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Introduction

To predict the consequences of accidents we predominantly use three main types of
models:

source models,
dispersion models, and

physical effects models.

The source models determine what is released and the dispersion mod

els calculate
where it goes to.

The physical effects models refer to the caleulation of, for example, toxicity effects
thermal radiation levels or significant overpressiures.

An important aspect of consequence modelling involves estimating the volume or
mass flow rate of material which is likely to be released during an envisaged scenario. In

addition the state (liquid, gas, suspended aerosol etc.} of the material after release and
its thermodynamic description are required.

Figure 1, from Fryer and Kaiser (1979), shows the many diverse release scenarios.

Most of these relate to storage vessels. A further set of scenarios are required for piping
arrangements.

Despite the range of scenarios, there are only three basic models required. They

mass flow rate from a liquid storage vessel or pipeline
mass flow rate from a gas storage vessel or pipeline
mass How rate from a boiling or evaporating pool.

Chemical, thermedynamic and fluid flow concepts are used in the

development of the
models,

It is useful to consider source models in two parts:
(i} a rupture model, and

{ii) a vessel or pipeline response model.

The rupture model typically takes the form of an orifice equation. The response model

reflects how conditions change as the vessel or pipeline loses mass.

It is frequently the case that the model required may not be obvious and some

intelligent assessment of the problem is required to ensure correct source model selection.
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Figure 2. From Fauske and Epstein (1989)

The importance of correct model selection is shown in Figure 2 where tlie down-
wind concentration (using simple dispersion model) varies by & factor of 30 between a

gas only and a liquid only release.

1. Material is liquid under storage and released (atmospheric)
conditions

In the absence of any frictional effects, and assuming quasi-steady flow, Bernoulli's equa-

tion may be applied to this incompressible fluid problem.

The exit velocity of the liquid will be given by
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where P, is the pressure in the reservoir above the liquid, P is the atmospheric pressure.

and H is the height of the free surface above the rupture as shown in Figure 3.

The exit velocity U is the velocity where the streamlines emitted from the rupture

are straight and parallel.

The volume flow rate will be
Q¢ = AjeU,

and the mass flow rate
m= p!Ajet U.

Due to streamline contraction, A can be smaller than the rupture area A and
Qe = C AU

where C, is a contraction coefficient equal to about (.6 for a sharp-edged circular rupture

and 1.0 for emission from 2 pipe where there is no contraction.

Additionally there may be some local frictional effects, for exampie when a short
length of pipe (greater than 3 diameters) is attached to a sharp-edged hole. In this case
the velocity U is reduced by a factor of about 0.8.

This latter effect and the contraction coefficient are frequently combined to form
a discharge coefficient so that
1
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where Cp = 0.6 for a sharp-edged circular rupture, Cp = 0.8 for a small length of pipe
attached to a sharp-edged hole, Cp = 1.9 for a well-rounded nozzle. The mass flow rate
is still given by

m = pyQy.

If there is extensive Pipework between the vessel and the rupture the resulting
frictional pressure losses may be included in the calculation. These result in a reduced
mass low rate.

The vessel response may be determined by considering how drops as the liquid
is removed and, if appropriate, how the pressure above the liquid responds as the volume
there increases. If the rupture is large enough the possibility exists for ap exchange flow
of liquid and ambient ajr through the rupture,

as does the pipeline response. For ruptures in the side of pipes, the liquid mommentum in
the pipe produces a liquid jet which is not normal to the pipe axis.

Figure 3

2. Material is gas under storage and released conditions

If the storage or reservoir Pressure is quite low, such that the emission velocity is Jess
than about 0.3 times the speed of sound, the gas may he considered incompressilile
and the results of the Previous section are applicable. However, more generally the
compressibility of the gas must be taken into account,

- We restrict the argument here to perfect gases in the absence of significant fric-
tional and external heating effects and expanding through an orifice from a reservoir
whose contents are at rest.

Initially consider the equation for flow through the rupture (orifice}. Application

of Euler's equation

UdU-{-é;—D:O

and the continuity equation
PAU = constant

will produce a sojution for the exit velocity U if the term 4F/p can be evaluated, The
assumption of a reversjble (frictionless) adiabatic expansion leads to the flow being ison-
tropic for which the fluid pressure and density are related by

P/p? = constant
where v is the ratio of the fluid specific heats
¥ =Co/Cy.

This result may be combined with the equation of state for a perfect gas

R

where R is the universa] gas constant = 8314 J/kmoleX and M js the molecular welght,
to produce the following results. The subscripts 1, 2, 3 used in the following are specifi-
cally for different positions:

‘1" refers to storage, reservoir or stagnation conditions
‘2’ refers to conditions just at the orifice
‘¥ refers to ambient conditions,

Obviously P, the Teservoir pressure, js larger than Py, and our interest is in what

mass flow rate can be driven through the orifice by the pressure difference between P

11



For a fixed Py the mass flow rate increases as Py is reduced until a maximum fHow
rate is achieved. After this no further increase in mass fAlow rate is experienced as the

pressure Py 1s further reduced. This phenomenon is called ‘choking’.

Analysis shows that if

P (7 + 1)”’“‘
Py 2
then the flow is not choked and the pressure at the orifice Pz equals the ambient pressure
P,. Note that (3-*1'—1-)"_:? is typically about 2. If '

n (13t NS
Py~ p

then the flow is choked, a maximum mass flow rate is achieved and the pressure at the
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The resulting velocities at the orifice plane appear in many forms, which can be confusing.

orifice Py is given by

For both cases,

One form is

m = ApU

2y =t
i P:] P3 N
A(ZP\PL‘TA]l (—P:) (1— (P]) ))

for unchoked flow
m-A P;)’Y(A_‘)w_‘l
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A somewhat more obvious form is

H

I

and

for choked flow.

i = Apa(2C,(T1 = T

where T; and pg may be calculated from Ti. p1 and P,/ P; from previously.
These results were based on several assumptions and we consider them agaiu.

The frictionless assumption should be applicable for an orifice flow. However,
if extensive pipework separates the reservoir from the orifice further, more complex
calculations are required of both a fluid mechanical and thermodynamic nature. However

the frictionless result will produce the largest mass flow rate.

Some of the thermodynamic aspects of the calculation may be approached by
replacing the {sentropic expansion coefficient -y with a smaller coefficient k. Tn a similar

way some aspects of non-ideal fluid behaviour can be accounted for by the use of ak # 9.

For gases at very high pressures modifications to the equation of state by inclusion
of the compressibility Z may be made.

Finally a discharge coefficient, combining a contraction coefficient and local fric-

tional losses, can be incorporated so that
m = CDAP‘](.ZC;;(T\ - TZ)]U'S

where a value of Op = 0.8 1s frequently used for choked flow.

Further complications will arise when the rupture is from a pipe carrying gas with

significant velocity rather than from a Teservolr.

The vessel response to the mass efflux will depend upon the heat transferred to

the vessel as it cools due to expansion of the contents.

Two limiting cases might be considered. If the expansion is rapid and the vessel
is well insulated it will cool, reduce the pressure of the contents and further reduce the
mass flow rate. A different view might allow enough heat transter to maintain the vessel
temperature at its initial value, This isothermal case would produce a smaller reduction

in the mass flow rate.

This analysis may also be extended to consider a liquid-containing vessel with a
vapour space above and with the rupture in the vapour space. Under these conditions
the rupture equations are as described earlier, but a more complex analysis is required
to consider the boil-off of the vessel contents. Note that under rapid depressurisation the
material within the vessel will not remain quiescent but may vigorously boil and foam,

leading to liquid ejection even when the Liquid is well below the rupture position.



3. Material is liquid under storage conditions and gas under
released (atmospheric) conditions

The model required here is one for a rupture within the liquid space but with the
possibility of a phase change and a two-phase release; partly liquid, partly gas. Fauske
and Epstein (1989) provide correlations for this two-phase flashing release problem (Table
1). G is the mass flux Per unit area.

Table 1. Summary of discharge rates and exit conditions
’ {from Fauske and Epstein 1989)

Flow condition G U, By
Non-equilibrium I ~ g V2(P, = P))p, Glpe PI(T))
Subcooled L ~ 0.1m VAP = P(Tp; Glpe PTy)
Saturated, no friction [ ~ 0lm  hgop, (T]zs)il G/pe  P,(TV)
Saturated, friction* Fhy,,, ()} S8 FP(T))

*Fis flow reduction factor and critical pressure ratio (homogeneous flow)

L/D F

01
50 0.8
100 o7
200 0.6
400 05

The function F eaq be approximated by (1+4 x 0.0015 x L/D)-05,

In the absence of significant frictional losses, the flashing fow through pipes and
orifices are generally choked, For two-phase flows the velocity of sound is quite low
because the compressibility is linked to the gas properties and the density to the liquid
properties, Consequently quite low mass flow rates correspond to choked conditions,

In many cases the pressure at the choke (the rupture position) can be approxi-
mated by the vapour pressure corresponding to the reservoir temperature. Fauske and

Epstein (1989) adopt this approach for all cases other than when the storage is at saty.
rated conditions and the effects of friction are significant. That is, apart from this |
case, the exit pressure is given by P(T, )

ast

Under non-equilibrium conditions, when the duct or orifice length is approxi-
mately zero,

= CpA[2P, + pegH — Pa}pe|*®

where H is the distance between the interface and the release height. This result is valid
for saturated as well as sub-cooled reservoir conditions.

Under equilibrium conditions, when the duct or orifice length is at least 0.1m,
then

™ = CpA[2Py + pegl ~ P,(T, Jpe®2.

For saturated storage conditions with friction but L = 0.1m the mass flow rate is given

by
0.5
m:cDA[Fﬁ-fi[ = J J

Ufg
where the Properties can be evaluated at the reservoir conditions and F = (1 44 x
0.0015 x L/d)="5, This result is invalid if the mass fraction of vapour

P]Ufg

r >
F
hfy

TyCpe

that is
> Py (CDAF)2
Ufg m? ’

equals the ambient pressure.

Application of the steady flow energy equation produces the result that the mass
fraction of the vapour at exit will be



where Cpe 1s the specific heat of the liquid, T, is the storage temperature, T, is the

ature at which the saturated vapour the ambient pressure, and hy

the latent heat of vaporisation at the ambient pressure.

Of considerable importance here is whether the liquid released ‘rains out’ or be-

comes a suspended aerosol. The later consequences 0 alternatives is quite profound

in determining hazard zones.

The flashing can be 2 ver
to the break up of the liquid into fine

y vigorous process which leads

liquid droplets that can remain in suspension,

ag air is entrained into the jet. Estimating the fraction of liquid

ained as an aerosol is very uncertain.

4. Material is a liquid spilling onto a surface and then changing
phase

There are two limiting cases that can be considered separately. The first is a slowly
evaporating pool applicable when the boiling point of the liguid is above the ambient or
surface temperatures. Under these circumstances heat sransfer will bring the pool to the
ambient temperature and there are then light to moderate evaporation rates dependent

strongly on the wind blowing over the pool.

For example, the SPILLS model uses conventional chemical engineering corre

tions to produce

la-

P

-

= Aks (RTMIT,

where P, is the vapour pressure at the pool temperature Tp and R /M 1s the gas constant.

kg is the mass transfer coefficient whose pon-dimensional form is the Sherwood number

Sh= 22
Dll’l

where D is the pool diameter and D, is the molecular diffusivity of the vapour in air.

The Sherwood number is given by

3 0.8
Sh = 0.037 (-”—) [(9‘2) - 15.200}
D v

where U is the wind speed and v the kinematic viscosity of air. Similar correlations are
to be found in other models.

The other limiting case is for a boiling cryogen where the boiling point of the
liquid is well below the ambient or surface temperature.

Under these conditions, and for a quasi steady-state, the gas evolution rate is
directly dependent upon the heat flux into the pool from the surface below, or from any

other sources such as solar radiation. Thus

9
pehsg

m =

where (@ is the heat input to the pool, p¢ the liguid density and hy, the latent heat of
vaporisation at the boiling temperature. The pool rapidly adopts the boiling temperature
{the temperature at which the saturation vapout pressure equals ambient pressure). The

heat input to the pool is typically dominated from the surface below and we note that



(1) the area of the pool will greatly influence the gas evolution rate and therefore

bunded containers are wise;

required in which the Pool temperature is the principal variable. Here the pool adopts
a temperature inflyenced by the heat transfer to the pool and the mass transfer from
the pool with a feedback where the transfer rates depend upon the pool temperature.
As mentioned earlier, the pool area is of considerable importance i determining the gas
evolution rate,

leading edge of the poal.

For a spill onto a liquid the leading edge velocity is proportional to

_ 1
(g ( Pu Pe) H)

Puw
where p,,, g are the densities of the water and the spilled pool and H is the pool depth.
The coefficient of Proportionality is normally taken as unity.

For a spill onto land one approach is to take the leading edge velocity proportiona)
to (gH}"l‘. However this approach is not rigorous and a more complete analysis or

Complications arise if the surface is rough (for both land and water waves), when
the flow may he surface tension limited and when ice layers may form beneath a cryogenic
spill over water. The influences of slopes, porous Bround, mixtures of substances, and
whether the evolving gas above the liquid pool may inhibit further evaluation also require
more specific treatment.

5. The linking of jet Source models to jet dispersion models
Jet dispersion models in use for consequence modelling are usually constant Pressure
models, that js the fluid within the jet is at a constant Pressure, the ambijent pressure.

However in two of the Previous cases studied the mass flow rate exits the rupture
at a pressure in excess of the ambient pressure:

(i) for a sonie jet from a choked flow,;

the steady flow mass equation
the steady flow momentum equation, and
the steady flow energy equation

Produces a depressurised jet velocity ( Figure 4)

PP
Uy =0, + 2°23

m/A
Ti=T -Ui/2cC,
SNEIE
and an exit area of the jet
m
Ay = — = TR?
2T ol 3

where R is the pseudo-diameter.

A difficulty arises in this analysis in that quite low temperatures may be experi-
enced, low enocugh for the released gas to condense.

For the two-phase release the exit pressure i

B =P(T)

g



where Py(T}) is the saturated vapour pressure at the storage temperature, and
U T
2 = - -

praz

After jet depressurisation P

Py — Py

Uyt ————
Us 2+ Ay

The flashing caleulation in which the final temperature is the boiling point, Ts, provides
the mass fraction of vapour a3

CpC(Tl - Tb)

I = —_—
hig .

ation of the density allows the relevant pseudo-diameter to be calcu-
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where Cpy = 0.6 for 4 sharp-edged circular rupture, C'p = (.8 for a small length of pipe
attached to a shzu-p-edged hole, Cp = 1.0 for a well-rounded nozzle. The mass flow rate
is still given by

mass low rate,

The vessel response may be determined by considering how & drops as the liquid
is removed and, if appropriate, how the pressure above the liquid responds as the volume

of liquid and ambient air through the rupture,

as does the pipelige response. For ruptures in the side of pipes, the liquid momentum in
the pipe produces & liquid jet which is not normal to the pipe axis.
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