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96 A Unified Model of Pollutant Dispersion in Atmosphereand for Consequence Assessment

1. Introduction

The main objective of an on site emergency plarease of a chemical accident is to minimise consecgs for
people and environment by quick undertaking of appate emergency action (Borysiewicz M. et al.0@0
This in turn depends strongly on scenarios of twdent. This paper describes the Unified ModePoflutant
Dispersion in Atmospheres (UMPDA) implemented ittte MANHAZ software package SWAR. Programs for
analysis of accident scenarios implemented in yiseesn SWAR cover a variety of emergency situatiatated
to possible releases of toxic materials, explosiomg fires (solid material fires, pool fires etcThe UMPDA
represents unified approach to modelling of polititdispersion in atmosphere, for a ground-levetlevated
two-phase pressurised or un-pressurised releaskscbotinuous and instantaneous. The model is ricatidn
of approach used in the PHAST program, in the modkulating the pollutant dispersion (Witlox, RQ00). It
effectively consists of the following linked modsile

— jet dispersion;
droplet evaporation and rainout, touchdown;
pool spread and vaporisation;
heavy gas dispersion;
passive dispersion.

A single form of concentration profile is used tover all stages of a release. This allows for dngtlirom a
sharp-edged profile in the initial stages of arpease through to the diffuse Gaussian profileé d@uld be
expected in the final passive stage of spreading.

The UMPDA includes the effects of droplet vapoiisatusing a non-equilibrium model. Rainout produees
pool which spreads and vaporises. Vapour is addeH imto the plume and allowance is made for ttiitaonal
vapour flow to vary with time. In addition to them-equilibrium model, UMPDA also allows for an egwium
model.

The UMPDA allows for vertical variation in ambientnd speed, temperature and pressure. Anotherréeatu
the UMPDA is possible plume lift-off, where a gral@d cloud becomes buoyant and rises into the &mdr
clouds may be constrained to the mixing layer ifisitreached. The UMPDA allows for continuous and
instantaneous releases.

The model coefficients have been obtained dirdiotisn established data in the literature (based mwlsnnel
experiments).

Sections 2 — 8 of this Chapter include a descmptid the theory, the UMPDA thermodynamics, and the
UMPDA pool spreading/evaporation model. In Sectothe major conclusions are summarised. The reiader
referred to the UMPDA Technical Reference Manualdfetails not included in the present paper.

2. Atmospheric profiles

The wind speed varies with height in the atmosphasedoes the atmospheric temperature, pressumsityde
humidity, etc. Simple relations are described hené&ch are appropriate to the first few hundred e®tof the
atmosphere. Three options are provided for theatiar of atmospheric temperature and pressurehgiight:

1. Constant temperature and pressure profiles.

2. Linear temperature and pressure profiles.

3. Logarithmic temperature profile and linear presgudile.

Two options for the variation of wind speed withighe:
1. Constant wind speed profile.
2. Power-law wind profile.

It is recommended that logarithmic temperaturesdimpressure, and power-law wind profiles are s#sck this
will give the most realistic modelling.
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2.1. Temperature

The simplest temperature profile is one where thapheric temperature is constant with height. fid» most
complicated is a linear profile given by:

T(2) = T(Ze) + 0 (2 — Zer) (2.1)
where T atmospheric temperature, (K);
z height, (m);
Zref reference height for temperature, (m);
a temperature gradient, (K/m).

Values ofa for the various Pasquill stability classes (Pa§dei,1961) are listed in the table below, intdgted
for the A/B, B/C and C/D mid-classes (Crutcher, 5H1984).

Table 2.1: Values af for the various Pasquill stability classes.

Stability Class a (K/m)
A -0.020
A/B -0.019
B -0.018
B/C -0.017
C -0.016
C/D -0.013
D -0.010
E 0.005
F 0.028
G 0.040

2.2.Pressure

The model offers the choice of two atmospheric fares profiles. In the simplest, the pressure istor with
height.

In the other profile, the pressure decreases lineath height, and the pressure gradient is giogn
dP/dz = pg (2.2)

If it is assumed thgt and g are constants then this can be integratgiveo

P(z) = B~ pogz (2.3)
where: B is the atmospheric pressure at ground level, f/m
Po is the atmospheric density at ground level, (Ry/m
g is acceleration due to gravity, 9.81, @n/s
z is the height above ground level, (m).

This is an approximation singewill vary with height as the temperature and pues<hange. However this is a
second order effect which is not important withie first few hundred metres of the atmosphere.

2.3. Vertical wind profiles

The simplest vertical wind profile is one where thind speed is constant with increasing heightha t
atmosphere.

To provide more realistic modelling, the prograsogbrovides a power law form;
UW(Z) = l"N(Zref) (Z/Zref)p (24)
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98 A Unified Model of Pollutant Dispersion in Atmosphereand for Consequence Assessment

where: wind speed , (m/s);
z height above the ground , (m);
Ziet reference height for measurement of wind speeq, (m
p wind profile power , (-).

The power-law exponent p depends on the stabilityscand the surface roughness length. It is fobadp is a
strong function of stability class for stable cdiudis (E-G), but is insensitive to stability clafs unstable
conditions (A-C). Similarly, p is fairly insensitivto surface roughness length, at low values of ¢ but more
sensitive at high values of.z

The illustration shows the variation of the powalexponent as a function of the surface roughleeggh and
stability class:
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Figure 2.1. Wind power law exponent.
2.4.Other atmospheric variables

Humidity

The relative humidity is assumed to be constartt hitight.

Density

The atmospheric density at a height z is calcul&i@u the atmospheric temperature, pressure anddityrat
that height.

Composition

The composition of the atmosphere is assumed tmbstant with height.

3. Dispersion models

The main characteristic of dispersion models i¢ trafiles for concentration, velocity, and tempara are
assumed. The UMPDA model uses a particularly flexibrm, allowing for sharp-edged profiles whichcbeme
more diffuse downwind. Both instantaneous and oootiis releases are treated, for which many modgeitieas
are common. The vertical cross section of eachmiggneral, an ellipse while elevated, and a trtettallipse
while touching the ground (or impinging the mixihgight ceiling). A continuous release profile exterirom
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the source downwind, whereas an instantaneousseelgfile is a volume defined by revolving the tioa
cross section around the vertical axis.

An example of a general case continuous releast®isn in the illustration.

circular
cross-section
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crogs-section i effinti
F =R serni -elliptic
._ ( ¥ 7 cmss-sectfon
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ELEVATED TOUCHING GROUND-LEVEL
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Figure 3.1. Continuous release scheme.

The illustration shows the following aspects ofutlebehaviour:

— An elevated, heavy vapour/aerosol release whiatsstait with a circular cross section then tendfatben
into an ellipse as the cloud settles.

— Upon touching down, the cross section becomesredtad ellipse, and the cloud levels off as the¢icadr
component of momentum is dissipated.

— Aerosol droplets may rain out shortly after touchdo Rainout produces a pool which spreads and
vaporises.

— The vapour from the pool is added back to the pjuase function of time.

— The plume can become buoyant after evaporatingaetibsol droplets and picking up heat by ground
conduction. A buoyant plume lifts off and risesibobnstrained by the mixing layer.

An example of a general case instantaneous reieakewn in the illustration.
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Figure 3.2. Instantaneous release scheme.

3.1.Concentration profile and cloud geometry

Figures 3.1 and 3.2 show the movement of the clodkde downwind direction. The Cartesian co-ordésat, v,
z correspond to the downwind, cross-wind (laterafizontal) and vertical directions, respectively= %
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corresponds to the point of release, y = 0 to thep centre-line and z = 0 to ground-level. Funthare s is the
arc length measured along the plume cefre8(s) the angle between the plume centre-line andhdhizontal,
and( the distance from the plume centre-line. In additilocal co-ordinates are used: (§,8) for continuous
release and (XY, Z) for instantaneous release.

The concentratiop is given by a similarity profile as suggested bgiWer et al.

P(Y0:(sS ) =Pcid(S)Ru(C,S)F(Yo,S) (continuous) (3.1)

with F(¢,8) = exp[-{* a?)]™* and F(yo,s) = expl-(y7 &")]™% a& = &(s), & = a&(s),

P(Xo0,Yo,20,t) = Peia(t) Fu(zo,)Fi(ro,t) (instantaneous) (3.2)

with Fy(zo,t) = exp[-(z07 &7)]"™ and F(ro.t) = exp[-(67 a)]"” & = a(t), & = &(t), o=V (X’ + ).

Equations (3.1) — (3.2) reduce to the Gaussian feh@n n = m = 2. For larger values, say m = 50filesoare
predicted by Equations (3.1) — (3.2) to be verylyesharp-edged. This formulation allows modellwfga sharp-
edged jet, as occurs from a smooth-edged nozdperiing to a jet with a more nearly Gaussian lgrddirther
downwind.

The exponents m and n are correlated as a funofiaghe normalised density difference which goes itite
calculation of buoyancy.

In case of steady-state (continuous) dispersionaton (3.1) describes exponential decay of theceomation

in y and{ in terms of the cross-wind and vertical dispersioefficients a(s), a(s). Empirical correlations are
adopted for the exponents m, n such that the neldr$harp-edged profile (large value for m) depslinto a
Gaussian profile in the far field (m = 2). As shoinrfigure 2, the plume cross-section is a circdgliiis a = &)
during elevated jet dispersion, a truncated cidtleng touching down, and a semi-ellipse after toog down.
The area of this plume cross-section, A(s), is iabth by integration of f{,s)R\(Yo,S) over, Yo. As in many
other dispersion models, the cloud is also chariae by an equivalent ‘effective cloud’ [rectarsutross-
section with area A, effective half-width M{x), and effective height {(x)(1+hy) with hy =0 for grounded
plume and h= 1 for elevated plume, with centroid cloud spegg and equivalent top-hat concentration equal to
the centre-line concentratiqgy(s).

In the case of instantaneous dispersion, the cioades in the downwind direction with cloud centtetiae t
denoted by x = x(t), y = 0, z = gq(t). Equation (3.2) describes exponential decathefconcentration ingxyo,

Zy = Z-Zyq in terms of the horizontal and vertical dispersaefficients &t), a(t), with downwind spreading
assumed to be equal to cross-wind spreading €. As shown in Figure 3, the cloud is a spherei(®é = &)
during elevated jet dispersion, a truncated splderéng touching down, and a semi-ellipsoid aftenctung
down. The volume of this cloud,u, is determined by integration(&,t)F.(ro,t) over %, Yo, Z. The cloud is also
characterised by an equivalent ‘effective cloud/lifadrical shape with volume ¥, effective horizontal radius
Weg, and effective height d(1+hy)] with centroid cloud speed,y and equivalent top-hat concentration equal to
the centre-line concentratiqgy(t).

The physical interpretation of the effective widihd height is that the area under each curve iitiub&ation above
(of the horizontal and vertical concentration ge)fto the right of the coefficient y < ar z = g equals the area to
the left above the curve and below 1.0. In otherdaipthe concentration profiles are "squared ofty,the
dimensions K and W define an ellipse-shaped cross section of a tombdel which contains all the mass in the
cloud having the diffuse concentration profile giviey Equations (3.1) — (3.2). This general sintyarnodel,
therefore, retains all the simplicity and conveneiof a top hat model, but at the same time allguite general
concentration profiles.

3.2.Dispersion variables and equations

Models and Techniques for Health and Environmedtatard Assessment and Management
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The UMPDA model is formulated as an integral modeset of differential equations is integrated teeghe key
variables as a function of distance or time. A nentdf algebraic equations are then solved to olatdier variables
describing the dispersing cloud. The set of difited equations are basically the same for instetas and
continuous releases, although they are integraitbdr@spect to time in the first case and with egspo distance in
the latter. The same differential equations applpughout all phases of dispersion (e.g. jet, depassive),
although the exact terms on the right hand sidevaayas the cloud passes from one phase to the nex

The UMPDA model uses the similarity profiles, Egoas$ (3.1) — (3.2). Two sets of ordinary differahttquations
are integrated separately by a Runge-Kutta-Miln€MIR integration scheme. The first set, describihg overall
cloud behaviour, is described in this section; skeond set, describing droplet evaporation anédi@ijies, is
described in the next section. For stability, emtbgration requires a different step size. The itwtegrations are
kept synchronised in the horizontal direction (tree droplet integration is allowed to catch upthe jet plume
integration after each jet plume step).

For each set of equations, we first write the badaras time derivatives, which apply
d()/ds = [d( )/dt] yg* (3.3)
The variables which are integrated are:

Mg the mass of the cloud, (kg or kg/s);

I = Iy - Myglhy = Mgl - Mgty

the excess horizontal momentum , (kg m/s or k&@jn/
1, =My U, the vertical momentum, (kg m/s or kg m/s2);
X the horizontal position, (m);
z the vertical position, (m).

The first of the pair of units is for instantaneoekeases and the second for continuous releases.
The model equations for the overall behaviour efdtspersing cloud are as follows:
Conservation of species (air entrainment)
d()/dt = foFier+ ferosEcrosst fwyEny * foad Epas + Foad Epad (3.4)

where [k = jet entrainment rate,
Ecoss= Cross entrainment rate,

Eny = heavy gas entrainment rate,

.= near-field passive entrainmeate,

Epaf = far-field passive entrainmergte,
f = coefficients balancing different kinds of exitment, f = (0+1).

Formula for jet entrainment rate has been develbpddorton et al. (1956).
Conservation of excess horizontal component of manre

d(lxz )/dt = CDJSabovpairuzw |Sin36| + S_:)ndpairlal’k2 [1_(leuw)2] - Sgndpcld u2cld max [0, Sinfe)]sme (35)
The last two terms are added only when the clotwolishing the ground, and,(d U, ) > a threshold value.

Conservation of vertical component of momentum

d( 1,)/dt =-V(t) (Pcia— Pai)d —Co SabovPair Uw COD Sin'0 sgn(siM) + SyngPeig Ueig Max (3.6)
[0,sin(-6)]coH

where G,ovperimeter of the nominal elliptical cross-sectidithe cloud above the ground.

Horizontal position

d(x)/dt = Yy = uyq coPH (3.7)

Vertical position
d(z)/dt = y = wyg SinB (3.8)

Models and Techniques for Health and Environmerdtard Assessment and Management
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4. Thermodynamics models

UMPDA invokes the thermodynamics module while sodvthe dispersion equations in the downwind dicecti
The module describes the mixing of the releasedpoment with moist air. The module calculates thasgh
distribution [component (vapour, liquid), vapouddiguid cloud temperature, and cloud density.

The liquid component in the aerosol is consideredcansist of spherical droplets and additional thbp
equations may be solved to determine the drop@tdtories, droplet mass and droplet temperatuaedat of
the liquid component occurs if the droplet sizeufficiently large.

The UMPDA includes the following types of thermodymic models:

—  Egquilibrium model.Thermal equilibrium is assumed, which implies tthet same temperature is adopted for
all compounds in the cloud (vapour and liquid). Twpiilibrium model determines the phase distributio
and the mixture temperature.

- Non-equilibrium modelThis model allows the temperature of the drofligiid component) to be different
of the temperature of the other compounds in tbactl The non-equilibrium model determines the vapou
temperature.

In conjunction with the equilibrium thermodynamiosodel the droplet model is used to set the droplet
trajectories, the droplet mass, and the point imior#. In conjunction with the non-equilibrium tiheosdynamics
model, it additionally calculates the liquid draptemperature. The initial drop size is taken a&srttinimum of

the droplet size calculated by mechanical breakagflashing break-up.

5. Pool spreading and vaporisation

If the droplet reaches the ground, rainout occues,removal of the liquid component from the cloddis
produces a liquid pool which spreads and vaporiéapour is added back into the cloud.

The UMPDA source term model calculates the spregpdimd vapour flow rate from the pool. The pool sde
until it reaches a bund or a minimum pool thicknd$ge pool may either boil or evaporate while siakously
spreading. The model takes into account heat cdioshuérom the ground, ambient convection from tlie a
radiation and vapour diffusion. These are usuallyrhain mechanisms for boiling and evaporationsetedfects
are modelled numerically, maintaining mass and hakinces for both boiling and evaporating poolss Rllows
the pool temperature to vary as heat is eitherrbbddoy the liquid or lost during evaporation.

For a continuous release, the rate of generatiorapbur from the spilt liquid is added to the vapalieady in
the cloud to give a total flow rate for the comlmirmource. When the release stops there may tharpbeaod of
vapour generated from the liquid pool alone.

In the case of an instantaneous release the vagoduced by the spilt liquid is added back into ¢haud, so
long as part of the cloud still covers the pointvaich the pool was formed by the rained-out ligufdhe spilt
liquid all evaporates while covered by the cloudrntlall that is produced is an instantaneous clfutie liquid
has not all evaporated then once the upwind eddgkeofloud has moved past the pool any remainmgdiis
assumed to form a continuous source of vapour.

5.1.Droplet evaporation. Equilibrium modelling

This essentially assumes that each increment ofedadalr evaporates the maximum amount of vapour
thermodynamically possible. The simplest approactoiassume that the initial flash results in aovaiquid
aerosol in thermal equilibrium at atmospheric puessThe mixing process is assumed to be at theasat
condition with respect to the released liquid fed@ng as there is some proportion of the releasaterial in the
liquid phase in the cloud. This may result in lolutd temperatures as air is mixed into the cloudeniquid

still remains.
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5.2.Droplet evaporation. Non-equilibrium modelling

This allows the liquid temperature to decreasehasdroplets evaporate, thereby developing a tempera
driving force for heat conduction to the drop. Temperature decreases until a balance is achieatagtbn heat
gain by convection, conduction, and radiation, hedt loss by evaporation. At the same time, thardyiforce
for mass transfer is decreased by the accumulaefiemaporated vapour in the plume, but is increagtaeh air is
added by entrainment. In the limit, when either dneing force for mass transfer or the drivingderfor heat
transfer goes to zero, the non-equilibrium moddupes to the special case of the equilibrium motlek is a
theoretically more correct approach.

The temperature of the liquid droplets is calcudm®m a droplet evaporation model, whilst the tenapure of
the vapour is determined from an enthalpy balance.

5.3.Droplet trajectories

With either evaporation model option, the prograaftalates droplet trajectories. When the droplajettories
touch the ground, rainout is modelled as occurramgl all remaining liquid in the cloud is assumedatin out.

The pool is assumed to spread from this point iofoart.

(flashing) two-phase wapour-plum e
discharge from cetitre- line
pipefressel

droplet
trajectory

poitt of rainoat )
spreading

evaporating
licgaid ool

Figure 5.1. Droplet trajectory and liquid pool.

5.4.Pool spreading

The fate of the liquid that rains out is determifiydusing the liquid rate or the total liquid massoved from
the cloud as input to a liquid spill model, andrttestablishing a vaporisation rate.

The shape of the pool is idealised to be a ciraeyéinder of radius r(t) and uniform thickness htjth a point
source located at its centre. The radius of a ge@ading on land is found by numerically integigithe spreading
rate equation given by Opschoor (1979):

dr/dt =V [2g(h-hyin)] (5.1)

This assumes that the driving force for the spieddrmed by the hydrostatic difference betweentttiekness
of the current liquid layer and a minimum pool Kriess characteristic for the substrate. This resulthe rate of
spreading decreasing as the pool approaches theunmthickness.

Models and Techniques for Health and Environmerdtard Assessment and Management



104 A Unified Model of Pollutant Dispersion in Atmosphereand for Consequence Assessment

The spreading pool is assumed to grow concentyicattil it reaches an obstruction, e.g. a bundf attains a
minimum thickness. When the pool has reached a thengool radius is constrained to be equal tadldéus of
the bund. Where the pool has spread and vapomsptbtiuce a pool of depth equal to the minimumkiingss,
the spreading is constrained to be consistent thighthickness. Thereafter the radius will no lanige a simple
function of time.

For an instantaneous release, once the minimurkniss has been reached the pool will start to lshkeeping
this thickness. For continuous spills the ratepyead will be constrained once the minimum thickness been
reached but in most cases the pool will continugrtav slowly. Once the release finishes the podlinarmally
contract as for the instantaneous case.

The minimum thickness depends on the type of seidiad is shown in the table below.

Table 5.1. Pool minimum thickness.

Surface - Minimum
Number Description thickness (m)
1 Wet soll 0.03
2 Dry soil 0.05
3 Concrete 0.01
4 Insulating concrete 0.01
5-8 Water 0.001

5.5.Pool vaporisation

The liquid spill model can describe the spreading @aporisation of pools of liquid spilt. For spilbn land the
model takes into account heat conduction from toeirgd, ambient convection from the air, radiatiod aapour
diffusion. These are usually the main mechanisnsbfuling and evaporation. These effects are medell
numerically, maintaining mass and heat balancedbd&bh boiling and evaporating pools. This allows ool
temperature to vary as heat is either absorbetéiquid or lost during evaporation.

At each time step in the numerical calculations lileat balance on the pool is evaluated and fros ttieé
vaporisation mechanism (i.e., boiling or evapo@itivaporisation rate and pool temperature arerohited.

Initially, the temperature of the pool is assumethe¢ equal to the temperature of the releasedliqui
The net rate of heat flow into the pool is caloethfrom

Qnet = Qeond + Qeonv + Qad— Qevap (5.2)

where: Qun¢ is the heat flow rate from conduction, (W);
Qconv i the heat flow rate from convection, (W);
Qrad is the heat flow rate from solar radiation, (W);
Qevap IS the heat flow rate from evaporation, (W).

The heat flow rate from conduction is given fromnfiola developed by Shaw and Brisco (1978) whilehbat
flow rate from convection by Fleisher (Fleischer. M 980).

5.6. Coupling of pool vaporization and cloud dispersion

The pool-modelling may give the result that thered vapour generation, because the rate of gémerattoo
low to be of interest.

In the case of an instantaneous release the vagoduced by the spilt liquid is added back into ¢haud, so

long as the cloud still covers the point at whiamrout occurred. If the spilt liquid all evaporsitshile covered
by the cloud then all that is produced is an irtsta@ous, circular cloud. If the liquid has notealhporated then
once the upwind edge of the cloud has moved passpill point any remaining liquid is assumed tonfoa

continuous source of vapour.
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For a continuous release, the rate of generatiorapbur from the spilt liquid is added to the vapalieady in
the cloud to give a total flow rate for the comlmirmurce. When the release of liquid stops thengthen be a
period of vapour generated from the liquid poolnaloFor both instantaneous and continuous relehses
evaporating pool may or may not disappear befoee upper limit on release durations prevents further
consideration of effects. If it does disappear isitlescribed as a “cut-off” case while if not thersteadily
vaporising pool is left behind. If the release lits& continuous then the “cut-off’ vapour geneoatimay give
rise to a quasi-instantaneous cloud. It is assufbedimplicity that if the release is instantanedhsn if the
vaporisation is of such short duration as to ghe possibility of quasi-instantaneous behavioun ttheere will
most likely be no liquid pool left behind. To hatiee original instantaneous puff release and theeslent
quasi-instantaneous vaporised liquid cloud simeltarsly would be too complex a situation.

This completes the range of possible behaviourr&med out liquid. While the possible combinationfs
behaviour give a fairly complex overall pictureckatep by itself is relatively straightforward.the printout for
cases where rain-out occurs brief statements asengdf how much liquid was removed, at what stdge t
happened and what the subsequent rates of vapomnisetre.

6. Source term and release scenarios

6.1.Vessel type

With UMPDA one may choose one of the three typestafage vessel:
A. Unpressurised/refrigerated vessel.
B. Saturated liquid (the material is stored undeovt® vapour pressure).
C. Pressurised gas vessel.

6.2.Scenario

One may also choose one of the scenarios. Theelobiscenarios available depends on which vespel lpas
been selected.
1. Catastrophic rupture (for all vessel types). Thian instantaneous release of the entire invengither
in a spontaneous failure, an internal explosiora BLEVE.
2. Line rupture (for all vessel types). This is a4odire rupture of a length of pipework attached t@ssel
(or any kind of pressure reservoir). The dischargealelling calculates the pressure-drop through the
line based on the frequency of bends, couplingsjamctions and the valve velocity head losseshéf t
material is a volatile liquid, then flashing maycac in the pipe — equilibrium modelling is used foe
change of phase.
3. Leak (for all vessel types). This is a hole in Huly of a vessel, or a small hole in a large pifdee
discharge modelling uses a non-equilibrium orifieéculation, which takes no account of frictiondes
inside the system.

6.3.Release parameters

Phase of material to be released

For some combinations of vessel type and scernoe is only one possible release-phase e.gcetlasios for
the pressurised gas vessel are “vapour”. For atbenbinations, there is a choice between vapourligog,
liquid and two-phase, or vapour and two-phase.cHuice depends on the nature of the failure cassidered.
Pipe exit diameter

This is the internal diameter of the process pip&wo relief valve tail-pipe.

Hole Diameter

Leak scenario only. This is the diameter of theijant circular orifice with the same area as dhea of the
leak.
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6.4. Tank data

Temperature/Pressure

For case which is defined as “Pressurised gas Kesdbe scenario data, both temperature and pressave to
be specified. Check is made that the combinaticesdmrrespond with the stated storage phase fagthe
material is gaseous at those conditions).

For cases which are defined as “Saturated liquidthie scenario data, one can specify either terhperar
pressure, and for “Unpressurised/refrigerated dijuases, one specifies only the temperature.

7. Discharge calculations: continuous releases

The purpose of the calculations is to predict tbhedition of the material once it has been dischérgied has
expanded down to atmospheric pressure, obtainegethonditions for the time of interest. The mogiartant
quantities calculated to describe the conditiothefmaterial and release are as follows:

- Mass flow rate.

— Phase (vapour, two-phase, liquid).

— Liquid fraction (for two-phase conditions).

— Temperature (for gas or liquid conditions).

- Final velocity.

— Droplet diameter (for liquid or two-phase conditdn

— Duration.

These are the quantities that are passed to tperdisn modelling. The discharge calculations idelsome
additional quantities that are calculated in therse of the modelling and are used to obtain tfenties above,
but are not required for the dispersion modelling:

— Discharge velocity.

— Choke pressure.

— Choke temperature.

— Discharge coefficient.

This section describes how these quantities areuleaéd for the different vessel types and scearite
calculations involve the following stages:

1. Establish the initial storage conditions.

2. Calculate the release rate and choke state atitfad storage conditions.

3. Calculate expansion from choke conditions to atrhesp conditions.

4. Calculate droplet size.

7.1.Establishing the initial storage conditions

This section covers the types of initial storagedition that can be modelled, introducing some nartsgure, and
discussing the modelling requirements for the wariconditions.

The material before release is assumed to be storea vessel under either pressurised or refrigdrat
(unpressurised) conditions. The initial conditi@ne specified by the temperaturg ressure Pphase, and liquid
fraction F; (if stored as a saturated mixture of liquid angdota).

Pressurised storage

Pressurised storage conditions occur for gasesmeleéissure vessels containing vapour only, feseks containing
liquid under saturation conditions (i.e. a liquid eéquilibrium with its own vapour), or for vess&bich contain
pressurised liquid with no vapour present. For elessontaining either pressurised gas or liquid itecessary to
define both the temperature dnd pressure; Bo characterise the initial state. The liquid fiat F; is zero for gas
vessels, and unity for liquid vessels. For materidlich are stored under saturation it is sufficiertefine either the
temperature (the pressure being determined fronsdah@ation curve at that temperature) and thedlifraction.
Thus a saturated material stored at a temperatuveuld implicitly be at the pressurg£T;).
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Unpressurised storage

The other method of storage which is modelled fisgerated or unpressurised storage of liquids.ré@tage two
types of unpressurised vessel: cooled and saturtedcooled, unsaturated, storage the temperaiuneust be
specified and the liquid fraction is assumed toubity. Materials stored under saturation conditiant be at a
temperature determined from the saturation curve Tg(P,) with a specified liquid fraction. For both types
vessel a liquid head Is required.

The liquid head is combined with the ambient pressBiiof storage to define an initial pressure:
Pi=P+pigh (7.1)

where: p; = density of the stored material,
g = acceleration due to gravity.

Given the temperature, pressure and liquid fractioa entropy, enthalpy, and volume of the inisiglte can be
calculated, for use in the discharge modelling:

S=3(T, R, Ri) (7.2)
Hi=H(T. R, R) (7:3)
Vi=V(T, R, R) (7.4)

7.2.Discharge modelling for given storage conditions

Leak scenario

The unimpeded flow through an orifice can be regdrds well approximated by reversible adiabatiaezmn,
that is isentropic expansion. Only when the kinetiergy of release is converted to heat does rsiikity enter

the thermodynamics. The general approach to modetiese flows is then to calculate the mass fiuaugh the
orifice as a function of pressure in the planehef orifice. For choked flows this will have a maxim at some
point above atmospheric pressure, while for unctidl@vs the pressure in the orifice will be atmospth. The
flow may or may not be in thermodynamic equilibriuansaturated liquid may not flash until outside trifice,

for example. This can be taken into account byifgrahe phase of the flow to remain unchanged when
calculating the results of expansion.

The discharge through an orifice can conceptualgdnsidered in two stages; firstly expansion ftbminitial

storage conditions to the conditions in the orifit@dlowed by an expansion to ambient pressureideitthe

orifice if the flow is choked. This section des@dhthe expansion to the conditions in the orifitee-expansion
from the orifice conditions to atmospheric condids described in a later section which coversadharios.

The orifice conditions are specified by the tempemT,, pressure Pand liquid fraction k. This expansion is
assumed to be reversible and adiabatic, thatn¢rigaic. Thus, for a given orifice pressurg the temperature,T
and/or liquid fraction i must be determined such that the entropy at iifieeoplane:

So = S(To, P, o) (7.5)
is equal to that of the initial state &scribed above. This is achieved by numericahaiing T, and/or I, until S,
=8S.

In this process the phase, temperature, and Ifopition of the material in the orifice are detamed and from these
the enthalpy and volume in the orifice can be dated!:
HO = H(TOl PO! FLO) (76)

Vo=V(To, Py, Ro) (7.7)
The mass flow rate through the orifice at the presg is then given by:

M = CyAcPyy-2(Ho- Hi) (7.8)

where: G= discharge coefficient,
A, = area of the orifice,
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po = density of the material in the orifice (= 1JV

The velocity of material flowing through the verentracta of area &\, is:

Uo= \/'Z(Ho'Hi) (7:9)

For gas flows an estimation of the choke pressyigRade using the ideal gas formula:

5 YWD (7.10)
P. = B m

where y=ratio of specific heats.

If the choke pressure. 5 less than the ambient pressugghen the flow is unchoked. The pressure in thiiceri
will then be ambient and the calculation describbdve can be carried out witl £ P,. However if R is greater
than R the flow is choked. A calculation of the flow ratemade for an orifice pressurg €jual to the choke
pressure Pcalculated from the ideal gas equation. To allosnbn-ideality in the actual equation of statedhice
pressure is then varied until the maximum flow rete been found.

For two-phase flow the orifice discharge calculatitescribed above is first carried out for an ceifpressure equal
to the ambient pressure,£P,. Another calculation is then carried out at atglighigher orifice pressure. If there is
not an increase in flow rate as the pressure isased then the flow through the orifice is unclkioKéne pressure in
the orifice is therefore ambient, £ P,, and the final state parameters are those eqtia tcondition of the material
in the orifice: ¥ = T,, Rs = Ro, & = W. On the other hand, if the flow rate through thiéice increases as the
pressure is raised above ambient the flow is chakedhas a maximum value at a choke pressusdiBh is greater
than the ambient pressure. This choke pressureetexndined by repeating the calculations descriisove
numerically iterating on the orifice pressurgeutil the mass flow rate is maximised. It is vanjikely that the flow
of a liquid would be choked.

For incompressible fluids, i.e. liquids, a valueQo6 is used for the discharge coefficient; a valinch is well

known to be appropriate in this case. For compksdiuids the method described by Bragg (1960)sed to

calculate the discharge coefficient, generalisedrp equation of state rather than being spedifithé ideal gas
equation of state.

Linerupture scenario

For pipes, the equations of flow are solved nuradlyidor a given outlet pressure and a certain rflasgsn the pipe.
As the pressure drops along the pipe, the statieeofnaterial is evaluated from irreversible expamsconserving
the mass flux. For two-phase flows it is assumed tiie flow is homogeneous and in thermodynamidibgum.
The results of this calculation are to give thetiibhal losses that correspond to a certain optietsure and flow
rate. For any given pipe the losses from valvéstidn along the length of the pipe and miscellarseother losses
are known and so the flow in the pipe is variedl tim frictional losses match.

Initially an orifice (or leak scenario) discharggaulation is carried out to obtain a starting ealor the mass flow
rate in the pipe and the pressugeaPthe outlet. This is the maximum initial flowteathe actual flow rate will be
lower due to frictional losses in the pipe.

Consider a pipe of length L and diameter d. Fluitkes the pipe at a pressureaRd exits at a pressurg Bowing
down the pipe at a mass flow rate per unit area G.

Let the fluid have a densifyand the pipe a resistance to flow per unit areaudfce of R. Assuming that the pipe is
horizontal and that no work is done by the fluidtbe pipe, the energy balance equation for a sthalhge in the
flowing fluid is:

%d(uz) +VdP + dF = 0 (7.11)

where: u = flow velocity,
V = specific volume.

The energy lost to friction in the element dl is:
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4R (7.12)
dF = (—jdl
pd
Substituting for the flow velocity u = GV and reamging gives:
dv = dP 1 (4R] _ (7.13)
— + + —|dl =0
\% GV  G?*vi\pd

Integrating along the length of the pipe then gitestotal frictional loss in the pipe as:

_(8RL) _ vi) 1%dP (7.14)
For = > =2 In — '_Zji
pu’d Vo Gy V

To calculatddP/V it is assumed that the fluid flow can be megkeas an irreversible adiabatic expansion.

The actual frictional loss in the pipe is deterrdims follows. The Fanning friction factor is calteld as:
( ZRJ 2 (7.15)

f= =
pu?

"~ [3.2 - 25n(e/d)]
Where e =a linear quantity representing the roaghmf the pipe surface.

This is modified to account for losses in bends:
I = f[1 + Lbendfbend] (7.16)

where: Leng= equivalent length of pipe for a 98egree bend,
foena= frequency of bends per unit length.

The total frictional loss along the pipe is then:

4f 1 (7.17)
Fot = L F+Vcoupfcoup+vjuncf junc +F+ N1K1+ N2K2+ N K3
d

where: G - discharge coefficient for a very short lengttpife (0.8 is used),
Veoup, Viune - Velocity head losses for couplings and junctjons
feoups fiune - frequency of occurrence of couplings and juneio
N1, N2, N3 - numbers of safety, release and shut-off valves,
Ky, Ky, Kz - corresponding losses per valve.

What is now required is the value of the outletsptee B and the mass flux G such that the frictional loss
implied by these values and found by numericaltggnating along the pipe is the same as that detethirom
the length and type of pipe, and the number of bog, junctions, and valves placed on it. This ldowquire

an iterative calculation to be carried out whicla isme-consuming process so instead a logaritimtécpolation

of flow against pipe frictional resistance is usecstimate the actual flow. Although this intedan is usually
good it can mean that slightly different resultstfte same length of pipe can be obtained, depgratirhow the
interpolation is set up.

If the outlet pressure s the same as the ambient pressyréhén the flow is unchoked at the outlet and the
thermodynamic state at the outlet and the flowaigtdn the pipe become those of the final state.

On the other hand if the flow is choked at the etutif the pipe — i.e. the outlet pressugddPgreater than the
ambient pressure,P the material will undergo an additional proceSexpansion down to atmospheric pressure.
This expansion process is described in a latefosseathich covers all scenarios.

For both conditions of outlet pressure, the mass fate is given by:

m = (nd?/ 4)G (7.18)
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7.3.Expansion from choke conditions to atmospheric presire

If the flow is choked then the pressure in theicgifis above ambient and there will be an expansiothe
material outside the orifice to ambient pressut@sTs also treated here as an isentropic expanSioa final
state now has a pressurgadd the temperature @nd/or liquid fraction | are iterated numerically so that the
final state entropy3s equal to the initial state entropya®ove, where:

S = S(Tr, Pa, Ry) (7.19)

As before from the results of this expansion thib@py of the final state can be calculated:
Hr = H(Ty, P R) (7.20)

Assuming that all the energy released in the expans converted into kinetic energy, the veloafymaterial at

ambient pressure is given by:
Ur = -2(Ha-Hj) (7.21)

For choked flows the final velocity does not correspond to a physically real veloeity is therefore referred
to as the final velocity. It has been developetidaused as a parameter describing the initial ikirgtergy in a
discharge for input to a dispersion model. Thesdatsoohave been calibrated to produce the correouiahof
entrainment when used with this effective velocltyshould be noted that for unchoked flow the iceifand
final-velocities are equal.

7.4.Calculation of droplet size

If the final state of the released material at @ambpressure contains liquid then the program taksithe size of
the liquid droplets. The method used depends ottheher not the liquid flashes.

For non-flashing liquids the calculation is basedtioe value of the Weber number for the escapipgidi The
Weber number is a dimensionless group represetitengatio of aerodynamic forces on drops to "cakdorces
holding those drops together.

It is defined as:
W=puwd/20 (7.22)

where: p,= density of ambient air,
U* = velocity of the emerging liquid,
d = diameter of the drop,
o = surface tension of the material.

If the drop has a Weber number which is larger thantical value W;; the drop will not be stable and will break
up into smaller droplets. The actual value of;\Wlepends on several factors such as whether tipeisisuddenly
exposed to stationary air or whether it falls fydfedbm rest. W,; can also depend on the type of break-up mechanism
involved and even on the viscosity of the mateFal: the purposes of the present modelling, thesaptications
have been ignored.

Thus if a jet is not liable to flash, the drop simeresponding to W, is calculated and if this is smaller than the size
of the jet the final droplet size is taken to bis talue. Droplet radii are always limited to tke jadius or to a
maximum drop size with a typical value of 0.01 mdwever, given the range of velocities and lengties found
with failure cases, any further increase in thiskimam drop size would be unlikely to affect the édimatic
behaviour of the drop.

8. Discharge calculations: instantaneous releases

This section describes the theory used in the digghcalculations for the catastrophic rupture aden The
calculations are much simpler than those for cotiis releases.
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The catastrophic rupture scenario is designed tdeian incident in which a catastrophic failureaofessel
occurs — i.e. the vessel is destroyed by an imgactack or some other failure which propagateg geickly,
leading to a tank completely losing its integrifihe resulting release is assumed to form a homagsn@ass,
expanding rapidly to form a semi-spherical cloutie Tassumption is that for a truly instantaneousass, the
actual expansion will take place essentially ogtsite vessel. The expansion of an instantaneoesseis, as for
continuous releases, taken to be initially a ralsadiabatic expansion.
The most important quantities calculated to desdifile condition of the released material are dsvist

- Expansion energy.

— Phase (vapour, two-phase, liquid).

- Liquid fraction (for two-phase conditions).

— Temperature (for gas or liquid conditions).

— Droplet diameter (for liquid or two-phase condisdn

The discharge calculations include some additiguaintities that are calculated in the course ofntioelelling
and are used to obtain the quantities above, lemeatrrequired for the dispersion modelling:
— Discharge velocity.

Modelling the expansion

For a material stored at temperatureafd pressure;Pand with liquid fraction F, the entropy, enthalpy, and
volume under storage-conditions are given by:

S=3(T, R, A) (8.1)
Hi = H(T:, R, R) (8.2)
Vi=V(T;, B, R) (83)

Upon release the stored material is assumed tonexpeversibly and adiabatically to ambient presdrdn
such an expansion entropy is conserved. Thus thpeiature Tand/or liquid fraction f of the final state must
be determined such that the entropy of the firstkst

S = S(T, P, ) (8.4)

is equal to that of the initial state Shis is achieved by numerically iterating @nd/or I until § = S. In this
process the phase, temperature, and liquid fractidhe final state are determined and from théseenthalpy
and volume of the final state can be calculated:

He = H(Ty, P, Fy) (8.5)
Vi =V(Ty, B, Ry) (8.6)

In the adiabatic expansion to atmospheric presaucertain amount of enthalpy is released. In aaltlithe
expanding material has to do work to drive backatmosphere.

The expansion energy of a release takes both sktheantities into account and is the energy retbéy
adiabatic expansion of the material, minus the vetlmke on the atmosphere:
E=-(H-H)-(R-R)V, (8.7)

This quantity is used in the correlation from Mauee al (1977) to describe the initial stages ofud dilution.
The implicit assumption in this is that all the emereleased by the reversible expansion goestidinetic
energy of the release. Even if this is only apprately true, the actual rate of dilution was based
experimental results, correlated against this diyantherefore, it is the appropriate physical paster to
describe the state of an instantaneous release.

Calculation of droplet size

Just as for continuous releases, instantaneowssesdhave a drop size estimated. In this casestbeity used in
the drop size calculations is determined from theaasion energy on the basis that this is a measutiee

kinetic energy in the cloud:
u= +2E (8.8)

It should be noted that the velocity is only indiea of the actual velocity of droplets in the albun reality
there would be a distribution of droplet velocitasd sizes.
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9. Conclusions

The key advantages of the new UMPDA model with eespgo other typical dispersion models can be
summarised as follows:

— a single model for the entire dispersion regimanfrine point of release to the far-field dispersion
including possible rainout and pool re-evaporatithis eliminates discontinuities and matching
problems;

— a very extensive verification and validation to unesthat the model shows the correct behaviour and
produces accurate predictions.

The UMPDA is integrated within the user-friendlydanell-established SWAR computer network basedsit@ti
support system for emergency response in case @hichl accidents. This enables plotting, linkingthwi
discharge/fire/explosion models, toxic/flammablepant and risk calculations. The results of UMPDA
calculations can be used in other modules of th&RBWystem both for emergency planning and for sujommp
emergency response in real-time.
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