* per year (see Section 4.6.5) and the probability of a
large leak detonating is 5 X 107 (Section 5.2.3) then the overall probability of such an accident
would be about 2.5 X 10 per storage vessel-year.

5.2.5(iii) Owerpressure in enclosed deflagrations
In an enclosed deflagration, the maximum pressure p,, is given by

_ ., MT,
Pu =D T, [5.19]
where p, is the initial pressure,
M, and M, are the initial and final average molecular weights, and
T, and T, are the initial and final (adiabatic) temperatures (Kelvin).

. Zabetakis (1965) gives the following expression for the variation of pressure with time
in the early stages of an enclosed deflagration:

rW.u Nm

fp=Kp = [5.20]

where Ap is the pressure rise,
K is an experimental constant (typically equal to 70),
§ is the burning velocity,
¢ is the time (consistent with Ap being less than (p, —p.)), and
V is the enclosed volume. i

:.mm likely that a pressure vessel will burst if p,/p, > 4. Hence any explosion relief
nnﬁmn must act within a corresponding timescale, as given by r in eqn [5.20].
Typically, explosion relief should act within 0.1 second in a deflagration.

5.2.6 The energy of physical explosions

5.2.6(1) The stored energy in pressure vessels
Gas under pressure in a pressure vessel contains a large amount of stored energy. If the
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pressure vessel ruptures, the specific energy available tor conversion to blast energy in
an isothermal expansion will be:

2
E= Tume

1
= RTIn(p/ps) [5:21]

for an ideal gas, where subscripts 1 and 2 refer to conditions before and after the explo-
sion. The isothermal assumption leads to an overestimate of energy release. True
energy release is nearer to

[5.22]

(r-1)

where v, is the specific volume before the explosion and  is the ratio of specific heats
(Strehlow and Ricker, 1976). Hence the energy in a gas stored at 10 MPa is approxi-
mately 5500 kJ/kmol (for y = 1.4), or 255 K]/kg for compressed air. As already stated
in Section 5.1.3(i), about half of this energy is converted to blast energy in the event of
a catastrophic pressure vessel failure. The remaining energy is converted to missile
kinetic energy.

5.2.6(ii) Vapour explosions

Vapour explosions (Section 5.1.3(ii)) are true ‘explosions’ in the sense that an
accelerating shock wave passes through the exploding medium. The hot liquid at the
interface fragments; this causes rapid vapour formation in the cold liquid, which in-
duces more fragmentation in the hot liquid. The process therefore has ‘positive feed-
back’, and a shock wave develops and accelerates through the hot liquid. The thermal
energy of the hot liquid is used to generate vapour, and the expanding vapour converts
the thermal energy to blast energy (Lipsett, 1966).

The blast energy, neglecting any release of latent heat, will be given by

E=¢emc, AT 1323}

where  &is the explosive yield,
mis the mass of hot liquid,
¢, is the specific heat of the hot liquid, and
ATis the temperature change in the hot liquid.
The yield ¢ usually lies in the range 0.01 to 0.16 (Briggs, 1983). Board and Caldarola
(1977) selected a value of 0.10.

Fauske (1973) has proposed that vapour explosions can occur if the interface
temperature between the hot and cold liquids, T}, is greater than the spontaneous
nucleation temperature T,

The interface temperature between the two liquids may be calculated from

T, - Tc _ kuPucu [5.24]
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Fig. 5.14 The probability of a randomly fired missile with maximum range R colliding with
an object of surface area E(E < mR?) at range r, neglecting air resistance

U, and hence the maximum range R, will be known. In some cases an estimate for U
can be made, as the following example illustrates.

Example 5.3

To estimate the probability of a ‘domino effect’ fire or explosion in an LNG storage tank (sur-
face area 100 m?) due to explosive failure of a three tonne pressure vessel containing 10 m’ of
steam at 5 MPa. The pressure vessel is 500 metres from the storage tank.
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The energy released by the vessel failure can be estimated trom eqn |5.22] 10 D€ 1£2.3 1.
Assuming that half this energy is missile energy, and that there are six equal fragments each
of mass 0.5 T, then the initial velocity of each fragment will be about 200 m/s. The maxi-
mum range R of such a fragment will be about 4 km, neglecting air resistance. From eqn
[5.29], the probability of one of the six missiles striking the storage tank is therefore
2.95 x 107,

5.3 Dispersal of airborne material

The area affected by an accidental release of a toxic gas will depend on the quantity of
gas released, the rate at which the cloud disperses to safe concentrations, and the tox-
icity of the gas. The dispersal of the cloud is dependent on several factors, including:

Atmospheric conditions,

The relative density of the toxic gas,

Local topography, e.g. the presence of hills or high buildings, and

The height at which the gas is released, e.g. at ground level or through a tall stack.
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Fig. 5.15 Atmospheric stability
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