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INTRODUCTION

The aim of this short report is to introduce and explain the main concepts at the
basis of the models most widely used to assess the physical consequences of
accidents in chemical plants, and in storage or transport of dangerous
substances.

The scientific literature suggests a large number of simplified and detailed
physical models, which can be classified in the following four categories:

+ source term models
lo provide quantitative information on source rates of liquids and
gas/vapours

+ fire models
10 estimate thermal flux due to flammable releases

« explosion models
1o calculate overpressures resulting from the ignition of flammable clouds

o dispersion models
1o predict the atmospheric dispersion of vapours by evaluating their
concentrations in air.

Threshold values for heat radiation, overpressure and concentration are often
utilised to evaluate the safety distances for people and structures (buildings,
apparatuses, plants), but the best way to estimate damages due to physical
impacts is to adopt vulnerability models, or effect models, as they can predict
the spatial distribution of the probability of the reference damage.

The models included in the categories above cited represent the basic tools of a
consequence analysis, whose uses are manifold and more precisely:

 in the design of a plant, to make clear the need of protection and prevention
measures and to design specific mitigation systems ;

o in the risk analysis of a plant, to establish the goodness of the adopted
safety measures;

» in the risk analysis of an industrial area, to help in assessing the impact of
several industrial plants, with the related transports (by road, by train, by
ship, by pipelines), on a densely populated area.

The models able to fulfil these aims can require different levels of detail: as an
example the optimal design of a bund calls for a mathematical description of the
evaporation phenomenon which is surely more precise than that required to
estimate a mean evaporative rate; therefore, depending on the required goal, a
simplified model too can assure good results, even if the use of detailed models
must generally be preferred.

In this report the attention is mainly focused on simplified and intermediate
models widely used for plant and area risk analysis; only some hints and many
references are given to cover the field of detailed models. Moreover , for sake of
shortness, only an introduction is given to source models; after all most of them
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derive from methods usually adopted in design and analysis of chemical plants
and does not provide a deeper knowledge of risk analysis.

1. SOURCE MODELS AND ACCIDENT OUTCOMES

Most accidents result in spills of toxic, flammable and explosive materials, For
example, matenial is released from holes and cracks in tanks and pipes, from
leaks in flanges, pumps, and valves, and a large variety of other sources.

The event tree of Fig.1-1 shows all potential incident outcomes from the release
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Fig. 1-1. Typical spill event tree (from [1])

(loss of containment) of a hazardous chemical. Naturally, the properties of the
chemical, conditions of the release, etc., all influence which of the logical path
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will apply for any specific accident evolution.

Some blocks address three different types of sources: a jet of gas or vapour, a
stream of liquid or a stream of flashing liquid, when this is stored under pressure
above its atmospheric boiling point.

The ambient evolution of a liquid leads to an evaporative pool to be formed,
while flashing liquid gives partially rise to vapour, which might also transport
small liquid droplets or aerosols.

Source models are used to quantitatively define the release by estimating
discharge rates, and extent of flash and evaporation from a liquid pool.

The basic source models, which are used repeatedly, are

flow of liquid through a hole in a tank

flow of liquids through pipes

flow of vapour through a hole in a tank

flow of vapour through pipes

flashing liquids ( and two-phase flows)

. liquid pool evaporation or boiling.

ol i adi e

The underiymg technology for models from 1 to 4 is well developed in chemical
engineering theory and full descriptions are available in standard references
{2,3]. Greater care must be devoted to the treatment of two-phase discharge,
flashing liquid and evaporation from a pool, the modelling of which is
frequently more empirical.

A superheated liquid flowing from a pipe breakage begins to vaporise into the pipe and a two-
phase flow results; semi-empirical methods to evaluate its flow rate can be found in [4,5,6,7]. In
any case the liquid will flash when released to the atmosphere: aerosol entrainment in the vapour
produced and/or the rainout onto the ground have very significant effects on cloud dispersion
and, above all, contribute to an higher density of the cloud.

The fraction of released liquid vaporised F,, can be estimated in a number of ways; the
standard equation for flash prediction of a pure substance is

F =¢, ——2= (1.1)

where

;P = heat capacity of liquid (averaged over T to Ty, ) (ki/kg K)
= initial temperature of liquid (K)

Ty = atmospheric boiling point of liquid (K)

hfg = latent heat of vaporisation of liquid at Ty, (kJ/kg)

F,, is a poor prediction of the total mass of material in the vapour cloud because of the possible

presence of entrained liquid as droplets. On the basis of historical accidents and experiments,

some authors [8] proposed entrained liquid fraction ( Fy) to be evaluated through the

following criteria:

e Fr=1-Fy ifFy>30% (liquid is completely entrained as droplets),

« Fp =Fy if 15% <Fy <30 %, and the remaining liquid forms a pool
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e F =0. if Fy <15% : the liquid forms a pool.

A detailed physical mathematical model for a vapour jet with aerosol entrainment is proposed in

[9].

Evaporation from liquid spills onto land and water has received substantial attention. Land
spills can occur into a dike or other retention system that allows the pool size to be better
estimated; when spills are unbounded calculations are more complex and partly empirical. A
complete review of pool evaporation modelling is presented in [10]; numerical codes are also
available [11,12]. Models distinguish in general evaporation of high-boiling liquids from
vaporisation of low-boiling (cryogenic) liquids. Diffusional mechanism, solar heat flux and
convective heat transfer from atmosphere govern the former phenomenon while heat transfer
from ground controls the latter, at least in the initial stage.

The spill event tree of Fig. 1-1 introduces accidental outcomes, and their
modelling is necessary when physical consequences must be evaluated. Looking
at the figure, the following outcomes result:

BLEVE

a Boiling Liquid Expanding Vapour Explosion occurs from the sudden release
of a large mass of pressurised liquid to the atmosphere (primary causes are: an
external flame impinging on the shell of a vessel above the liquid level.
weakening the shell and resulting in a sudden rupture; an external fire
embracing the vessel). When ignited the vapour give rise to a FIREBALL

FIREBALL

the atmospheric buming of a fuel-air cloud in which the energy is mostly
emitted in the form of radiant heat. The inner core of the fuel released consists
of almost pure fuel whereas the outer layer is a flammable fuel-air mixture. As
buoyancy forces of the hot gases begin to dominate, the burning cloud rises and
becomes more spherical in shape

POOL FIRE

the combustion of material evaporating from a layer of liquid at the base of the
fire

JET FIRE
fire type resulting from fires from pressurised release of gas and/or liquid
FLASH FIRE

the combustion of a flammable vapour and air mixture in which flame passes
through that mixture at less than sonic velocity, such that negligible damaging
overpressure is generated

UNCONFINED VAPOUR CLOUD EXPLOSION (UVCE)

when a flammable vapour is released, its mixture with air will form a flammable
vapour cloud. If ignited, the flame speed may increase to high velocities and
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produce significant blast overpressure
ATMOSPHERIC DISPERSION

the low momentum mixing of a gas or vapour with air. The mixing is the result
of mrbulent energy exchange which is a function of wind (mechanical eddy
formation) and ammospheric temperature profile (thermal eddy formation)

2. FIRE MODELS

The objective of this section is to review the types of models available for the
estimation of fire incident outcomes. The physical consequences of concern are
thermal radiation fluxes. The section contains the following subsections:

+ pool fires and jet fires
« BLEVE and fireball

2.1 Pool fires and jet fires

2.1.1 Pool Fire

The pool fire is a common fire type resulting from a fire over a pool of Liquid. It
tends to be localised in effect, especially in chemical plants where often releases
of flammable substance are confined in bunds, and is mainly of concern in
establishing the potential for domino effects and employee safety zones. The
effects can be of greater importance when the release occurs on a unconfined
ground. as it can happen for accidents in transport by road, rail or pipeline.

Pool fire modelling is well developed, detailed reviews and suggested formulas

are provided 1n [1,10].

The recetved thermal flux from a pool fire is determined by

Q(x)=T1EF, (2.1)
where
Q(x) = thermal radiation received at distance x (kW/m?)
T = atmospheric trasmissivity (fraction of energy transmitted: 0 to 1,
dimensionless)
E = surface emitted flux per unit area (kW/m?)
F, = geometric view factor, flame surface to target (dimensionless)

(Where human injury is being considered, it may be necessary to add solar
radiation to account for total radiation received.)

With reference to the egn. 2.1, it is worth noting that the coefficient 1 is
dependent both on the characteristics of the atmosphere (relative humidity,
temperature and composition) and the distance of the receiving object, the
emitted power depends on burning substance and the geometric view factor is
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affected by pool size and flame height.
Pool size and flame height

[n'most cases, pool size is fixed by the size of the release and by local physical
barriers (dikes,..). Circular pool are normally assumed; where dikes lead to
square or tectangular shapes an equivalent diameter is used.

Let be D the diameter of the pool and H the visible flame height; H can be
related to D by using experimental observations. The best known correlation is

[13]

0,4

H m

— =g ———— (2.2)
2 (o, JaD)

where

m, = burning rate (kg/m? s)
p, = ambient air density (=1.2 kg/ m?)
g = acceleration of gravity (9.81 m/s? )

Experiments have shown that large pool fires burn at constant vertical rate,
characteristic for the matertal. Typical values for hydrocarbons are in the range

0.03(gasoline) = 0.12 (LPG) [14].
The most widely used correlation is [10]
! 23)

=107 K —2
“t 7 (T, )

where

h. = heat of combustion (kcal/ kg )

h, =heat of vaporisation (kcal/ kg )

T, = ambient temperature

K =hy/(hy +¢; (Ty - T, ). when Ty, > T, , otherwise K= 1.

The knowledge of the burning rate permits an equivalent diameter to be
computed when a continuous release is considered. In fact, for a release on a
flat plane the maximum diameter of the pool, which is reached when the product
of burning rate and surface area equals the release rate, is assumed.

Surface emitted power

It can be-computed from the Stefan-Boltzmann equation, which is very sensitive
to the assumed flame temperature, as radiation varies with temperature to the
fourth power. Further, the obscuring effect of smoke substantially reduces’the
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total emitted radiation. An alternative approach uses an experimental correlation
[10] which includes smoke absorption of radiated energy

E= 0.35xm, xh,

0 .61
m
14168 —2=
[AJE}

Tab 2.1 gives values of surface emitted powers for some low-boiling and high-
boiling liquids.

Substances E Substances E
with Ty< 20°C (kW/m2)  with T> 20°C (kW/m?2)
Ammonia 17 Acetone 42
Butane 86 Acetonitrile 34
Butadiene 87 Acrylonitrile 36
1-Butane 87 Allyl Alcohol 37
Dimethylamine 59 Benzene 71
Ethane 96 Diethylamine 71
Ethylchloride 28 Ethylene Diamine 36
Ethylene oxide 37 Ethyl Formate 29
Carbon monoxide 13 Ethyl Mercaptane 45
Methane 100 Hexane 87
Methyl bromide 9 Methanol 19
Methy] chloride 15 Methyl Acetate 26
Propane 98 Methyl Formate 18
Propylene 92 Vinyl Acetate 32
Vinylchloride 26 Carbon Disulphide 15
‘Hydrogen sulphide 18

Table 2-1 Radiation emittance (E) of the flame surface of boiling (T;<20°C)
and non-boiling (T,;>20°C) pools

Geometric view factor

This factor is the ratio of emitted power (ignoring atmospheric absorption)
received by the target. View factors for different emitting and receiving surfaces
are discussed in texts on thermal radiation [15].

If we consider a cylindrical flame, vertically oriented, and a receiving surface
the dimensions of which are negligible in comparison with the flame, the
following table (Tab. 2-2) can be used to determine F, values.

In this table x is the distance of the receiving object from the centre of the pool.
As the view factor depends on both emitting and receiving objects, two sections
are presented, respectively for vertical and horizontal targets.

Pool fires are often tilted by the wind [16] and this effect alters the radiation
received at surroundings locations, as a consequence the flame does not radiate
equally in all directions as it happens for vertical flames. Numerical difficulties
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arise in view factor evaluations for different directions (downwind or upwind).
Moreover a complete QRA would require computations in several wind
directions [10].

2H/D 0.1 0.2 05 1.0 20 30 50 6.0 100 200
2x/D 1) horizontal plane (103 Fy)

1.1 132 242 332 354 360 362 362 362 363 363
1.2 44 120 243 291 307 310 312 312 313 314
1.3 20 665 178 242 268 274 277 278 278 279
1.4 11 383 130 203 238 246 250 251 252 253
1.5 6 24 97 170 212 222 228 229 231 232
2.0 1 5 27 73 126 145 158 160 164 166

3.0 5 19 50 71 91 95 103 107

4.0 1 7 22 38 57 62 73 78

5.0 3 11 21 37 43 54 61

10.0 1 3 7 9 17 26

20.0 1 1 3 8
2) vertical plane (103 F,)

1.1 330 415 449 453 454 454 454 454 454 455
1.2 196 308 397 413 416 416 416 416 416 417
1.3 130 227 344 376 383 384 384 384 384 385
14 94 173 296 342 354 356 356 357 357 357
1.5 71 135 253 312 329 332 333 333 333 333
2.0 28 56 126 194 236 245 248 249 249 250
3.0 9 19 47 8 132 150 161 163 165 167
4.0 5 10 24 47 80 100 115 119 123 125
5.0 3 6 15 29 53 69 86 91 97 100
10.0 1 3 6 13 19 29 32 42 48
20.0 I 3 4 7 9 14 21
Tab. 2-2 view factors for a vertical cylindrical flame

Atmospheric trasmissivity
A significant part of the heat flux emitted by the flame can be absorbed or
scattered by the atmosphere (over 20% for distances greater than 20 m). The

following correlation, which accounts for air humidity, is recommended [17]

r=2.02(p x)°7 (2.4)
where
T = atmospheric trasmissivity (fraction of energy transmitted: 0 to 1)

P, = partial pressure of water (Pa)
X = path length, distance from flame surface to target (m)
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2.1.2 Jet fire

Jet fires result from pressurised releases of gas and/or liquid. They are localised
and assume a special importance in assessing the potential for domino effects on
adjacent hazardous vessels, because the dimensions of the jet flame can be used
to determine whether flame impingement occurs. Jet fire modelling is not as
well developed as for pool fires, but several reviews have been published

[18,19,20].

The best known method considers the fire dart as a cylinder and evaluates heat
radiation by adopting eqn. 2.1. Of course complex numerical computations are
required for the evaluation of view factors, owing to the wide variety of
directions and heights a jet can have. Empirical correlations allow the length L
and diameter D of the jet to be calculated for a turbulent flow respectively from

[21,22]

1
L 53| T, M, )|
—=— #1il —¢ )—=2 2.5
d Cr {CZ‘T; (C‘ ( r)Ms ]} ( )
where
d = diameter of flow section (m)

M, =molecular weight of air (kg/kmol)

M, = molecular weight of flammable substance (kg/kmol)
Ty = flame temperature (K)

T, = gas initial temperature (K)

¢, =molar fraction of the gas in the stoichiometric air-fuel mixture
o, = ratio between moles of reactant and combustion product (stoichiometric
reaction)
LY.
D =0.29x(ln —) D, =0.12L at x=0.61L (2.6)
X

where x is the distance along the jet axis.

P s

2.1.3 Sample problem

N.1
Determine the thermal flux received at a distance of 100 m from a pool fire of

Hexane in a 25-m diameter tank dike. Weather conditions are no wind, 20 °C
and 50% relative humidity. Assume a burning rate = 0.13 kg /m?s.

r=2.02 (P, Xx)™° " =2.02(2320 x100)°® =0.66
Flame height (eqn. 2.2)
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Flame height (eqn. 2.2)

H 0.13

0 .61 0.6}
__42 =42 =202 ——>H=50.5m
(e, JgD) (1.24/9.81x 25)

As the view factor for a receiving vertical surface (tab.2-2) F, is 0.045 and E is
87 kW/m2 (tab. 2-1), the received thermal flux results 2.6 kW/m?2.

2.2 BLEVE and Fireball

The phenomenon of BLEVE was described in a previous section. It results in a
sudden failure of containment allowing a superheated liquid to flash. The
increase in volume is sufficient to generate a pressure wave and fragments and if
the released liquid is flammable a fireball may occur.

The best known type of BLEVE involves LPG. A number of such incidents have
occurred including San Carlos, Spain (1978) and Mexico City, Mexico (1984).

The modelling philosophy is primarily empirically based [23,24,25] and
includes pressure, fragments and

heat radiation effects.

Pressure effects are usually
limited in magnitude and are thus
of interest primarly for the
prediction of domino effects on
adjacent vessels rather than for
harm to neighbouring
communities.

500

400

g
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The prediction of fragment effects
is important, as fragments can
cause many deaths and domino
damage effects. Specific works on
BLEVE fragmentation hazards can
be found in [26]. In [27] graphs
1 1 are reported showing fragment
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The Fig. 2-1 shows that about
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80% of fragments fall within a
Fig. 2-1 Fragment range in LPG events.

300 m range.
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The total number of fragments (N) is a function of the vessel capacity (V): the
following correlation, based on seven incidents, was proposed

N =-3.77 +.0096 ( V (m3))
(range of validity 700-2500 m3)

Heat radiation effects can be computed once dimensions and duration of the

fireball have been established. All proposed models [17,24] use power law
correlations based on observed data; the most useful formulas are

Peak fireball diameter (m) D, = 6.48 M0.325
Fireball duration (s) thleve = 0.825 M0.26
Centre height of fireball (m) H = 0.75 Dgiax

where M = initial mass of flammable liquid (kg).
Referring to Fig. 2-2, the radiation received by a target is given by

Q(x)=tEF, (2.7)
where
Q(x) = thermal radiation received by a black body target (kW/m?)
1t = atmospheric trasmissivity (dimensionless)
E = surface emitted flux per unit area (kW/m?)
F; = geometric view factor (dimensionless)

| The methods to calculate E
and F; are different from
/ D those used for pool fires.
|

) Surface emitted power

Typical heat fluxes in
BLEVE (200-300 kW/m?2)
are much higher than in pool
7| fires as the flame is not

|
H J \| smoky. The  following
formula is proposed in [28]
Fig. 2-2 schematic drawing of a fireball
F=—tuMH 2.8)
zr(Dw ) 1
where

M =mass of LPG in BLEVE (kg)
H. =heat of combustion (kJ/kg)
F..q =radiation fraction, typically .25-.40
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To evaluate the geometric view factor between a sphere and a target point we
use

DI
ar
where r is the distance from the sphere centre to the target (m).

Once the radiation received is calculated the human harm can be determined
from vulnerability models (see Sec. 5).

-

F, = (2.9)

2.2.1 Sample problem

N.1

Calculate the size and duration, and thermal fluxes at distances from 100 to
1000 m for a BLEVE of an isolated 105 kg tank of propane at 20 °C, 8.2 bar.
Atmospheric humidity corresponds to a water partial pressure of 2810 Pa.

Dginsi = 6.48 (100000)%-325 =273 m
H = 0.75 Dgpax =204 m
100 + Surface emitted flux (eqn.

2.8) is 300 kW/m2 . Heat
radiation fluxes at
different distances are
plotted in Fig. 2.3.

radiation flux (kW/m2)

0 200 400 800 800 1000
distance (m)

Fig. 2.3 Radiation flux versus distance.
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3. EXPLOSION MODELS

In this section the attention will be devoted to the models available for the
estimation of accidental explosion outcomes.

Strictly speaking the locution explosion means a very rapid exothermic
oxidation (combustion) of an ignited fuel, so that the expansion of gases results
in a rapidly moving pressure or shock wave. Therefore no observation will be
done on phaysical explosion models which describe the bursting of pressurised

vessels: suggestions for modelling bursting are reported in [29,10].

The consequences of concemn in studies for explosions are in general shock
wave overpressure effects and projectile effects, while the thermal radiation
effects are ignored because the shock wave effects will predominate.

Two types of explosions are possible: deflagration or detonation. Deflagration
occurs when the overpressure wave is moving at a speed less than the speed of
sound (300 m/s) in the unreacted medium, while detonation is governed by a
shock wave speed greater than sound speed (up to 2 km/s). Transition from
deflagration to detonation can occur in pipelines.

Moreover accidental explosions can be confined or unconfined.

Confined explosions include deflagrations which are constrained within vessels
and buildings. Examples of these are dust or vapour explosions within Jow
strength containers and thermal decomposition or runaway reactions within
process vessels and equipment. Vessels can be designed to contain internal
deflagrations. The design of relief systems for both low strength enclosures and

process vessels is covered in [30]. When the peak pressure is sufficient to cause
vessel or building failure the consequences can be determined by using the
simple TNT model [31.32].

An unconfined explosion is usually the result of flammable vapour spill. The
gas 1s dispersed and mixed with air and if the cloud is ignited before 1t 1s diluted
below its LFL (Lower Flammability Limit) an UVYCE (Unconfined Vapour
Cloud Explosion) will occur. UVCE incidents are likely in process plants and

transportation.
3.1 Preliminary observations on UVCEs

The combustion processes of large vapour clouds are net completely
understood: a review of the historical records indicates the release of a small
quantity of vapour is likely to result in flash fire without significant

overpressure.
On the basis of the study of incidents various authors have concluded that

« there may be some minimum mass of flammable matenal that 1s required to
allow transition from a flash fire to UVCE (from 1 t [33] to 13t [34]), but
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some caution should be exercised in a determination of 2 minimum value
(examples are known of quantities as low as 100 kg for hydrogen or
acetylene)

» the presence of some confinement/obstacles may be necessary for transition
to UVCE

» materials with higher fundamental bumning velocities can produce easier
transition to UVCE for a given release quantity

« UVCE should be considered as deflagrations, not detonations

« peak overpressures of UVCEs are much less than those of detonations,
typically 1 bar or less and positive phase duration of 20-100 ms!.

Flammable vapour clouds may be ignited from either continuous (pilot flames,..)
or occasional sources (smoking, vehicles, electrical system) and the ignition can
occur away from the release source. It is worth noting that early ignition, before
the cloud becomes fully formed, might result in a flash fire or an explosion of
smaller size, while late ignition could result in an explosion of 2 maximum

possible effect.

In the following the TNT and the TNO correlation models will be presented:
they allow the consequences of UVCE to be simply evaluated. Some hints are
also given to estimate flash fire damages.

3.2 UVCE - TNT model
This model uses the assumption of equivalence between the flammable material
and TNT, factored by an explosion yield term

W= DME, G.1)
Ec JTNT

where

W = equivalent mass of TNT (kg)

M = mass of flammable material released

n = empirical explosion vield (or efficiency ) ( from 0.01 to 0.1)

Ex = lower heat of combustion of flammable gas (kJ/kg)

E.r~t = heat of combustion of TNT (4500 kJ/kg)

The explosion effects of a TNT charge are well documented; peak overpressure
versus scaled ground distance is plotted in Fig. 3-1. The TNT line has been
corrected to account for difference between detonation and deflagration.

At a given distance from an explosion source the pressure will increase rapidly 10 2 maxi dmum {peak_
overpressure) when the overpressure wave arrives and then will decrease up to the ambient pressure in

a ume-interval which is named positive pbase duration.
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The scaled distance
Zg is given by

Z, =x/W' (3.2

G

kPs 1000

The model 1s very
simple, but a large
error can be done in
[ the choice of explo-
sion yield. In fact the
10 =~ TNT curve range 1-10% affects
s ) predicted distances
f X by more than a
\ factor of two. An-
g 5 other error may be in
10 | % the estmation of the
L flammable cloud
AN mass, which is based
on flash, evaporation
and dispersion cal-
culations, which are
i also subjected to er-
AN rors. Dispersion cal-
\ culadons are useful
b to determine cloud
1 S e T o eoaiy Y Mo mass and extent.
10 100 1000

scaled distance (W In t)

Yy 1 Yyrry

overpressure
Pe

T T T T Ty
e
-
-~
-

Fig. 3-1 Base curves for the TNT model

3.3 UVCE - TNO model (or piston model) [10]

The gas-air mixture, assumed as an hemispherical cloud of volume V). expands.
after ignition in the centre, to an hemisphere with volume V,. This expanding
movement is responsible for the formation of the shock wave, and in the
development of the model is replaced by an equivalent piston movement. This
movement can take place at different speeds.

On the basis of experiments, the peak overpressure of the blast wave has been
related to the distance to the final hemispherical cloud for a number of different
piston speeds. The ratio between ry, the radius of the hemisphere of volume V;,
and the time in which the expansion takes place gives an average value of the

flame velocity ug.
The simple calculation method consists of two steps:

I. to calculate the charactenistic explosion length L
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113
V., E
L, =|—= (3.3

( Py ) )

where p, = initial pressure of the mixture and E. = combustion energy of
fuel-air mixture (for hydrocarbons-air mixtures E. = 3.5 x 106 J/m3)

2. to estumate overpressure Ap versus distance r

pgzleoﬂ x(f—) u, =40 m/s (3.4)
0 (1]
Ap=6x10_’x .39 u, =80m/ls (3.5)
p A
2 0

= |
£=15x10_1x[{:—) u, =160 m/s (3.6)
Py

The average value of the flame velocity, which affects the overpressure
distribution in an UVCE, has been related to the "reactivity” (susceptibility to a
flame acceleration) of a gas-air mixture. Gases have been divided into reactivity
classes (low, average, high reactivity) by using data (size of explosion range,
mimmum ignition energy, auto-ignition temperature,..) which give useful direct
and indirect information. Tab. 3-1 gves explosion limits and reactivities of
some gases and liquids.

3.4 Flash fire modelling

Flash fire modelling is not well developed. A simple approach is to use an
appropriate dispersion model (see sec. 4) to determine the isopleth defining the
LFL or 1/2 LFL as the assumed /imir to this zone. The use of either of these
1sopleths to define thermal radiation effects require the assumptions that the
combustion process is not intense and is of short duration. These assumptions
are not always true; they simplify the calculation process but may underesimate

the area of consequences.
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Gas Explosion Shock  Liquid Explosion Shock
limits wave limits wave
(vol. %) model (vol. %) model
reactivity reactivity
Acetaldehyde 4-57 average  Acrylonitrile 3-17 average
Ammonia 15-28 low Acetonitrile 3-7 average
1,3 Butadiene 1.1-12.5 average Alluyl chloride 3.2-11.2  low
n-Butane 1.5-8.5  average Carbon disulphide 1-60 high *
Propane 2.1-9.5 average Diethylamine 1.7-10.1  average
Propene 2-11.7 average Propylene oxide 1.9-37 high *
1-Butene © 1.6-10  average Vinyl acetate 2.6-13.4 high*
Dimethylamine 2.8-144 average Tetra ethyl lead 1.8-7 low
Ethyl chloride 3.8-154 low Allyl alcohol 2.5-18 high *
Ethane 3.-13.5 average Benzene 1-8 high *
Ethene 2.7-34 average 1,3 Dichloropropene 3.5-14.5 low
Ethylene oxide 3-100 high Epichlorhydrin 23-344 low
Methane 5-15 low Ethylene diamine 2.7-16.6  average
Methyl bromide  8.6-20 low Ethyl formate 2.7-13.5 high*
Methyl chloride 10.7-17.2 low Formic acid 14-33 average
Vinyl chloride 4-29 average Methyl acrylate 2.8-25 high *
Formaldehyde 7-73 high * Methyl formate 5-23 high *
Carbon monoxide 12.5-74.2 low Solvent naphtha 1.0-7.5  high*
Hydrogen sulphide 4.3-46 high * Ethyl mercaptan 28-18.2 high*
Acetylene 1.5-100  high t-Butyl mercaptan ? high *
n-Butyl mercaptan ? high *
Tetrahydrotiophene  ? high *
Tab. 3-1 Explosion limits and reactivities of various gases and liquids (*

indicates poor information)

3.5 Sample problem

N. 1

Use TNT and TNO models to calculate the distance to 0.1 bar overpressure
(equivalent to repairable building damages).

Data: Propane (average reactivity), M =10 t; E = 46350 ki/kg; n = 0.05

With TNT model

.05 x 10000 x 46350

W =

4500

=5150 kg

From Fig. 3.1 the scaled distance to 0.1 bar is about 55 m/t!3 for HSE curve.

Real distance is:

x=55x5.15013 =944 m.
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With TNO model
Vo = 10000/2(1 + 25) =130,000 m> of mixture propane-air

=165 m

(130 x10° x 3.5x10° |
1x10°

From (3.5) 1/Ly =0.6and r= 98 m.

For the particular case of gas cloud detonation, some authors [35,36] proposed
the following formulas for overpressure estimation:

=1.7
é’i=o_513 x[-L} 0.29 <— <1.088 (3.6)
Po 0

1]

. . .
2 _ 02177 X(I—J +0.1841 x(L] +0.1194 X[LJ L 51.088
pﬂ LO l'ﬁl LG LO

S ot Pt Pt o Pt P

4. DISPERSION MODELS

Dispersion models describe the airborne transport of toxic material vapours
away from the accident site and consequently can predict the physical impact of
accidental releases, such as those emerging from relief systems, pipe and tank
ruptures.

Referring to the behaviour of the vapour cloud and to the duration of the release,
six possible situations can be defined? :

2Releases can have quite different durations, so it is usual to consider two extreme release modes:
instantaneous or continuous. Really the classification can not depend only on the duration of the
release but also on the downwind position of the observer. In fact the plume from a release that is
mantained for a finite time becomes detached from the source when the release terminates and the
isolated plume thus formed is advected downwind and is subjected to longitudinal dispersion of its
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behaviour of the vapour cloud duration of release
Neutrally buoyant gas instantaneous release (puff)
(Positively) buoyant gas continuous release (plume)
Heavy (or negatively) buoyant gas time varying continuous

Models for time varying continuous releases are complex and not frequently

used in risk assessment and therefore will not be examined in the following

paragraphs.

Furthermore the dispersion of very positively buoyant gases is of secondary

importance, as such gases make for high layers of the atmosphere, and anyway

could be described in a conservative way by using models for neutrally buoyant

vapours (note that far from the source a gas is surely neutrally buoyant owing to

the dilution).

Therefore in the following sections we will consider the models for four cases:

+ continuous release (plume) of neutrally buoyant gas (evaporation from a
pool...)

« instantaneous release (puff) of neutrally buoyant gas (from relief valve...)

« continuous release (plume) of heavy gas (evaporation from cryogenic pool,
) '

« instantaneous release (puff) of heavy gas (from the rupture of pressure vessel
containing liquified gas,..).

A wide varniety of parameters affect the atmospheric dispersion of toxic gases:

wind velocity, atmospheric stability, ground conditions, buildings, water, trees,

height of the release above ground level, momentum and buoyancy of the initial

material released.

The first two parameters are assumed to represent the atmospheric turbulence in
the classification proposed by Pasquill [38], which is synthetically explained in
the following section.

4.1 Atmosphere and Pasquill stability classes

The dispersion of accidental or continuous releases concerns the atmospheric
boundary layer, where a vertical temperature gradient (VTG) is present.

leading and trailing fronts. Therefore an observer will interpret the passage of the relased gas as a
"puff”. On the contrary a continuous sorce is necessarily related to the duration over which a steady
concentration is observed at a particular position. It follows that a release which one observer would
deem as 'continuous' may be deemed as 'istantaneous' by another observer further downwind. In [37,10]
some criteria are proposed for distinguishing continuous and instantaneous releases. However in the
common practice reference is only made to the duration of the release (defined instantaneous when the
duration is less than 100 s).
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Depending on the hour of the day. the season of the year, the solar radiation,
this gradient can be negative (temperature decrease versus height) or positive
(temperature increase versus height). The comparison of the ambient gradient
with the adiabatic lapse rate (ALR = -0.98 °C/100 m) gives information about
the turbulence degree of the atmosphere. (ALR is the rate temperature change
with height for a parcel of dry air rising adiabatically.)

In neutral stability the gradient is equivalent to ALR, while, on the contrary,
when

VTG is negative and its absolute value is greater than ALR, turbulence is
enhanced and the air is unstable (super-adiabatic condition)

VTG is negative and its absolute value is lower than ALR, turbulence is
suppressed and the air tends toward being stable (sub-adiabatic condition)

VTG is positive, turbulence is almost completely suppressed and the air is very
stable (inversion condition).

Pasquill classes are reported in Tab. 4-1.

Class Temperature gradient (°C/100 m)
A extremely unstable <-19

B moderately unstable -19< TG < -1.7

C slightly unstable 17< TG < -15

D neutral -15< TG < -0.5

E slightly stable -0.5< TG < +1.5

F moderately stable >1.5

Tab. 4-1 Pasquill classification

Wind speed and stability class should be obtained from local meteorological
data whenever possible; if stability data are not available, the simple Tab. 4-2
permits atmospheric stability to be estimated from local sunlight and wind speed
conditions,

Nightiime condirions

Surface wind Daytime insolation
speed (m/s) Thin overcast or =3/8

at 10m height Strong Moderate Stight = low 4/8 cloudiness cloudiness
<2 A A-B B
2-3 A-B B C E F
34 B B-C C D E
4-6 C C-D D D D
>6 C D D D D

Tab. 4-2 Pasquill stability - meteorological conditions [39]
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The influence of the temperature gradient is clearly proved in Fig. 4-1 which

STABLE (FANNING ]

STABLE BELOW, MEUTRAL ALOFT (LOFTING)

Fig. 4-1 Effect of the atmospheric stability
on plume dispersion (from [40] )

contains typical plumes: two
drawings (referring to
fumigation and lofting) are
characterised by an inversion
layer respectively above and
below the plume.

Wind data are normally quoted
on the basis of 10 m height, but
ground conditions affect the
mechanical mixing at the
surface and consequently the
wind profile with height; a
simple power relation is

appropriate for u,

Z "
U, =u, (5) (4.1)
where u, , u ;5 are wind

velocities at heights z and 10 m
and n is the power correction
coefficient, whose values are
reported in Tab. 4-3,

stability class |Urban Rural
A 135 .07
B A 07
C 20 10
D 25 15
E 40 35
F .60 .55

Tab. 4-3 Wind speed correction coefficients

4.2 Effects of buoyancy and momentum of the release

The release is frequently in form of jet rather than a plume and near the release
point its velocity differs greatly from the wind velocity. The jet entrains ambient
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air due to shear, grows in size and becomes diluted. For a neutral buoyancy jet
the upward momentum remains constant while its mass increases; therefore, if
vertically released, it becomes bent over at a certain distance and dominated by
the wind momentum. In case of positive buoyancy the upward momentum
increases and the jet will behave like a plume.

In these cases the buoyancy and momentum of the material released increase the
height of the release (source "effective” height is greater than source geometric
height). The rises of jets (plume rises) have been studied by many researchers
and their formulas can be found in several books [38,41,42].

For a heavy jet, upward momentum will decrease as it travels; at a maximum
height the upward momentum disappears and then the jet will start to descend.
The buoyancy release of heavy jets can be analysed with the model of Ooms
[43] and is included in available codes, i.e. DEGADIS code [44].

4.3 Neutral Gas Dispersion
4.3.1 Neutral plume models

With the term plume we refer to continuous emissions, that are long in duration
compared with the travel time (time for cloud to reach location of interest).

The Pasquill-Gifford model, here infroduced, is widely used to predict
concentration distribution in risk analyses.

This model assumes Gaussian dispersion in both the horizontal and vertical axes
(Fig. 4-2).

For an elevated point source at an "effective” height H the concentration is

elx ¥,2) = #{exp {%H[exp (_—(%ﬂ—] + exp [%H (4.2)

where

¢ = concentration (kg/m3); 7z = emission rate (kg/s). o,, o, = dispersion
coefficients (m), function of downwind distance x; u = wind velocity (m/s).

The ground is considered as a reflection surface, as no ground absorption or
reaction is assumed. The effects of reflection are clearly depicted in Fig 4-3:
curves at different H and at a fixed downstream distance are reported. It is worth
noticing that the concentration has not a maximum at centreline height, as
should be in a Gaussian distribution.

Dispersion models 22



Fig. 4-2 Three-dimensional view of Gaussian dispersion (from [45])
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Fig. 4-3. Vertical concentration profiles

The dispersion coefficients are function of the downwind distance and were
determined through a large variety of dispersion experiments. They can be
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available as graphs (Fig. 4-4) or via predictive formulas [42,32,10].

The coefficients of predictive formulas reported in Tab. 4-4 are extracted from
[10].

They refer to the expressions o, = ¢'xd" and o, =ax®.

w / 2 7 7

i

-~
~

N

1w

\\\&I II]IIIII BRI

JO O SR80 1 11 SO B A N 40 R M R WA R L L 0P PO N1 S R A R17 | Y B S AT TTT)
10 108 10 10 100 10° 10" (L
DISTANCE DOWNWIND, xm DISTANCE DOWNWIND, km

Fig. 4-4 o, and o, as a function of distance x (rural values)

Different coefficients are given for o, , because dispersion in vertical direction
depends on ground roughness z, in m (the five values address respectively flar
land, cultivated land, land with sparse houses, residential area, industrial area
or urban area). The coefficients for o, imply a sampling time of 10 min: the
meandering of wind is responsible of a local dilution if sampling times greater
than 10 min are considered. In these cases a correction factor of (t/10)02 must
be applied. '

class|a b ¢ 4 (¢ 4 (¢ d | d [ d
zg= .03 |zp= .1 zg= 3 |zg= 1 zg= 3
527 |.865 [.193 |.932 |.280 |.900 |.383 |.873 [.550 |.842 |.760 |.814
371 |.866 .16 |[.881 |.230 |.850 |.317 |.822 [.455|.792 |.631 |.763
209 |.897 |.155 (.83 [.22 |.800 |.308 |.771 |.441 |.740 |.612 |,712
128 | 8p5].139 |.791 |.200 |.760 |.276 |.732 |.395 |.701 |.548 |.673
.098 |.902 |.104 |.761 [.150 [.730 |.207 |.702 [.296 |.671 |.411 |.643
065 |1.902 |.083 |.701 |.120 [.670 |.164 |.642 |.236 |.611 |.327 | .583
Tab. 4-4 Coefficients for predictive formulas

The coefficients of Tab. 4-4 can be used only for "effective" heights less than 20
m. The restriction does not permit high source emissions to be evaluated.
nevertheless the use is frequent in accidental releases as they are often emitted
at low height (pools, pipes ands so on).

T m| OO >
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4.3.2 Neutral puff models

The Gaussian formula for puff emissions (short in duration compared with
travel time or sampling time) is

| ~ m Zx—u)” 9L
c(x,)’,z,f) - (2;2_)312 o, O'ﬂ o, I:exp( 202:, J]!exp[zoi J} X

—(z—H) —(z+HY)
[exp (—'2 oﬁ } -+ exp[——z o‘L ]il

(4.3)

where
m = amount released (kg):
¢ = time elapsed after release (s);

Oyi> Oyl, O = dispersion coefficients (m),
It is usual to assume 0y = 0.13 x, 6y = 0y /2,0, = ©,.

The eqn. 4-3 shows that, at a fixed point, the concentration varies with time and
has a maximum when t = x/u.

4.3.3 Concluding remarks

The dispersion models here briefly explained use the assumption of point source
emission, so that at the source they predict a concentration value of infinity and
therefore will greatly over predict concentration in the near field . More
complex formulas for other type of sources (linear and three-dimensional) can
be found in [10,40]. To still apply them to a real source (e.g. a pool) with given
dimensions, the concept of a virtual point source can be introduced: the virtual
point source is located upwind from the real source such that if a plume was
originated at the virtual source it would disperse and match the dimensions or
concentration at the real source [10,46].

The output of plume and puff models are respectively the time averaged
concentration and the concentration varying with time at specific locations (in
the three spatial coordinates: x, y, z). This information are useful both for toxic
and flammable releases.

In fact they allow ground isopleths to be plotted (isopleth = line corresponding
1o a concentration of interest) and included surfaces to be calculated, in this
way giving basic information to the emergency planning of toxic cloud
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dispersion. Moreover dispersion models permit to evaluate the mass of
flammable material included in the isopleths at LEL (Lower Explosion Limit)
and UEL (Upper Explosion Limit) which is the basic input to explosion models.

4.3.4 Sample problems
N.1

A toxic substance flow rate of 10 kg/s is emitted from a circular pool (diameter
=30 m). Assuming stability class D, u = 5 m/s, roughness = 0.1 m, determine

« the time averaged (10 min) concentration at a downwind distance of 1 km
(at ground)
« the concentration at a distance of 120 m in lateral direction

R N N N S A N Al m A A S

For H = 0, the concentration is
c(x,y,z) =————  and in this case we have
2 7o, ou

10
27 x0.128 x 1000°** x 0.2 x 1000°™ x 5

¢(1000,0,0) = =0.252x107kg /I m’

Using the concept of virtual point source we would obtain ¢ = 0.235 x 10~
kg/m 3.
The concentration at downwind distance above calculated must be multiplied by

—y? -120°
- = 0.242
[exl{zoﬁ J] cx'{2(0.128 x1000°%* )’ H

and therefore ¢(1000,120,0) = 6.1 x 10-3 kg/m3 .

e e P Pt P o o Pt P, Pt Pt o Pt o

N.2

Chlorine is used in a particular chemical process. A source model study
indicates that for a particular accident scenario 1.0 kg of chlorine will be
released instantaneously. The release will occur at ground level. A residential
area 1s 500 m away from the chlorine source. Determine

» the time required for the centre of the cloud to reach the residential area.
(wind speed of 2 m/s)
« the maximum concentration of chlorine in the residential area and compare it
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with the IDLH (Immediate Danger to Life and Health) for chlorine of 25
ppm. What stability condition and wind speed produces the maximum
concentration?

o ) Pt T P o P e

For a distance of 500 m and a wind speed of 2 m/s, the time required for the
centre of the cloud to reach the residential area is

t= xu=500/2= 250s (4.2 min)
Very little time is available for emergency warning.

The maximum concentration will occur in the downwind direction (y, z = 0) at
the previous calculated time. In this case, for H = 0, the concentration is

m

c(ut,0,0,2)=
(27)"* o, 0,0,

The stability conditions which maximise ¢ require dispersion coefficients of
minimum value, From Fig. 4-4 this occurs under stable conditions and from
Tab. 4-2 this occurs at night with 2-3 m/s wind. From Tab.4.4 we have o, =
17.7/2m, 0, =7.7mand o©,=65m. '

1
- 27Y"?65x8.8x7.7

=14.4 mg /m’ (I atm, 298 K)=S5 ppm
The concentration is of the same order of magnitude of IDLH.

=1.44x10" kg/m® =

4.4 HEAVY GAS DISPERSION

Many accidents in chemical plants, storage and transportation can lead to the
dispersion of an heavy gas/vapour. Some examples are:

« the catastrophic breakage of a cryogenic tank causes the formation of a very
cold pool and the emerging pure vapour has typically a greater-than-air den-
sity;

» the catastrophic breakage of a vessel contammg liquefied gas brings to a

violent flash vaporisation and mixing with air, consequently a cold and
denser-than-air cloud will form;

« heavy gas jets result from breakages or leakages of pipes with liquefied
gases.

These examples make clear that quite different source terms characterise the
forming of dense gas and for this reason source modelling is, in some cases, in-
cluded in heavy gas numerical codes (see also notes in par. 4.3).

The mechanisms of dense gas dispersion differ markedly from neutrally-buoyant
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clouds, as several field experiments have confirmed as well [47,48]. These
mechanisms are depicted in Fig. 4-5 and include three phases:

1. initial acceleration and dilution
2. dominance of internal (negative) buoyancy-gravity slumping
3. dominance of ambient turbulence (neutral buoyancy).

Initial
acceleration
and dilution Dominance of
intemal negative
——— buoyancy
/ _\ —
2 ) \
k\ ) 3 N N %
—— /
\/ ~ —
\ Dominance of
\ ambient lurbulence
\ 1
\
///{/////////.T’//////
Source Transition from dominance
emissions of intemal negalive buoyancy 10
dominance of ambient turbulénce

Fig. 4-5 Major regions in dense gas dispersion [1].

These regimes, synthetically described in the following section, are not always
distinguishable and may overlap under different release situations.

4.4.1 Phases of the dense gas cloud evolution

Initial acceleration and dilution

During this phase the cloud formation takes place: the dense gas assumes its
initial characteristics, that is shape, initial concentration, aerosol mass fraction,
temperature, etc. The dominant factors that influence the clouds motion are the
release conditions (source term) and the mean atmospheric flow.

This phase is crucial since it determines whether the cloud behaves subsequently

as a dense or passive gas. Quantitative criteria are suggested in [37] for dis-
tinguishing passive behaviour. The cloud is passive when it results

for instantaneous source of volume Vj (V!B g2 < 0.2 Upsr

for continuous source of volume flow rate Vo, (V&' / D¢ )13 < 0.15 Upes

where U, is the velocity at 10 m height, D is the plume width and g\, is the
reduced gravity acceleration

Heavy gas dispersion models 28



g0 =2 (p-Pa/Pa

Dominance of internal (negative) buoyancy-gravity slumping

The cloud collapses (slumps) towards the ground and spreads horizontally while
is being advected and diluted by the ambient flow. The slumping causes an in-
crease of its diameter (or width) and a reduction of its height. Hence the
dominant forces are the cloud (negative) buoyancy and the atmospheric flow
field.

The gravity current-like motion during this phase of the dispersion is due to the
density gradient.in the horizontal direction and concentration profiles in cross
direction are frequently uniform.

Dominance of ambient turbulence (neutral buoyancy).

First the turbulence in the ambient flow field affects the upper stratified layer of
the cloud; progressively, as the cloud or plume travels downwind, the external
turbulence interacts with an even larger part of it. The dilution proceeds until the
dense gas concentration becomes so low that buoyancy effects are negligible
and a neutral atmospheric dispersion results.

4.4.2 Heat exchanges between cloud and ambient

When the cloud is cold (i.e. evaporation from a pool of cryogenic liquid) and/or
contains aerosols (i.e. ammonia cloud from a pressure storage breakage) heat
exchanges between ambient and cloud become important and must taken into
account in modelling dense gas dispersion. The different contributions are
shown in Fig. 4-6.

entrainment of warm anhient
air and subseguent condensztion
of water varer
heat exchances

cold teTperature By eonvesticn

ces/eerosol chemnical hezt less soler enercy

mixzure rezctionsY due toc radizticn innout U:
. \ .
L - \J L3 .

heat cain/less due to

- s f - -
TerTured =gt e y i i g
SEce -t . evaporztion ] condensaticn/evarcration
* . A~ A A= A . -

= \ D) ) .’\/\‘
'////////_///7/7////f////T///////_

liguid spill zeroscls nossibly ground heat convective heat flux

thrown into cloud flux from surface

Fig. 4-6 Thermodynamic aspects of a typical dense gas release [42]
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In such situations the heat balance equation must be coupled to mass balance
equations in order to give a good mathematical description of the dispersion.

4.4.3 Mathematical MODELS for dense gas dispersion
Models are grouped usually in three categories:

« similarity models, which include box models and advanced similarity
models;

» intermediate or depth-averaged models;

¢ 3-D, time dependent, hydrodynamic models (K-theory models).

The similarity models are largely used in risk analysis calculations, as their
mathematical complexity is low enough and small computational costs are re-
quired. These models use the following assumptions

dispersion on flat terrain

ground with a constant roughness

no obstructions

local concentration fluctuations are ignored

the treatment of chemical reaction and deposition is limited.

Calculations of dispersion over variable terrain or obstacles require more de-
tailed models which have a complex mathematical structure and an high cost of
development and validation. Reviews of available models and codes for dense
gas dispersion are given in [42,49], with a summary of 33 dense gas and neutral
buoyancy models.

*® o & @ @

The similarity models, which are briefly described in the following sections,
assume a Specific concentration profile inside the cloud which remains
unaltered during the dispersion.

4.4.3.1 Box models

The gas dispersion is simulated by modelling gravity slumping phase and pas-
sive phase.

Instantaneous release

The vapour cloud is treated as a single cylinder of radius R and height H
containing vapour at uniform concentration and temperature. Both dimensions
are functions of time (see Fig. 4-7.). Air mixes with the box as it dispersed
downwind, therefore the volume increases.

The time behaviours of volume (V) , radius R and temperature T completely
define the dispersion of the cloud. In fact these variables allow to obtain

cloud height H=V/(nR2)
cloudmass n=P,V/(R,T) n, =n-mJ M, m=1n, M, + m,
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cloud density p=m/V  and contaminant concentration c=m,/V

where

= total number of moles;
= number of air moles;
= contaminant mass;
e Mg =molecular weights of air and contaminant;
= gas constant
= atmospheric pressure.

SOFZE P S

WIND DIRECTION
—

H
SOURCE Ryt t

Fig. 4-7 Box model for instantaneous release

The required equations (mass balance, "slumping" and thermal balance), in
adiabatic conditions (no aerosol is considered), are

%K=(2m‘?H)u5 + R u, (4.4)
1

dR 1/3
u, =—=alg’H 4.5
;= =alg'H) (4.5)
(T/T - 1) V+mg/p, (1- & - cpfeg,) T/T, =cost,, A=1-M,/M; (4.6)

where T, is the air temperature; c, and ¢, the specific heats of contaminant and
air; us the front velocity; ug the edge entrainment velocity and uy the top
entrainment velocity.

The displacement of the dense cloud by the wind is usually obtained from
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x(1) = j’U, dr (4.7)

where x is the distance travelled by the cloud after time 7 from the release.
Assuming a logarithmic variation of the wind velocity with height, we have

- In (z !z, )
« T 10(10 / 2, )
where uy, 1 is the wind velocity at 10 m height , z, is the roughness and z is a
fixed height (usually = H/2).
The system can be solved once o and entrainment velocities are known.
Extensive analyses of experimental data indicate that [S0] a = 1.0.
For the edge entrainment velocity the following relation has been proposed

u (4.8)

Uy = Q U, (4.9)

which includes a dimensionless proportionality constant, whose value is often
assumed equal to 0.7 [51,52,53]. However it is worth noting that other values
are reported in literature, depending on the different experimental data used to
calibrate the models.

The general mathematical formulation used for the top entrainment velocity is
. . g'l
u, = a,vf(Ri,) (4.10) Ri, =°— (4.11)

v!

where o 1s a dimensionless coefficient, v is a turbulent velocity scale, / a length
scale and f{Ri;) is function of a bulk Richardson number. which compares
buoyancy forces with inertial forces.

Equations (4.10) and (4.11) are based on laboratory experiments on vertical
entrainment in stratified flows. In most models 1s

f(Ri,)=Ri,™ (4.12)
while v and / values may differ, as shown in the following table

v ls

u* H u* = friction velocity [54,55]

U H (H/H,)048 y; = turbulence vel.; H, =30 .2m [56]
a;Uy 10 S5.88HO88 a; = 0.3 unstable atm.; 0.24 neutral atm., 0.16

stable atm. [53]
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The proportionality constant ar assumes different values depending on the
model calibration, but, usually, is in the range 0-1.

As previously said, instantaneous releases of heavy gases often have low
temperature at emission and the dispersion cannot be assumed isothermal or
adiabatic. The energy balance must include heat exchanges by convection with
ground, by radiation with sun and so on. In DENZ code [16] natural convection
only is considered.

Continuous release

A release of long duration at low velocity (vapour emerging from a pool, ..) is
modelled as a plume, of contaminant flow rate m , with a rectangular cross

section of width 2L(x) and height h(x), where x is the downwind distance from
the source (Fig. 4-8). Plume density, temperature and composition are assumed
constant at each cross section.

Fig. 4-8 Box model for continuous release

A system of three equations determines the behaviour of half-width, entrained
air flow rate and temperature of the plume with the distance from the source.

The equation system included in CRUNCH [57] model s

L _i|L=P &V (4.13)
dx P 2Ly
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dm pV dL
—=2Lp.u, +—*—a, — 4.14
dx pa T L E dx ( )

dx
where ¢ is the thermal flux exchanged with the ground surface.

. ’ drT d \
[m,c;,_o +m.c,.,)P‘~=(:': =T Je, . —=+2Lg" (4.15)

The velocities of air entrainment from top and edges have the same expressions
adopted for instantaneous release (eqn 4.10 and 4.11), but proportionality
constants differ (in CRUNCH model ug = 0.6 and up = 0.2).

Criteria for transition to passive(neutral) dispersion
The used criteria can be grouped into three kinds [42]:

» density perturbation (p-p; )/ p £0.01

» bulk Richardson number < 1 (critical value)

» frontal velocity U; becomes of the order of magnitude of the friction
velocity.

At the transition point box models change over to a Gaussian puff or plume
models (sec. 4.3.1 and 4.3.2). Virtual point source concepts are used to make
transition.

Remarks on box models

The synthetically described models assume that release sources have known
cylindrical or rectangular shape. The initial dimensions must be defined through
proper "source term" models depending on accident type. For "cold" or "warm"
catastrophic Tuptures reference can be made to the treatment given in [58] and
[10] respectively, while continuous releases require pool models (for cryogenic
liquids) or vapour jets models (see sec.1.1).

It is worth noting that box models assume that the contaminant is completely
contained in a dense puff (a cylinder) or plume of finite dimensions, thus the
contaminant concentration has a discontinuity at boundaries. This simplification
is removed in the advanced similarity models.

4.4.3.2 Advanced similarity models

These models, which can also treat time-varying releases, use more realistic
assumptions to describe the distribution of the contaminant downwind the
source: vertical and lateral variations of concentration are taken into account
assuming that the cloud consists of a central homogeneous core in which
dispersion occurs only vertically and of an external region where Gaussian
concentration profiles take place.
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The most characteristic model of this kind is the Colenbrander model [59]. It is
named HEGADAS and has been modified in [60] and later by Spicer and
Havens [61]. The main contents of this last adaptation, which is called
DEGADIS, will be briefly explained in the following. A complete knowledge of
the mathematical treatment is obtainable referring to the bibliography.

DEGADIS can be separated into three parts:

« the dense gas cloud formation and growth, either from an evaporating liquid
pool (continuous release) or from a specified gas volume (instantaneous
release);

+ the downwind dispersion of a steady-state release;
« the transient release simulation.

For sake of shortness, attention will be only devoted to the second phase, the
most crucial one.

The downwind dispersion of a steady-state release (continuous source)

The model deals with the dispersion of gas entrained into the wind field from an
idealised rectangular shape source of width 2B and length L. The following
similarity profiles for the time-mean wind velocity u, in the atmospheric surface
layer and for the vapour concentration C in the heavy gas plume have been
adopted

u, =u, [i) (4.16)

C(x,y,z) = C, (x)exp[—[ |- b(x)} - [LJ :| for [y| > b (4.17)

S, (x) S, (x)
C(x,y,z)=C, (x)expl:-—[s zx)} } for |y|<b (4.18)

Fig. 4-9 gives a graphical description of an iso-concentration contour.

The x-dependent variable C, {(ground level, centreline gas concentration), b
(half-width of the horizontally homogeneous centre section) S, and S, (lateral
and vertical dispersion parameters) are to be determined in order to evaluate the
concentration profile.
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Fig. 4-9 iso-concentration contours

Their values can be obtained form the solution of the following system of
equations

1+a 2
1+a) B -p H
d B, S, =£u_'(_)'_‘f with  Ri, =g_p_f_74__‘f (4.19)
z, u, D(Ri,) ' p, ul

as 2 |18
5 5 4’33; [5,/::;2} 5
dx Vs qu
1\ ' 'V
B, _ il [1+a) P=p, | i[z a) .21)
dx Il dd+e) 2, Z, '
L
0 P u z S Iz
E= Cu. dydz =2C ——"—") 2 "B 4.22
[ cua A[Ha (ZJ . (4.22)
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where K is the von Karman constant, B and & are constants in the
experimentally determined expression for o, I is the gamma function and B.g
and H.g are respectively the effective half-width and height of the plume
defined by:

")
B =b+-‘/—;-s H, =—1%ta/¢

. 2 7 7 l+a s

When x is large and b becomes zero the Pasquill correlation is used in order to
calculate the lateral dispersion parameter.

With regard to the system of equations, it can be noted that:

« equation (4.19), which is derived from the diffusion equation, contains a
bulk Richardson number Ri,. The function ¢(Riy) describes the influence of
a density stratification on the diffusion in the vertical direction and is
obtained from experimental data;

» equation (4.20) is a rewriting of the simple two-dimensional diffusion
equation which is assumed to hold also if b is not zero;

« equation (4.21) describes the gravitational lateral spreading of the dense
plume due to the difference in density between the plume and the
surrounding air;

» equation (4.22) is the integral mass balance for the contaminant.

It is worth noting that the density of the vapour-air mixture must be known for
the evaluation of the Richardson number Ry, which, as said, appears in the
expression describing the gravitational spreading of the plume. Then an energy
balance must be written to correctly evaluate the cloud temperature and
consequently the cloud density. In [61,62] heat fluxes from ground and from
entrained air are considered.

4.4.3.3 Numerical codes for dense gas dispersion

Several numerical codes for dense gas dispersion modelling are described in the
open literature and an interesting comparison between fourteen codes and eight
experiments is reported in [63]. A list, surely not exhaustive, of these codes
contains: CHARM [64], FOCUS [65], GASTAR 2.22 [66], PHAST 2.01 [67],
SLAB [68], TRACE II, OME [69], DENS! [70], BOX [71], WHAZAN [72],
HGSYSTEM.
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5. VULNERABILITY MODELS
5.1 Introduction

The models reported in the previous paragraphs aliow to calculate the physical
impacts of accidents, e.g. the spatial distribution of heat radiation for fires, of
blast overpressure for explosions, of concentration for dispersions. The
consequences of accidents depend on the object of the study; thus they may be
expressed either as deaths or injuries for assessing effects on human beings or
as monetary losses, if damages on structures and buildings must be evaluated.

Nevertheless, to compare risks of different types, a common unit of conse-
quence measure must be used: the predominant comparison criterion for estab-
lishing damages on people is generally based on fazalities.

A method of assessing consequences is the direct effect model, which uses
predetermined criteria: for example death is assumed to result if an individual is
exposed, for a known duration, to a certain concentration of toxic gas or to a
fixed radiant flux. Obviously with these criteria also safety distances can be
evaluated. Some reference values for the effects of thermal radiation,
overpressure and toxic exposure are reported in App. L

In reality the consequences may not take the form of discrete functions but may
instead conform to probability distribution functions. The more largely used
statistical method is the probit (probability uni?) method described by Finney
[73] that introduces a generalised relationship useful for any variable whose
probabilistic outcome can be defined by a normal (Gaussian) distribution. So
this method can be used to assess any effect by establishing a statistical
correlation between a "damage load (dose)" and the percentage of people
affected to a specific degree (response). The percentage of people affected can
be also considered as the probability of an individual to suffer a damage.

Response versus dose curves can be drawn for a wide variety of exposure,
including exposure to heat radiation, overpressure, foxic concentration, impact
and sound.

We can conclude these considerations observing that the use of the probit
method is a good tool to obtain information about the magnitude of the damage,
as it permits to establish the distribution of the percentage of people affected by
a damage (usually death), i.e. the probability of damage, in a specified area
around the accident source.
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5.2 The probit method
The relationship between the probability P and the probit variable Y is:

r=§
P= q—:‘l’.ﬁ Jexp(—u‘ 12) du

(5.1)

thus Y is a random variable defined by a normal distribution with a mean value
of 5 and a standard deviation of 1 and P is its cumulative function. The
relationship 5.1 is plotted in Fig. 5-1 and tabulated in Tab. 5-1 .
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Fig. 5.1 Probits versus percentages

% 0 1 2 3 4 5 6 7 8 9
0 - 2.67 2.95 3.12 3.25 3.36 3.45 3.52 3.59 3.66
10 372 3.77 3.82 3.87 3.92 3.96 4.01 4.05 4.08 4.12
20 4.6 4.19 4.23 4.26 4.29 4.33 4.36 439 4.42 4.45
30 4.48 4.50 4.53 4.56 4.59 4.61 4.64 4,67 4.69 472
40 4.75 477 4.80 4.82 4.85 4.87 4.90 4.92 4.95 4.97
50 5.00 5.03 5.05 5.08 5.10 5.13 5.15 5.18 5.20 5.23
60 5.25 5.28 5.31 5.33 5.36 5.39 5:41 5.44 5.47 5.50
70 5.52 5.55 5.58 5.61 5.64 5.67 5.71 5.74 5.77 5.81
80 5.84 5.88 5.92 5.95 5.99 6.04 6.08 6.13 6.18 6.23
90 6.28 6.34 6.41 6.48 6.55 6.64 6.75 6.88 7.05 7.33
% 0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9
99 7.33 7.37 7.41 7.46 7.51 7.58 7.65 7.75 7.88 8.09

Tab. 5-1 The transformation from percentages to probits (from [1])
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The relationship 5.1 transforms the sigmoid shape of the curve response (P)
versus dose (V) into a straight line if the variable Y, instead of P, is plotted
versus logV. The probit variable is then computed from

Y=k +klnV (52)

Tab. 5-2 lists a variety of values of k; and k, for different type of exposures; the
causative factor represents the dose V.,

Causative Probit parameters
Type of injury or damage variable ky ks
Fire:
Burn deaths from flash fire 11810 -14.9 2.56
Burn dezths from pool burning 1?0t -14.9 2.56
Explosion:
Deaths from lung hemorrhage P’ -77.1 6.91
Eardrum ruptures p° -15.6 1.93
Deaths from impact J —-46.1 4.82
Injuries from impact J -39.1 4.45
Injuries from flying fragments J -27.1 4.26
Structural damage p° -23.8 2.92
Glass breakage p° -18.1 2.79
Toxic release: )
Chlorine deaths b7 ol -17.1 1.69
Chlorine injuries c —-2.40 2.90
Ammonia deaths SCH¥T -30.57 1.385

t. = effective time duration (s); [, = effective radiation intensity (W/m?); t =
time duration of pool burning (s); p® = peak overpressure (Pa); J = impulse (Pa
s).

Probit models to estimate lethal thermal doses from pool and flash fire and
lethal overpressure doses from UVCE and VCE are in general based on nuclear
explosion data.

Toxic dose is usually defined in terms of concentration raised to a power
multiplied by the duration of exposure (C® t), with n ranging from 0.6 to 3 [32] .
For continuous releases toxic dose may be calculated directly; for time-varying
(puff) releases it should be estimated by the following integration

Tend
v=[cdr (5.3)
where

C = concentration (in ppm); t=t.,q4 - t, exposure time (min).
Constants for lethal toxicity probit equations are provided in Tab. 5-3 for twenty
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pure substances.

a b n
Subsiance (ppm) (ppm) {min)
Acrolein -8.931 2.049 1
Acrylonitrile =29.42 3.008 1.43
Ammonia -35.9 1.85 2
Benzene -109.78 5.3 2
Bromine -9.04 0.92 2
Carbon monoexide -37.98 37 ]
Carbon tetrachloride -6.29 0.408 2.50
Chlorine -8.29 0.92 2
Formaldehyde -12.24 1.3 2
Hydrogen chloride —1h.85 2.00 1.00
Hydrogen cvanide —-29.42 3.008 1,43
Hydrogen fluoride -35.87 3.354 .00
Hydrogen sulfide -31.42 3.008 1.43
Methyl bromide -56.81 527 1.00
Methyl isocyanate —-5.642 1.637 1,653
Nitrogen dioxide =339 1.4 2
Phosgene —19.27 1,686 |
Propylenc xide -7.415 0.509 2.00
Sulfur dinxide —15.67 210 1.00
Toluene -h.794 0. 408 1.50

Tab. 5-3 Constants for lethal toxicity (from [1])

Probit equations parameters are usually derived from animal experiments; in
some cases, approximate estimations are available from historical toxic
accidents which complement animal data. Experiments usually concern groups
of rats or mice and there is no definitive correlation to relate human and animal
responses as the relationship between species often depends on the substance. A
used approach requires extrapolation procedures that account for differences in

air intake and body weight [74].

In |75 ) methods for the measurement of possible damages on people and objects
are explained with large details. In addition a chapter is devoted 1o treat an
argument of great importance in the QRA (Quantified Risk Assessmeni)
procedure: the protection against toxic substances by remaining indoors and its
evaluation.

5.3 Sample problems
N.1

Determine the thermal flux necessary to cause 50% fatalities for 10 and 100
seconds of exposure. Using probit method, eqn. 5.2 can be rearranged to solve
for the radiation intensity I
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e [10‘ exp|(Y +14.9) / 2.56]
1

3/4
] where for 50% fatality Y = 5.0 (Tab.5-1).

The results are

t(s) I (kW/m 2)
10 61

100 11

This example demonstrates the importance of duration of exposure, especially
for short duration incidents such as BLEVE's and suggests that a fixed criterion
is inappropriate for such incidents. For prolonged exposures a specific criterion
could seem suitable, but in such cases the possibility of escape will play an
important role.

N.2

Determine the probability of death from a 20-min exposure to 400 ppm of
chlorine.

Using data of Tab. 5-3

Y = -8.29+0.921n(400* x 20) = 5.49
The probability of death, referring to Tab. 5-1, is 69%.

s s P
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APPENDIX I
Effects of thermal radiation on people and structures

Radiation intensity

(kW/m?) Observed effect
37.5 Sufficient 10 cause damage to process equipment
25 Minimum energy required to ignite wood at indefinitely long exposures
(nonpiloted)
12.5 Minimum energy required for piloted ignition of wood, melting of plastic
tubing
9.5 Pain threshold reached after 8 5; second degree burns after 20s
4 Sufficient to cause pain to personnel if unable to reach cover within 20's;

however blistering of the skin (second degree burns) is likely; 0% lethality

1.6 Will cause no discomfort for long exposure

Damages produced by explosion overpressure (1 bar = 14.5 psi)

Pressure
{psig) Damage
0.02 Annoying noise (137 dB if of low frequency 10~15 Hz)
0.03 Occasional brezking of large glass windows already under strain
0.04 Loud noise (143 dB), sonic boom glass {ailure
0.1 Breakage of small windows under strzin
0.15 Tupical pressure for glass breakage
03 "'Safe distance” (probability 0.95 no serious damazge beyond this value); projectile
limit; some damage to house ceilings: 10% window glass broken
0.4 Limited minor structural damage
0.5-1.0 Large and small swindows usually shattered; occasional damage to window frames
0.7 Miner damage to house structures
1.0 Partial demolition of houses, made uninhzbitable
1-2 Corrugated 2sbestos shattered; corrugated steel or zluminum panels, fastenings fail,
followed by buckling: wood panels (standard housing) fastenings fzil, panels blown
in
1.3 Steel frame of clad building slightly distoried
2 Partial collapse of walls and roofs of houses
2-3 Concrete or cinder block walls, not reinforced. shatiered
2.3 Lower limit of serious siructurzl damage
25 50% desirucuion of brickwork of houses
3 Heavy machines (3000 Ib) in industrial building sufiered lintle damage; steel frame
building distorted and puiled away {rom foundztions
34 Frameless, self-framing stee] pznel building demolished; rupture of oil storage 1anks
B Cladding of light industrial buildings ruptured
5 Wooden utility poles snzpped; 12ll hydrzulic press (40,000 1b) in building slightly
damzged
5-7 Nearly complete destruction of houses
7 Loaded 1rain wagons overturned
1-§ Brick panels, 8-12 in. thick, not reinforced, fail by shearing or flexure
9 Loaded train boxcars completely demolished
10 Probable 11zl destruction of buildings: heavy machines tools (7000 Ib) moved and
badly dzmaged, very heavy machine tools (12,000 Ib) survived
3060 Limit of ¢crater lip
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Relatively high blast overpressure ( > 15 psig) are necessary to produce fatality
(due to lung haemorrhage). Instead the major threat is produced by missiles or
by whole body translation [76].

Toxicity data (IDLH) for some substances

Many useful data on toxicity due to the inhalation exposure are available [75]:
in the following some IDLH values are reported as they are often used in risk
analysis.

IDLH the maximum airborne concentration of a substance to which a healthy
male worker can be exposed for as long as 30 min and still be able to
escape without loss of life or irreversibie organ system damage.

Substance IDLH (mg/m?)
Acetic acid 2502
| Acetic anhydnide 4254
Acrylonitrile 8843
Aminobenzene 388
Aminomethane 129
Ammonia 355
n-Amyl alcohol 551
Aniline 388
Nitric acid 263
Benzene 6510
Bromine 67
n-Butyl carbinol 551
Calcium oxide 139
Carbon disulphide 1586
Carbolic acid 20
Chlorine 74
Chloroethane 53700
Chloroform 4974
Chloromethane 21000
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