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ABSTRACT

This report describes the theory of the Unified Dispersion Model (UDM) implemented into the consequence modelling package Phast
and the risk analysis package Phast Risk. The UDM models the dispersion following a ground-level or elevated two-phase pressurised
release. It effectively consists of the following linked modules:

jet dispersion

droplet evaporation and rainout, touchdown
pool spread and vaporisation

heavy gas dispersion

passive dispersion

These modules are linked in the UDM in such a way as to eliminate first-order discontinuities in cloud properties as transitions are made
between models. This is achieved by using a single form of concentration profile to cover all stages of a release. This profile is extremely
flexible and allows for anything from a sharp-edged profile in the initial stages of a jet release through to the diffuse Gaussian profile that
would be expected in the final passive stage of spreading.

The UDM also includes the effects of droplet vaporisation using a more realistic non-equilibrium model. Rainout produces a pool which
spreads and vaporises. Vapour is added back into the plume and allowance is made for this additional vapour flow to vary with time. In
addition to the non-equilibrium droplet thermodynamics model, UDM also allows for an equilibrium model. This equilibrium model includes
special treatment for releases of pure CO: (including modelling of solid CO: effects) and pure HF (including effects of polymerisation).

The UDM allows for variation in wind speed, air temperature, air pressure and atmospheric density with height above the ground by
incorporating various vertical profiles for these variables.

Another feature of the UDM is possible plume lift-off, where a grounded cloud becomes buoyant and rises into the air. Rising clouds may
be constrained to the mixing layer if it is reached.

The UDM allows for continuous, instantaneous and constant finite-duration releases. In addition the UDM model allows for general time-
varying releases, enabling, for example effective modelling of a leak as blow-down proceeds.

UDM model coefficients have been obtained directly from established data in the literature (based on experiments), rather than doing UDM
simulations and fitting the UDM results to the experimental data.
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1. INTRODUCTION

A greater hazard is generally posed by accidental discharges of toxic or flammable materials as pressurised liquids
than as gases or vapours. This is because pressurised liquids tend to form an aerosol cloud which has considerably
greater density and thus source strength than vapour or gas clouds. It is important to be able to predict the mass
fraction of liquid which evaporates or remains suspended as aerosol droplets, or, conversely, the fraction which
rains out. The rained out fraction will form a pool on the ground or on water and subsequently re-evaporate or
partially dissolve in the water. Rainout generally results in weakening the original cloud but extending the duration
of the hazardous event because of evaporation of the rained out liquid.

(flashing) two-phase discharge vapour-plume centre-line
from pipe/vessel

droplet
trajectory

point of rainout ] o
spreading evaporating liquid
pool

Figure 1. Droplet evaporation and rainout
After elevated two-phase discharge, evaporating droplets move away from the plume centre-line. If
droplets reach the substrate, complete rainout is assumes to occur leading to the formation of a spreading
liquid pool which provides a secondary source of vapour.

An integrated model must predict the following (see Figure 1):

« discharge data: release rate, aerosol flash fraction and Sauter mean drop diameter .
jet dispersion: air entrainment, vapour plume centre-line (particularly to touchdown)

« thermodynamics: droplet evaporation, droplet trajectories, rainout

* pool data: spreading, evaporation,

* heavy gas dispersion: air entrainment, gravity spreading

* possible plume lift-off

* passive dispersion

This report describes a model that integrates the above prediction modules, called the Unified Dispersion Model
(UDM). The current version of the UDM (Version 3) as included in Phast and Safeti supersedes earlier versions

In experiments sponsored by the Center for Chemical Process Safety (CCPS) of the American Institute of Chemical
Engineers (AIChE), measurements were made of the fraction of liquid captured after rainout from aerosol
discharges.! The UDM uses a drop size correlation adjusted to match UDM rainout predictions to the CCPS test
data. There are a number of other correlations required by the UDM for predicting such variables as the heat and
mass transfer coefficients to the evaporating drops and the drag on the drops which affects their trajectories. Each
of these correlations are established standards from the chemical engineering technical literature.

The original version of the UDM is described by papers by Cook and Woodward, i.e. papers on the droplet
thermodynamics model?2, papers presenting an overview of the model*>87. The current version described here
represents a significant revision and extension for all parts of the model. This has been carried out in conjunction
with a detailed literature review, verification and validation of the model. A joint industry project was carried out to
further refine the droplet size correlation (resulting in a ‘modified CPSS’ correlation) and to validate initial droplet

Theory | Unified Dispersion Model version 8.5 |

Page 1



size and

DNV

rainout against an extensive set of experimental data®. A new numerical UDM solver was developed to

solve accurately and more rigorously a single set of droplet and plume-dispersion variables using a differential-
algebraic solver from the Sundials suite'® (see Appendix G).

The reader is referred to separate documentation® for details on

the discharge calculations and droplet size correlations (which do not form part of the UDM model)
the adopted thermodynamics model THRM and droplet equations
the pool spread/evaporation model PVAP,

of this report is as follows:
In Section 2 a brief overview of the overall UDM model is given.

In Section 3 the dispersion model for a continuous release or instantaneous unpressurised release is
described. First the concentration similarity profile is given. Subsequently the unknown dispersion
variables are listed and the governing equations are described. The mechanisms for entrainment and
cloud spreading are given for the subsequent phases of jet dispersion, heavy-gas dispersion, and passive
dispersion.

Section 4 discusses the dispersion model for a finite-duration release with a constant release rate.
This model accounts for effects of along-wind-diffusion (passive air entrainment at upwind and
downwind edges of the cloud) reducing the cloud concentration. Two models are considered, i.e. the
Quasi-Instantaneous (QI) model and the Finite-Duration Correction (FDC) model.

In Section 5 the new model for time-dependent dispersion is discussed, whereby the time-dependency of
the dispersion results from either pool evaporation or a time-dependent release. The several scenarios of
rainout and evaporation are discussed, and the coupling between the dispersion model and the pool-
evaporation model is described. Previously modelling of time-dependent dispersion was carried out using
multi-segment logic, which excluded effects of along-wind-diffusion resulting in too narrow clouds with too
high concentrations. In the new model effects of along-wind diffusion are included using the so-called
‘observer’ concept.

In Section 6 the model for pressurised instantaneous releases is described.
In Section 7 it is shown how the model coefficients are determined from experimental data.

Section 8 finally contains a list of proposed future developments.

Theory | Unified Dispersion Model version 8.5 |
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2. OVERVIEW OF UDM MODEL

The UDM model is designed for use in consequence and risk studies. Following the flashing for a
two-phase pressurised release, it calculates the dispersion in the downwind direction (all phases
between near-field and far-field dispersion) including possible touchdown, rainout (and
subsequent pool formation and re-evaporation). It is applicable for toxic and flammable releases.
Following touchdown, it assumes dispersion over flat terrain with uniform surface roughness.

The UDM includes possible plume lift-off, where a grounded cloud becomes buoyant and rises into the air.
Rising clouds may be constrained to the mixing layer if required. The UDM allows for continuous, instantaneous,
constant finite-duration, and general time-varying releases. For low wind-speed releases, effects of downwind
gravity spreading effects are taken into account. For time-varying releases effects of downwind diffusion can
be taken into account. In case of multi-component dispersion, the model currently adopts pseudo-component
properties. In case rainout does not need to be modelled, the model also allows alternative more rigorous multi-
component modelling.

The UDM assumes constant ambient conditions with the ambient wind speed, pressure and temperature being a
function of height. Thus profiles are assumed for these variables as function of the vertical height (see Appendix A).

Figure 21 (steady-state dispersion) and Figure 22 (instantaneous dispersion) show the movement of the cloud in
the downwind direction. The Cartesian co-ordinates x, y, z correspond to the downwind, cross-wind (lateral
horizontal) and vertical directions, respectively; x=0 corresponds to the point of release, y = 0 to the plume centre-
line and z = 0 to ground-level. In addition to these Cartesian co-ordinates use is made of the ‘cloud’ co-ordinates s
and ¢. Here s is the arc length measured along the plume centre, with s=0 corresponding to the point of release.

In case of steady-state dispersion, the co-ordinate ¢ indicates the direction perpendicular to the plume centre-line
and perpendicular to the y-direction. The angle between the plume centre-line and the horizontal is denoted by 6 =
6(s), and the vertical plume height above the ground by zcq4 = zad(S). Thus z and ¢ are related to each other by z =
Zog + G cos(6).

In case of instantaneous dispersion, the co-ordinate ¢ indicates the vertical distance above the plume centre-line
and perpendicular to the y-direction. The angle between the plume centre-line and the horizontal is denoted by 6,
and the vertical plume height above the ground by zqq. Thus z and ¢ are related to each other by z = zgq + C.

2.1 UDM source-term input data (discharge or pool data)

The pressurised release of the pollutant is at x=0, y=0, s=0 and at a release height z = zg (m). The release direction
is in the plane y=0. For a continuous release, the model allows for an arbitrary release angle 6r with the horizontal
(-90° < Br < 90°)'. The discharge data provided as input to the UDM model may be derived from a discharge model.
The discharge parameters are as follows:

- release height zg (M),
- thermodynamics data: release temperature (single phase) or liquid mass fraction (two-phase), initial drop

size
- other data:
o] for instantaneous release: mass of released pollutant (kg), expansion energy (J)
o for continuous release: release angle 0r (°)", rate of released pollutant (kg/s), release velocity

(m/s), release duration (s)'

As an alternative to the standard discharge models, time-varying source term data input to the UDM may be
obtained from the pool model (see the PVAP theory document for full details®). In this case the rate of released
pollutant (kg/s), release velocity (m/s), release temperature (vapour phase) and release duration (s) are all
calculated by the pool model. In addition it is assumed that the release height zz = 0 m (ground level).

ubm (PHAST) also allows for a vertical downward jet impinging onto the ground. However the model for this is oversimplified and results should
therefore treated with care. The UDM model is not valid for upwind releases. It is valid for downward releases, as long as the jet does ‘gently’
touch the ground. Turbulent air entrainment into the jet resulting from the jet impinging on the ground is not included, and therefore the model

. may not be valid if the jet hits the ground with a strong impact.

" The angle is capped at +/- 89°. Angles approaching 90 can generate instabilities in the solution or post-processing that can reduce performance or

cause failures.

" For continuous releases (i.e. not time-varying or instantaneous) the UDM imposes a minimum release duration of 1 second and gives a warning
(UDM3 1135). This is to prevent mass conservation difficulties caused by observers moving relative to each other.
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2.2 Dispersion formulation (stages, thermodynamics, equations)

Cloud movement, touchdown and lift-off; jet, heavy-gas and passive dispersion

Following the discharge, an elevated, heavy vapour/aerosol release is modelled as a circular cross section
which tends to flatten into an ellipse as the cloud settles (see Figure 21 and Figure 22). Upon touching down
momentum is conserved, and the cross section becomes a truncated ellipse; the cloud levels off as the vertical
component of momentum is converted into downwind and cross-wind momentum. The cloud cross sectional
ellipse remains truncated until the bottom edge of the ellipse rises above the ground. The plume may become
buoyant and lift off and rise until constrained by the mixing layer.

The UDM provides a smooth model of touchdown and lift-off, and concentration profiles which become more
diffuse farther downwind. In the near-field the jet speed is significantly larger than the ambient speed, and the
major mechanism for cloud dilution is jet entrainment. The centreline velocity decays until either the heavy gas
or the passive dispersion mechanisms become dominant. For a low-momentum release, the jet dispersion
mode may never be dominant.

Droplet evaporation, rainout, and pool spreading/evaporation

A module for modelling droplet evaporation for an aerosol jet combined with entrainment and plume trajectory
prediction has been used; see Figure 1. This model uses non-equilibrium heat and mass transfer correlations, and
typically the liquid temperature decreases below the vapour temperature. Since evaporation then takes place at a
lower vapour pressure, larger mass fractions rain out than are predicted by models which assume that thermal
equilibrium is achieved with entrained air.

The progress of the drops is modelled and rainout occurs when the drops hit the ground or the bund wall. The
location of the rainout is used to determine if the pool will be inside or outside the bund. Rainout produces a pool
which spreads and vaporises. The rained out liquid is then modelled as a spreading, circular pool until it reaches
both bund walls (if relevant), or until it reaches a steady-state pool size at the minimum pool thickness for which the
rate of evaporation and dissolution matches the rate of inflow of mass to the pool. The vapour from the pool is
added back to the plume, as a function of time.

Heat and water-vapour transfer from substrate

Following touchdown, heat transfer between the cloud and the substrate is taken into account. In case of dispersion
over water, also water—vapour transfer from the substrate is taken into account.

Dispersion variables and solution to dispersion equations

The mathematical dispersion model is expressed in terms of differential and algebraic equations for the droplets
and the plume. The droplet equations describe the droplet trajectories, droplet evaporation and droplet energy
balance. The major basic plume dispersion variables can be considered to be the mass of wet air added to the
cloud, the plume position, the plume momentum, the plume temperature, heat and water-vapour added from the
substrate, and plume cross-wind radius. These variables are determined by imposing conservation of mass
(entrainment of air into the cloud), conservation of momentum, the relation between cloud speed and cloud position,
conservation of energy, substrate heat and water-vapour transfer relations, and cross-wind spreading equation.

The droplet and cloud differential and algebraic equations are solved simultaneously as a single linked set of
equations using a differential-algebraic solver from the Sundials suite10, which provides an accurate and robust
solution.

Downwind gravity spreading correction

The above differential equations do not account for downwind gravity spreading in case of a non-instantaneous
release. This may be significant during the heavy-gas regime in case the plume crosswind gravity-spreading
velocity is sufficiently large relative to the downwind plume velocity. Therefore in the latter case, the cloud width
is reduced and the cloud downwind incremental length increased such that the downwind gravity spreading
equals the crosswind gravity spreading; see Appendix D for details.
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2.3 Dispersion models for range of scenarios

This section outlines the UDM methodology in case of steady-state releases, instantaneous releases, quasi-
instantaneous releases, and time-varying releases.

2.3.1 Steady-state release without rainout

This model evaluates the dispersion variables as a function of downwind distance x. The basic variables are

- air mass flow (passing through vertical plane at x) added to the cloud (kg/s)
- excess horizontal and vertical momentum (kg m/s?)

- downwind horizontal and vertical position (m)

- heat added from the substrate (J/s)

- water vapour added from the substrate (kg/s)

- cloud width (m)

which are determined by solving a set of ordinary differential equations forward in the downwind direction (starting
from a jet release). These equations express air entrainment into the cloud, conservation of momentum, relation
between cloud speed and cloud position, a substrate heat-transfer relation, a substrate water-vapour transfer
relation, and a cross-wind spreading equation. The vapour temperature of the cloud is set in the UDM
thermodynamics module by imposing conservation of cloud enthalpy.

The droplet data are determined from the thermodynamics model. The droplet variables are the mass, speed,
position, and temperature. These variables are found by solving equations expressing droplet evaporation rate,

conservation of droplet momentum, relation between droplet speed and position, and conservation of droplet energy.

The concentration c is given by a similarity profile ¢ = c(x,y, <), with exponential decay in y, {described by means of
cross-wind and vertical dispersion coefficients oy, o, and with near-field top-hat profile (e.g. sharp-edge jet)
developing into a Gaussian profile in the far field. The cloud area is obtained by integration overy, ¢

Figure 23 displays the centre-line ground-level concentration and cloud width as function of downwind distance
(case of a ground-level release).

2.3.2 Instantaneous release without rainout

The initial phase of the pressurised instantaneous release is radial energetic expansion during which the pressure
reduces to the ambient pressure. Following this the cloud moves in the downwind direction. It moves upwards or
downwards if the cloud is heavier or lighter than air.

This model evaluates the dispersion variables as a function of downwind travel time. The basic dispersion variables
are

- mass of wet air added to the cloud (kg)

- excess horizontal and vertical momentum (kg m/s)
- downwind horizontal and vertical position (m)

- heat added from the substrate (J)

- water vapour added from the substrate (kg)

- cloud width (m)

which are determined by solving a set of ordinary differential equations forward in the time. The equations express
air entrainment into the cloud, conservation of momentum, relation between cloud speed and cloud position, a heat-
transfer relation, a water-vapour transfer relation, and a cross-wind spreading equation. The vapour temperature of
the cloud is set in the UDM thermodynamics module by imposing conservation of cloud enthalpy.

The concentration c is given by a similarity profile ¢ = c(x,y,t), with exponential decay in x,y,¢ described by means
of (‘passive’) dispersion coefficients ox = oy, oz, and with near-field top-hat profile (e.g. sharp-edge jet) developing
into a Gaussian profile in the far field. The cloud volume is obtained by integration over x,y, ¢
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Figure 24 illustrates the movement of the instantaneous cloud (case of a ground-level release). while the cloud
travels downwind, the cloud dilutes and becomes larger.

2.3.3 Finite-duration release (no rainout)

The UDM contains two models for the case of a finite-duration release, i.e. the ‘quasi-instantaneous’ model (Ql) and
the finite-duration-correction’ model (FDC).

The quasi-instantaneous model models the initial phase as a continuous source (neglect of downwind gravity
spreading and downwind diffusion). When the cloud width becomes ‘large’ with respect to the cloud length, the
cloud is replaced by an ‘equivalent’ circular cloud, and the subsequent phase is modelled as an ‘instantaneous’
circular cloud; see Figure 25a.

The ffinite-duration-correction’ model is based on the HGSYSTEM formulation derived from that adopted in the
SLAB dispersion model. It has a better scientific basis and is derived from an analytical solution of the Gaussian
plume passive-dispersion equations. It takes the effects of downwind diffusion gradually into account including
effects of both turbulent spread and vertical wind shear. A limitation of this model is however that it is strictly speaking
only applicable to ground-level non-pressurised releases without significant rainout. Moreover it produces
predictions of the maximum (centre-line ground-level) concentrations only (see Figure 25b).

2.3.4 Time-varying dispersion (time-varying release, rainout, or dispersion
from pool)

In Phast prior to the UDM dispersion calculations, discharge calculations are carried out (for release from a hole
of a vessel or a pipeline) to determine the UDM source-term data, i.e. the time-varying discharge data after
expansion to atmospheric pressure and prior to air entrainment [flow rate, velocity, temperature, liquid mass
fraction, droplet size (SMD — Sauter Mean Diameter)].

Observer calculations (prior to inclusion of effects of along-wind diffusion)

Subsequently ‘observers’ are released from the release location at intervals which can be chosen to correspond
to equal-mass increments (see Figure 2 for the case of 6 release observers). These observers will follow the
trajectory of the UDM cloud centre-line. For each observer steady-state calculations based on the observed
source data are carried out to evaluate the observer concentration prior to including effects of along-wind
diffusion; see Figure 2. These steady-state calculations involve a number of differential equations for the so
called ‘primary’ variables, which are solved numerically stepping forward in the time.

N8 e steady-state concentration curve for observer 1
%,

i Concentration
5 \_after along-wind diffusion
o = N
£ I\ g
2 . g & N Observer concentration
Py Q e Mg, (before along-wind diffusion)
= \’ <} ~ ~
S © ~ ¥ ~ ~
z ~ ~ ~
g 0 g i g
*‘) E ~ = ~
- ~ ~ ~ . Wings:
i ~ ~
tlmE(S) \\\\ \\\ oo \-’\\
e ——— e Tl \]‘\_‘_‘_::_‘
e W S e
Time 1 Time 2 Distance

Figure 2. UDM time-varying dispersion — observer method including AWD

Elevated time-varying releases without rainout
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In the absence of rainout, primary variables and associated differential equations are as follows

- Mass of moist air added to the cloud (kg/s) — air entrainment law describing turbulent mixing of air with
the cloud, accounting for jet entrainment, crosswind entrainment, heavy-gas entrainment and/or
passive entrainment

- Excess downwind cloud momentum and cloud vertical momentum (kg m/s?) — conservation of cloud
momentum accounting for gravity forces, ground impact forces and ground drag

- Downwind and vertical position of cloud centreline (m) — relation between cloud position and speed

- Heat conduction from substrate (J/s) — heat transfer equation between substrate and cloud

- Water evaporated from water substrate (kg/s) — water-vapour transfer equation between water
substrate and cloud

- Cloud width (m) - empirical spreading law in case of heavy-gas dispersion and based on formula for
ambient crosswind dispersion coefficient in case of passive dispersion

Additional equations are solved to derive the so-called ‘secondary’ variables from the ‘primary’ variables, which
includes nonlinear equations for cloud thermodynamics (isenthalpic equation to evaluate cloud temperature)
and cloud geometry. Furthermore an empirical concentration profile at each calculated downwind distance x is
adopted to evaluate the observer concentration C as function of crosswind distance y, and vertical height z.

Elevated releases with rainout
In this case, the following steps are carried out consecutively:

e  First calculations are carried out for all observers until the point of rainout to provide the time-varying
spill data (rainout rate, rainout time, and rainout location) input to PVAP, with linear interpolation
presumed between consecutive rainout times.

e PVAP calculations are carried out to determine the time-varying pool radius, pool evaporation rate,
and downwind distance of pool centre.

e Calculations are redone for the above “release observers”. While each observer moves above the pool,
the observer dispersion equations (conservation of cloud mass and momentum conservation, cloud
crosswind gravity spreading, heat transfer from the substrate, etc.) are modified to account for the pool
vapour added back to the cloud. Additional “pool observers” (corresponding to equal pool-mass
segments) are released upwind of the pool after the release plume has left the plume behind, or if the
pool spreads upwind of the release point.

The above steps are illustrated by Figure 3, where the first “release observers” (1,2,3,4) start from the release
point and subsequent “pool observers” (5, 6) start from the upwind edge of the pool:

e Figure 3a illustrates dispersion prior to rainout of the first observer 1, during which time no effects of
pools need to be taken into account.

e Figure 3b illustrates rainout of the first observer 1, which requires adjustment of the variables of
observer 1 at the rainout location.

e In Figure 3c observer 1 containing residual vapour is located downwind of the spreading pool.
Observer 2 has crossed the upwind edge of the pool and picks up vapour from the pool and the final
release observer 4 is released

e In Figure 3d observer 2 has rained out and has left the pool behind. Observer 3 moves above the pool
and observer 4 is located upwind of the pool.

e In Figure 3e the first pool observer 5 is released from the upwind edge of the pool after all release
observers 1, 2, 3, 4 have passed the upwind edge of the pool.

e In Figure 3f the original cloud (downwind pool edge marked by last release observer 4) starts to leave
the pool behind, and a separate cloud develops from the pool (given by pool observers 5, 6).

Dispersion directly from ground-level pool or ground-level vapour area source

In this case spill rate data are directly input to the model, and PVAP calculations are carried out to determine
the time-varying pool radius and evaporation rate. Subsequently “pool observers” corresponding to equal pool-
mass segments are released at the upwind edge of the pool, and observer dispersion calculations are carried
out as indicated above.

Alternatively pool source or vapour area source data can be supplied directly to the UDM in the same way as
for a normal release, except the source radius is given instead of release velocity. This option is limited to a
finite-duration ground-level source, with constant source data which do not vary with time.

Differential observer-velocity cloud mass correction
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The above method for a non-instantaneous release is based on a quasi steady-state approach based on a
steady-state solution for each observer. However, if observers move with substantially different velocities
(different curves for observer downwind distance versus observer travel time) the mass of released material is
not conserved by simply interpolating between these steady state solutions. Therefore a correction is applied
to the observer concentrations to ensure mass conservation. It reduces observer concentrations when
observers drift apart, and increases concentrations when they move to each other.

Inclusion of effects of along-wind diffusion

At a given time, the actual plume concentration including effects of along-wind-diffusion is calculated by means
of Gaussian integration of the observer concentrations. Figure 2 depicts the pre-AWD and post-AWD observer
concentrations at a short time after the release (time 1; limited AWD effects), and at a larger time after the
release (time 2; larger AWD effects).

Averaging time effect because of time-varying release rate

In addition to the averaging time effect of wind meander, the user can optionally apply additional time-averaging
of time-dependent concentrations. These can result from finite-duration releases, time-varying releases and/or
time-varying pool evaporation.

Table 1 provides an overview of UDM time-averaging and post-processing options for the full range of release
scenarios as described above.

vapour-plume
centre-line

(flashing) two-phase discharge from
pipe/vessel

Release observers at release
location until end of release or

. > droplet trajectory
pool upwind of release point

SUBSTRATE

(a) Dispersion before rainout (release observers from release location — no pool effects)

vapour-plume
centre-line

(flashing) two-phase discharge from
pipe/vessel

Release observers at release
location until end of release or

. > droplet trajectory
pool upwind of release point

SUBSTRATE

point of rainout spreading evaporating liquid pool

(b) Rainout (adjust observer variables at rainout location; solve pool equations afterwards)
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vapour-plume
centre-line

(flashing) two-phase discharge from
pipe/vessel

Release observers at release
location until end of release or

. > droplet trajectory
pool upwind of release point

SUBSTRATE

point of rainout spreading evaporating liquid pool

(c) Dispersion after rainout (account for pool vapour pick-up by cloud for observer calculations)

SUBSTRATE

point of rainout spreading evaporating liquid pool

(d) Downwind movement of upwind edge of cloud towards pool (after end of release)

SUBSTRATE

point of rainout spreading evaporating liquid pool

(e) Release observers upwind of pool (after ‘release observers’ all downwind of upwind pool edge)
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SUBSTRATE

(f) Dispersion directly from pool, with residual cloud moving away from pool

point of rainout

spreading evaporating liquid pool

Figure 3. UDM dispersion stages for time-varying release with rainout
OBSERVER POST-PROCESSING OPTIONS
CALCULATIONS
Release type Averaging-time IAlong-wind gravity Differential Along-wind diffusion Averaging-time
wind-meander Ispreading observer-velocity time-varying
effect (GSC = gravity-shape | mass correction release /pool
correction) effect
steady-state yes optional GSC no (n/a) no (n/a) no (n/a)
without rainout
instantaneous yes lyes n/aq yes optional via
without rainout integration
finite-duration, QI yes loptional GSC for pre-QI | no (n/a) optional before QI optional via
results integration
es after QI yes after QI (limitation
Gx=Cy)
finite-duration, yes loptional GSC (prior to no (n/a) yes via multiplication optional via
FDC FDC) factor F multiplication factor
[max. conc. only] D [max. conc. only]
instantaneous yes es for instantaneous n/a for yes for instantaneous optional via
(rainout) lobserver instantaneous observer (limitation integration
observer Gx=Cy)
optional GSC after optional after optional after rainout via
rainout for non- rainout other Gaussian integration for
instantaneous observer | observers other observers
time-varying, yes loptional GSC optional optional via Gaussian optional via
rainout & pools, integration integration
AWD

Table 1.

UDM time-averaging and post-processing options for range of scenarios
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3. UDM MODEL FOR STEADY-STATE OR UNPRESSURISED
INSTANTANEOUS RELEASE (NO RAINOUT)

The current chapter considers both cases of a steady-state release or an unpressurised release, where it is
assumed that no rainout occurs. The cases of finite-duration releases, cases with rainout, of dispersion from
(time-varying) ground-level pool sources will be dealt with in subsequent chapters.

3.1 Similarity concentration profile; cloud geometry

The Unified Dispersion Model is an advanced similarity model capable of describing a wide range of types of
accidental releases. The main characteristic of similarity models is that profiles for concentration, velocity, and
temperature are assumed. The Unified Dispersion Model uses a particularly flexible form for the concentration
profile, allowing for sharp-edged profiles which become more diffuse downwind. The vertical cross section is in
general, an ellipse while elevated, and a truncated ellipse while touching the ground".

3.1.1 Steady-state release

The continuous release profile extends from the source downwind. An example of a general case continuous
release is shown in Figure 21. An elevated, heavy vapour/aerosol release starts out with a circular cross section.
Upon touching down, the cross section becomes a truncated ellipse, and the cloud levels off as the vertical
component of momentum is converted into downwind and cross-wind momentum. Aerosol droplets may rain
out shortly after touchdown. Rain-out produces a pool which spreads and vaporises. If spilled onto water, part
of the material may also dissolve. The vapour from the pool is added back to the plume, as a function of time.
The plume can become buoyant after evaporating all aerosol droplets and picking up heat by ground conduction,
or by condensing water picked up over a wet surface. A buoyant plume lifts off and rises until constrained by
the mixing layer.

The profile form assumed here generalises on the original concepts of Ooms et al. (1974)!! as suggested by
Webber et al. (1992)'2. The concentration profile is given by

c(x,Y,&)=co(X)Fy (&) Fnly) (1)
e (2)
Fv(¢)=expy — R
o) (3)
Fr(y)=ep] - |-
Ry (X)

The scaling coefficients in the above equations are:

_ (4)
R, =20,

Rzzﬁo'z (5)

When m = n = 2, Equations ( 2 ), ( 3 ) reduce to the Gaussian form, and oy and o reduce to the standard
deviations (Gaussian vertical and cross-wind dispersion coefficients). For larger values, say m = 50, profiles
are predicted by Equations ( 2 ), ( 3) to be very nearly sharp-edged as Figure 26 illustrates. This formulation
allows modelling of a sharp-edged jet, as occurs from a smooth-edged nozzle, dispersing to a plume with a
more nearly Gaussian profile farther downwind.

WV JUSTIFY. The model currently assumes that the cloud is not truncated during capping by the mixing layer. The mixing layer logic in the model needs
further investigation.
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The exponent m is correlated as a function of the normalised density difference (pcia-pa)/pa Which goes into the
calculation of buoyancy, as shown in Figure 27".

The correlation for n is similar to the correlations for atmospheric flux gradients proposed by Businger et al. (1971)*3,
or Dyer and Hicks (1970)* as discussed by Lo and McBean (1978)*°. Figure 28 illustrates the correlation for
various stability classes as a function of zs = Hesi/|L| where Her is the effective height of the cloud defined below, and
L is the Monin-Obukhov length (< O for unstable atmospheres)¥.

Effective cloud data

At each downwind position x the UDM cloud can be characterised by a ‘equivalent’ cloud with effective height He(X),
an effective cloud half-width Wer, and cloud speed uqq, and equivalent top-hat concentration equal to the centre-line
concentration ¢,*". Using Equations (1), (2), ( 3), the effective cloud data can be expressed as follows,

© © (6)
1 1
Her = ———— [ c(x, ¥,0)d¢ = [ K, ()de =T (1+ )R, (9
c(x, y,0) 0 ° n
1 o o 1 (7)
) ! c(x,y,¢ )dy= ! Fr(y)dy=T(+—) R, ()
where the gamma function I'(z) is defined by
(8)

r(z):jt“e't dt
0

The physical interpretation of the effective width and length is that the concentration profiles are "squared off", so
the dimensions Hert and Wes define an ellipse-shaped cross section of a top hat model which contains all the mass
in the cloud having the diffuse concentration profile given by Equations (1), (2), (3 ). This general similarity model,
therefore, retains all the simplicity and convenience of a top-hat model, but at the same time allows quite general
concentration profiles.

To clarify, consider Figure 29 which plots three alternative curves to define a cloud cross-section corresponding to
an iso-concentration contour:

- The middle iso-concentration curve with semi-axes Ry, R, plots

m n
l + i =1
Ry RZ
According to Equation ( 1) it corresponds to the concentration contour level c(x,y,&) = e co(X).
- The outer iso-concentration curve plots the concentration profile ( 1 ) at three standard deviations, i.e. it
uses the ellipse semi-axes 3c6,=3R,/2'2, 35,=3R/2'2. For the Gaussian case m=n=2 this corresponds to

the contour level c(x,y,l) = €*5 co(X)= 0.011Co(X).

- Likewise the inner curve uses the semi-axes Wer and Herr. For the Gaussian case Wers = 0.5 2Ry, Heir =
0.5 n?R, with the contour level c(x,y, ) = e™* co(X).

V JUSTIFY. The adopted formula for m is similar to that adopted in the DRIFT model, but DRIFT adopts the more appropriate Richardson number Ri-
instead of the relative density difference. Large Richardson number means that gravitational potential energy dominates turbulence, while small
Ri- means that turbulent energy is dominating. Thus m(Ri-) embodies the idea that turbulence erodes a sharp edge.

M JUSTIFY. The adopted formula for n needs further investigation against the quoted references. A single correlation (as function of Her/L) valid for all
stability classes may be more appropriate.

" The UDM cloud speed ucq is assumed to be the speed at the cloud-centroid height z.. Other models often adopt the effective cloud speed uer [e.g.
HEGADAS, DEGADIS; see Equation ( 9)].
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For a ground-level cloud moving with the ambient wind speed u,, the so-called effective cloud velocity ues is given
by

o (9)
[ua@etx v 2 dz

0

o0

J.c(x, y, 2)dz
0

Uef (X) =

which with the profiles (1), (2), ( 3) and the ambient profile ua(z) = Ua(zrf) (Z/zwer)P gives:

P (10)
Ueff:—ua(zref) R r(1+—p+1)/r(1+1j
(P+1) | zrer n n

Plume cross-section area

A further simplification is to retain the elliptical cloud cross section as the cloud position changes from elevated
to touching down to grounded.

Figure 29 illustrates this point for a cloud which is touching down or lifting off.

Only that portion of the cross section which is above ground is physical (contains aerosol). The vertical distance
Zqd(X) between the ground and the geometric centre of the cloud's elliptical cross section is related to the fraction
hq(x) of the area in the bottom half of the ellipse which is above ground. Note that £ = -zqq / cos(0) at the ground.

The cross section shown in Figure 29 can be considered as that of a continuous release. Integrating to find the
cloud area via:

© © é/ n m ( 11 )
Au®=2 [ [epd = top) -1 tdyde
R, Ry
-Zyq /c0S(@) O
giving:
Ag =2Wett Hett (1+hg) (12)
where Hesr, Wett are given by Equations (6 ), ( 7)) and
13
ho—pld (zdd /cos(H)jn (13)
d=F | 5
n R,
Here the partial gamma function P(a,b) is defined by
1 b (14)
Pab)=—" [t e"dt
@)y

with the limiting values: P(a,0) = 0, P(a,) = 1. Note that for a plume aloft z,«/R, >> 1 applies; therefore hy = 1 and
the plume cross section is a full ellipse. For a grounded plume zqq =0 applies; therefore hy = 0 and the plume cross
section is a semi ellipse. For a plume partially touching down, Hex is the effective cloud height above the ground
centreline (centre to both the real and the “imaginary” portions).

The rectangular cross-sectional area Aqq defined by Equation ( 12 ) [width 2 Wes, depth Her(1+hg)] could be
considered to contain all the cloud mass mgq compressed to a concentrated, top hat form [equivalent top-hat
concentration = .
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For the special case when n = m = 2, the Gaussian case, the results reduce to:

(15)
_ Zeig
ha = erf(RZ cos(ﬁ)J

1 (16)
Awu®) = 2 (1+ha) 7R, R,
where the error function erf(z) is defined by
2 z , (17)
erf(z) = — [ & dt
Jr ¢
Plume centroid
The distance & perpendicular to the plume centre-line of the plume centroid is defined by
o (18)
¢ c(xy,¢) dg
é, _ -Z¢q 1 c0S(0)
C o0
c(x,y,¢) dg
-Zgq 1 €OS(0)
Inserting Equations (1), (2), (5), ( 6) into the above equation leads to
0 o0 é/ n
[ ¢r©d« [ cer ( j d¢
-Zyq 1€0OS(60) 24 1 €0S(0) RZ(X)
Cc — cld — cld
< Her L+hg)
F (&) d¢
-Zgq 1 €OS(0)
n
N r(z]_r(zj o2 (2o _
nHy 1+hy) n n n'{ R, cos()
F(1+2j n
- UZ n 1_ P E ( ZC|d J
A+hy W2 F(1+1j n'( R, cos(®)
n
(19)

Thus the vertical height of the centroid above the ground is given by z¢ = z¢q + {c c0S(0)

For the special Gaussian case n=2, the above result reduces to
2
C _ 2 o, exp| — chd
. = -7z __~da
A+hy V27 R, cos(@)

Plume perimeter above the ground

Consider the middle ellipse (y/Ry)™+((/R,)"=1 with ellipse semi-axes Ry, R, corresponding to the contour level
elco(X). The perimeter Paowe (M) of the nominal elliptical cross-section of the cloud above the ground is
approximated as
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Ry dé’ 2 ( 20)
Pavove = 41050+ | 1{@) dy
0
This is exact for an aloft plume (hg=1; Pabove is the perimeter of the full ellipse) and for a grounded plume (hg=0;

Panove is the perimeter of the upper half of the ellipse); it is approximate during touchdown (0<hg<1). Setting
d¢/dy from (y/Ry)"+(L/R,)"=1 and subsequent inserting in the above equation it follows that

1/2

1 2
R _
Pawe = 20+h)Ry | 1+[:szt2m_z(1—tm)2/n2 at
0 y

Using m=n=2"ii it follows that the above integral reduces to
1
-1/2 1/2
Pabove = 2(1+hd) Ry J‘ [].—tz] {1—[1—<Rz /Ry)z]tz} dt
0

2@+hy) R, Ef-(R, /R, )]

(21)

where E[1-(R/Ry)?] is the complete elliptic integral of the second kind. Note the following special cases for an
aloft plume:

- R; =Ry (ellipse is circle): E[1-( R/Ry)?=E[0] = 42, Papove = 2nR,
- R; << Ry (wide, very thin): E[1-(R/R) ~E[1]=1 Papove = 4Ry
- R, >>Ry (high, very narrow): E[1-( R/Ry)? = RJRy Pabove = 4R;

Width of part of cloud touching the ground

Consider the middle ellipse (y/Ry)™+[¢/R;)"=1 with ellipse semi-axes Ry, R,. The ground-level corresponds to z
=0 =2zgq + ¢ cos(0), i.e. { = -zqq / cos(B). Thus the half-width Wgaq of the part of the cloud touching the ground
is found from (Wgnd/Ry)™+[zcid/R, c0os6]"=1, i.e.

am (22)
YA
W = R, 41— |—"dd , for 0 <z, < R,cos@
gnd y (Rz COS(&)) cld z ( )

= 0 |, for z,44 = R, cos(@)
Note that the touchdown criterion (onset of touching down) is defined by z = 0 = z¢4 - R, c0s(0), i.e. Zad = R;
cos(0).
3.1.2 Instantaneous release

An instantaneous release profile is a volume defined by revolving the vertical cross section around the vertical
axis. For instantaneous profiles the concentration profile is given by:

C(X,y,é/;t):co(t)lzv(é/)Fh(X, y) (23)
with § = z — zqq(t), FW(C) defined by Equation ( 2 ), and Fn(x,y) is given by [cf. Equation ( 3)]
) ,m/2 (24)
_ | X Xad (1) y . _
Fa(xy) = ex ( R.(0 J +[Ry(tJ , with R, =R,

Vill 1t would be more accurate to set Panove from general formula (y/Ry)™+( /Rz)"=1, while not assuming m=n=2. However this would imply either the
accurate evaluation of the integral or the derivation of an analytical expression (or approximate fit of the solution to the integral). This may be an
item of further work.
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Furthermore xqq(t) is the downwind distance of the centre of the cloud at time t, and co(t) is the concentration at
the cloud centre at time t. At the core averaging time™ the along-wind dispersion is assumed to be identical to
the cross-wind dispersion, i.e. Ry = Ry. A possible improvement would be to allow the along-wind dispersion to
be different from the cross-wind dispersion, consistent with our use of along-wind dispersion in both the ‘finite-
duration-correction’ model for continuous releases (see Section 4.2) and the model for time-varying releases
(see Chapter 5). This extension would produce a ground-level footprint which is an ellipse. The present model
keeps this ground-level footprint a circle. This also implies that Fn(x,y) = Fn(r), with Fn(r) defined by Equation
( 3) and the axisymmetric circle radius r = [(X-Xcia)?+y?]2.

Plume cross-section area and effective cloud data

The cross section shown in Figure 29 can be considered as either that of a continuous or an instantaneous
release. For an instantaneous release settling as an oblate spheroid, Ry > R.. Integrating to find the cloud volume
via:

m (25)
n 2 2\2
Vo= | 1 Fe-|=| Jep|-|| 22| o] L] | | dc axay
- R, R, R,
and making use of [(X-Xcia)?+y?] = ? gives:
Vag = 7#W§ Her(1+hg) (26)

Here Het is the effective cloud height Her, and the effective cloud radius Wes is determined from the ‘effective’
circular horizontal cross-section Aett = T Wei; Herr, Aeti, Werr and hg are defined by

1% % 1 (27)
i = ———— [c(x,y,0)d¢ = |F (&)d¢ = T|1+= | R,
Mot = Sy ] 000 = JR@ = 11+ ]
Port = ;T TC(Xyi)dXdyzzﬂTGXP - Lm rdranzr(1+3j
T g0 2 T PR, 2 (28)
1 2
Wit =;\/Aeff= r(1+aj Ry
" (29)
_pl1 [ Zad
e ()

Thus at each time t, the UDM instantaneous cloud can be characterised by an ‘equivalent’ cylindrical cloud with
effective radius Wer and effective depth Her(1+hg). This equivalent cloud is taken to move with the cloud speed ugq
and to have an equivalent top-hat concentration equal to the centre-line concentration c,.

For the special case when n = m = 2, the Gaussian case, the results reduce to:

z

1 z (30)
Her = E\/; R,, Wg = Ry, hd:erf(RC—ldJ

1 (31)
Vas ®)=5 0+ o) 7R, R,

X passive along-wind diffusion is caused by both wind shear and turbulent spread, while passive cross-wind diffusion is caused by turbulent spread only.
Thus for no time averaging (ta» = 18.75s) the instantaneous passive plume will be longer in the downwind direction than in the cross-wind direction, i.e.
oxa > oya(ta=18.75). See Section 3.7 for further details. Note that the assumption Rx=Ry is also always adopted by the UDM post-processor.
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where zqq is the height of the cloud centreline above the ground.
Plume centroid

The formula for the plume centroid is derived analogous to that for the continuous release:

o (32)
[ ¢etxyode F[“ZJ 2 n
“Zyg o, n Zaid
e = - 1- P,
? 1+hy W2 1 n (RJ
[ cowvoag T F[“n)

~Zeid

Thus the vertical height of the centroid above the ground is given by z. = zqq + Cc. For the special Gaussian case
n=2, the above result reduces to

C _ 2 o, exp _|: cld :|2
’ (+hy W2r R,

Cloud surface area above the ground

The cloud surface area Sapnove above the ground for an instantaneous plume is calculated in an analogous way
to the calculation of the cloud perimeter for a steady plume.

Consider the ellipsoid (r/Ry)™ + (£/R2)" = 1 with ellipsoid semi-axes Ry, R, corresponding to the contour level e

Leo(t) and with the radius r = [(X-Xaa)2+y?]Y2. The cloud surface area Sanove (M?) of the surface of the ellipsoid above
the ground is approximated as

" 2 (33)
Sabove = 4r [0.5(1+hd)] J.\/H(?err
0

This is exact for an aloft plume (hq=1; Sabove iS the surface area of the full ellipsoid) and for a grounded plume
(ha=0; Sanove is the surface area of the upper half of the ellipsoid); it is approximate during touchdown (0<hg<1).
Setting d¢/dr from (r/Ry)™+(&/R;)"=1, subsequent insertion in the above equation, and using the substitution t =
r/Ry it follows that

1/2
1 2
R _
L R e e
0 y

Using m=n=2* and substituting u=1-t? it follows that the above integral reduces to

1
Swe = 220 RS [ Bt i-p(Ro R, Pl
0

7 (L+hy) RyR, j' w2 {1+ [R,/R)2-1|u ["*au
0

113 »
27 (1+hy) RyR Fl-=,—;—;1-(R, /R
77"(+ d) y'hz |: 2’929 (y z):|

X1t would be more accurate to set Saowe from the general formula (r/Ry)™+(g /R;)"=1, while not assuming m=n=2. However this would imply either the

accurate evaluation of the integral or the derivation of an analytical expression (or approximate fit of the solution to the integral). This may be an
item of further work.
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(34)

where F is the hypergeometric function'¢” defined by the integral representation*

F(a,b;c;z) =

I'(c)

1
b-1 c—b-1 -a
—F(b)F(c—b) .([ u@-u) l-uz)™@du

Note the following special cases for an aloft plume (hg=1):

- R =Ry (ellipsoid is sphere):
- R; << Ry (wide, very thin cylinder):
- R;>>Ry (high, very narrow plume):

Savove = 4nR2
Sabove = 27'17Ry2
Sabove = TEZRsz

Area of part of cloud touching the ground

Again consider the ellipsoid (I/Ry)™+[C/R;)"=1 with ellipse semi-axes Ry, R.. The ground-level corresponds to z
=0 =2z + C, i.e. § = -z¢g. Thus the radius Wyng of the part of the cloud touching the ground is found from

(Wgnd/R,) ™ +[zai/Ro]"=1, i.e.

gnd

, pyHm (35)
= R, 41— |=dd ,
’ (RZJ

for 0 < zyy <R,

for zyq =2 R,

Note that the touchdown criterion (onset of touching down) is defined by z =0 = z¢q - Rz, i.€. Zad = Rz

From the above it follows that the area of the cloud touching the ground is given by

2 36
Sgnd =7 Wgnd (36)

" This compares to the formula of the cloud perimeter for continuous dispersion: Pasove = 2(1+hg)Ry E[1-(R+/Ry)?] = n(1+hg)Ry F[-1/2,1/2;1; 1-(R2/Ry)?.
The hypergeometric function in Equation ( 34 ) has been evaluated by means of (a) a series expansion for —0.5 < 1-(R,/R;)? < 0.5, (b) a least-
square fit of the numerical solution otherwise. The fit is a polynomial fit in z = 1-(Ry/R,)*0.5 for 0.5 < 1-(Ry/Rz)* < 1, and a polynomial fit in z =
log(|1-(Ry/R,)?|+0.5) for —o < 1-(Ry/R;)? < -0.5. See Abramowitz et al.'® and Press et al.”” for further details for the series expansion and the
numerical solution for the hypergeometric function.
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3.2 Dispersion variables and equations

The Unified Dispersion Model is formulated as an integral model. A set of differential equations is integrated to give
the key variables as a function of distance or time. A number of algebraic equations are then solved to obtain other
variables describing the dispersing cloud. The set of differential equations are basically the same for instantaneous
and continuous releases, although they are integrated with respect to time in the first case and with respect to
distance in the latter. The same differential equations apply throughout all phases of dispersion (e.g. jet, dense,
passive), although the exact terms on the right hand side may vary as the cloud passes from one phase to the next.

The Unified Dispersion Model uses the similarity profiles [Equations (1), (2 ), ( 3) for continuous or (23 ), ( 24)
for instantaneous], generalising an approach first developed by Ooms et. al. (1972)*8, and modified by Emerson
(1986, 1987)1°2021, The two sets of ordinary differential equations are integrated by either the synchronised or
rigorous solution methods as described in Section 2.2. The first set, describing the overall cloud behaviour, is
described in this section; the second set, describing droplet evaporation and trajectories, is described in a separate
UDM thermodynamics report.

For each set of equations, we first write the balances as time derivatives, which apply with an instantaneous
release. For a continuous release, the time derivatives are transformed to spatial derivatives via*':

40)_d0) 1 (@)

ds dt  ugg

Plume variables

The plume variables which are integrated are indicated in the table below

plume variable Symbol unit unit
(instant.) (cont.)

mass of wet air added to the cloud Mwa kg kgls

excess downwind momentum e = Ix - MeidUa(Zc) = MeiUx - MedUa(ze) = Ix- | kg m/s kg m/s?

MeidUw = MeldUx = MeldUw

vertical momentum Iz = Meig Uz =Med Uz [ kg m/s kg m/s?

downwind position Xeld m m

vertical position Zeld m m

heat conduction from substrate Cgnd J JIs

water evaporated from substrate M 9 kg kgls

cross-wind radius*" Ry = 2¥%G, =225, | m m

Table 2. List of primary plume variables (no rainout)

In the above table the first of the pair of units is for instantaneous releases and the second for continuous releases;
Mag = MeHMya+My 8¢ is the cloud mass (kg, instantaneous release), or the mass flow passing through a vertical
plane (kg/s, continuous releases). Here mc is the released component mass (kg) or mass flow (kg/s). Furthermore
ux and u; are the horizontal and vertical components of the cloud speed and ua(zc) is the ambient wind speed at
plume-centroid height z.

The initial values of the above primary variables at the point of release are set as follows:

1. Initial air (at ambient temperature) added to the cloud: mya = mwa® (kg or kg/s). For most Phast scenarios the
UDM input variable mwa°® =0, except for modelling outdoor dispersion following an in-building release or a
“vent from vapour space” XV

2. Theinitial cloud position is the release position®: Xgg = 0, Zed = Zr

3. Thereis no initial heat and water vapour transfer: ggng = 0 (J or J/s), mw2"=0 (kg or kg/s)

Xl | fact in the current UDM numerical model always the time is used as an independent variable, where Equation ( 37 ) is used to switch between
independent variable s (arc length) and independent variable t (time).

Xiil A differential equation is not used for the jet phase (circular jet assumed), but for the heavy and passive phase only.

XV |MPROVE. Currently the model mixes in a minimum mass of air (mass fraction = 10°) to circumvent problems in the HF thermodynamic calculations
This should be removed for non-HF.

* FUTURE. One could consider to apply an expansion length or liquid break-up length Le, upwind of which no entrainment is assumed to occur, i.e.

the initial position is set as Xca = Lexp COS(OR), Zcid = Lexp SIN(Or). Here Lexp could be derived from an atmospheric expansion model. See Phase Il
JIP reports for discussion.
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4. Initial cloud speed:

- For an instantaneous release, the initial cloud speed is zero (prior to energetic expansion; ux=u,=0)
- For a continuous release, the initial cloud speed is derived from the release speed ur and the release
angle 6r to the horizontal (specified or set from the discharge model): ux = ugr cos(6r), u; = Ugr Sin(6R).

5. The initial momentum of the cloud depends upon its source:

- For anon pool source, the velocity of any initial added air is assumed to be the same as the release velocity
of the released component. The cloud momentum is subsequently set as®™ I, = Mga[Ux-Ua(Zr)], 12 = MaigUz.

- For a release from a pool source (see section 2.1), the velocity of any initial added air is assumed to be
the same as the windspeed (ua(zr)). The cloud momentum, in this case, is set as Iy, = Mc[Uux-Ua(ZrR)V, 1,
=0 (since pool sources are by definition grounded).

6. Initial cloud radius,

- For a continuous release, the initial cloud area Acq is set from the initial cloud mass mgg, initial density pcid
and initial speed Ur: Add = Mad/[Urpad]. The initial cloud radius Ry is subsequently derived from Equation
(12) with R=R,.

- For an instantaneous release, the initial cloud volume is likewise set as Vag = Meg/pea. The initial cloud
radius Ry is subsequently derived from Equation ( 26 ) with R.=Ry=R..

After initialisation, the variables are determined from numerically solving the dispersion equations in the downwind
direction. These equations impose air entrainment, conservation of momentum, the relation between cloud speed
and cloud position, a heat-transfer relation, a water-vapour transfer relation, and a cross-wind spreading relation.
The equations are described in detail below.

For each integration step the above variables are evaluated, while the thermodynamic data are set separately from
the thermodynamics equations (liquid temperature, droplet temperature, droplet position and speed, droplet mass).
The cloud vapour temperature is determined by imposing conservation of cloud energy. See the separate UDM
thermodynamics report for further details.

Subsequently the cloud density pqq is set from the mixture composition, pressure and temperature (see the separate
UDM thermodynamics report).

For a continuous release the cloud area is set as Adqa = Mad / [Uad peid], the effective cloud height Het is set from
Equation ( 12 ), and the maximum concentration ¢, from imposing pollutant mass conservation m¢ = CoAcid Ucld [Me
= component release rate, kg/s].

For an instantaneous release, the cloud volume is set as Vg = Maa/pei, the effective cloud height Hew from Equation
( 26 ), and the maximum concentration ¢, is set from imposing pollutant mass conservation, m¢ = CoVeid [Me =
component released mass, kg].

Plume equations

The model equations for the overall behaviour of the dispersing cloud are as follows:

. Air entrainment law

d(;';wa = E,,, Steady-state
% = E,, , instantaneous

(38)

¥ The UDM applies a cut-off velocity for the initial cloud velocity uca of 0.1 m/s for both continuous and instantaneous releases.

X Eor partial spills (where liquid in the release immediately forms a pool leaving only vapour) the momentum of the liquid does not contribute to the
cloud.

ux = 0 for a pool source. In fact currently |, is set as zero. As the initial mass is negligible for pool sources this will not be a significant difference,
and it eliminates a couple of solver failures.

xviii
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The above equation describes entrainment of air into the cloud. The total air entrainment is E: (kg/s for
instantaneous cloud, and kg/m/s for steady-state cloud). Air entrainment into a plume may be caused by
a range of mechanisms:

- ‘jet’ entrainment Eje; is caused by turbulence resulting from the difference between the plume
speed and the ambient wind speed; thus it is present both for a jet (plume speed larger than
ambient wind speed) and a plume which moves lest fast than the wind.

- cross-wind entrainment Ecross in response to the deflection of the plume by the wind

- passive entrainment is caused by ambient turbulence; it is present both in the near-field (Epas™)
and the far-field (Epas™).

- heavy-gas entrainment Enyy is included for a grounded heavy-gas plume

Jet entrainment and crosswind entrainment are dominant in the near field after a high-pressure continuous
release. During the jet dispersion phase, the centreline velocity decays until either the heavy gas or the
passive dispersion mechanisms become dominant. For a low-energy release, the jet dispersion mode may
never be dominant. A transition is made to passive dispersion if the cloud density is sufficiently close to the
ambient density, the cloud speed is sufficiently close to the ambient speed and the contribution of non-
passive entrainment is sufficiently small.

See Section 3.4 for full details on the evaluation of the total air entrainment Eqt.
. Conservation of excess horizontal and vertical component of momentum

The adopted momentum equations (vector notation) are as follows for continuous dispersion [cloud
area Acia = Mad / (peidUcid)]s

dhe |sin@| —sin@
ds — air . ground ground 1 0
= Fdrag _ sin@ | + Finpact |0 + Fdrag + Aqg (pcld ~Pa )g
dl, C0sH — 0 -1
— |sind| coséd
ds
(39)
and for instantaneous dispersion [cloud volume Vg = Meg / peid],
dle |sing@| —sing
dt | _ air . ground ground 1 0
- I:drag _ sing | + I:impact 0 + I:drag + Vcld (pcld ~Pa )g
dl, cosd —— 0 -1
— |siné| cosé
dt
(40)

The terms in the right-hand side represent forces on the plume. They are respectively:

- the air-borne drag force Farag® (N/mor N). This force is perpendicular to the plume
centre line, with a positive downwind x-component.

- the ground impact force Fimpac:®®"™ (N/m or N) resulting from plume collision with
the ground. This force is perpendicular to the plume centre line, and is added during
touching down only.

- the horizontal ground drag force Farag? ™ (N/m or N). This force is added after
onset of touchdown only.

- the vertical buoyancy force (N/m or N). This force is proportional to the
gravitational acceleration g (= 9.81 m?/s) and the density difference between the
plume and the air.

Note that the vertical momentum equation is not used when the cloud is grounded or capped at the
mixing layer (constant plume height).
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Expressions for each of the forces above are derived in Section 3.5. Note that airborne drag is currently
ignored, while the formulas for the ground drag and ground impact forces are partly taken from

McFarlane??
. Horizontal and vertical position:
dx,q (41)
d_f[: Ux= Uqqd COS &
dz,, _ (42)
d_ct: Uz = Uqgq SIN &
. Rate of heat convection from the substrate

The heat convection from the substrate to the cloud is described by the following differential equation,

d dgng (43)
s Qgnd [2Wgnq], in Wm  (continuous)
s
d (44)
% = Qg Sgnd » INW (instantaneous)

where Qgnais the heat conduction flux (W/m?2) transferred from the substrate to the cloud.

In case of continuous releases, dggng/ds (J/m/s) is the heat transferred from the substrate per second
and per unit of downwind direction and Wgng is the half-width of the cloud in contact with the substrate
[see Equation (22)].

In case of instantaneous releases qgng is the total heat (J) transferred from the substrate to the cloud and
Syna is the area of the cloud in contact with the substrate [see Equation ( 36 )].

The heat conduction flux Qgna (W/m?) transferred from the substrate to the cloud is given by

f 45
and = max {andlegnd }' Tgnd >Tvap (45)

f
= and ) Tgnd = Tvap
where Qgnd" and Qgnd' are the natural and forced convection flux from the substrate to the vapour cloud
(W/m?2).

The natural convection flux Qgnd" = O if the substrate is cooler than the vapour cloud (Tgna<Tvap). Otherwise
it is given by the following expression introduced by McAdams (1954)23:

2 (46)

Pcld Cc pdd (T gnd 'Tvap )4/3
/3
(,Uac Tvap/ Pdd)l

0.14 (D% g

n _
and -

’ Tgnd > Tvap

Here the specific vapour heat of the cloud Cp (J/kg/K), the thermal diffusivity of the material in air Dac
(m?s), and the dynamic viscosity of the material in air pac (kg/m/s) are taken at the vapour-cloud
temperature Tyap.

The forced convection rate is given by the following expression introduced by Holman (1981)%4*x

XX The original Holman model adopts in the denominator the cloud velocity uca. For larger cloud speeds this means reduced forced heat transfer.
HEGADAS adopts the ambient wind speed at 10 m, ua(10m) instead of uca. As a result max[ucis,Ua(10m)] is adopted. This needs further checking
against Holman article etc.

Theory | Unified Dispersion Model version 8.5 |

Page 22



DNV

(47)

23
f _[ DacPud U Pgg Cp®® (Tgna~Tvap)
and -

ac max [u gy, U, (10m)]

where C,% is taken at the vapour temperature Tyap™.
. Water-vapour transfer from the substrate

Water vapour can be transferred from a water surface into the cloud when the vapour temperature of the
cloud is less than that of the water surface. This has been included in the Unified Dispersion Model
following the approach of the Colenbrander and Puttock described by Witlox?> which relates the rate of
water vapour pick-up to the rate of heat convection from the water surface:

dqgnd (48)
dménd S[PVW (Tgnd)'PvW (Tvap)] ?
= " , Tgng >Tygp (continuous)
dS Cpc Tgnd Pa
dqgnd (49)
dm%d B 5[ P (Tgnd)' P (Tvap) ] T

= v Tand > Tvap (instantaneous)
dt CpCId Tgnd Pa " 0

where P\" is the saturated vapour pressure of the water. If Tgng < Tvap OF Tgna < 0°C (substrate is ice) or if
the cloud is passing over dry ground, dmy,2"%/ds = 0 (continuous) or dm,,2"%/dt = 0 (instantaneous).

. Crosswind spreading
In general cross-wind spreading consists of the following three subsequent phases.
1. Near-field (‘jet’) spreading. The cloud is assumed to remain circular until the passive

transition or (after onset of touching down) until the spread rate reduces to the heavy-gas
spread rate, i.e.

Ry: Rz

2. Heavy-gas spreading. The heavy spread rate is applied until the passive transition. For
instantaneous dispersion it is given by

12
d Ry _Ceg g{n‘ax[O, Pad = Pa(Z=2gq )J} Herr L+0y) Co= {F(l+ ZH
m

dt  Cn Peld

and for continuous dispersion by

d Ry_ Cg 9{ max[O, Pad - Pa(Z=12qg )J} Her (L+hg) . =F{l+ 1}

dX  uyCn Peid m

where Ce = 1.15 is the Van Ulden?® cross-wind spreading parameter™.

X see Appendix B in UDM thermodynamics theory for evaluation of C,™%, the dynamic viscosity piac and the diffusivity Dac.

X IMPROVE. In the literature, models either assume pea Or pa in the denominator for the spreading law [HEGADAS, DEGADIS assume peig; most
instantaneous models assume pa; see the UDM verification manual for further details and discussion]. The ‘gravity’ force g Hei(1+ha) (peid-pa)
compares to the resistance force of pa[dWer /df]*. This leads to dW e/dt = constant * [g Hert(1+ha) (pei-pa)/pa] . Thus using pa instead of pea may
be more appropriate. However for most cases using pcq instead of pa will not make significant difference.
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3. Passive spreading. After the passive transition the passive spread rate is applied [cya(X) =
ambient passive dispersion coefficient; xo = 0 presently]

aR,

d .
[atx] = 2% —Z%[at x-x,], continuous
dx dx

dR do
d—ty[at X] = uy 20.5Tya[at X—X,], instantaneous

See Section 3.6 for full details.

Theory | Unified Dispersion Model version 8.5 | Page 24



DNV

3.3 Phases in cloud dispersion; transitions

The subsequent phases of cloud dispersion are determined by elevated dispersion, touchdown (impact),
transition from jet to heavy dispersion, and transition from jet/heavy to passive dispersion. In addition the plume
may lift-off or capped by the mixing layer. Figure 30 illustrates the subsequent phases of dispersion for a range
of scenarios:

(a) Elevated jet/plume, which does not touch down or hits the mixing layer

(b) Elevated jet/plume, which becomes passive during touching down [no full touchdown; centre-line remains
above the ground]

(c) Elevated jet/plume, which becomes passive after full touchdown

(d) Ground-level plume, which becomes buoyant and lifts off

(e) Jet/plume, which hits the mixing layer

The subsequent phases of cloud dispersion for a continuous or instantaneous cloud are as follows:

1. Energetic instantaneous expansion (instantaneous cloud only)
1.1. Elevated jet/plume: before touchdown/capping, and before passive criterion is met
1.2. [ends with touching down, or passive criterion met]
1.3. Elevated passive cloud: before touchdown/capping, and after passive criterion is met [including

transition to passive]

2. Touching down: after edge touch down, and before cloud centre-line reaches ground [during touching

down possible transitions from ‘jet’ to ‘heavy’, ‘passive’, or lift-off]

2.1. Grounded jet’: after touchdown, before spread rate reduces to heavy-gas spread rate, before
passive criterion is met and before lift-off

2.2. Grounded dense plume: after touchdown, after transition jet to heavy, before passive criterion is met
and before lift-off

Grounded passive plume: after touchdown, after passive criterion is met, before lift-off

Lifting off: after lift-off criterion has been met, before aloft (edge lift-off)

Aloft after lifting off

Becomes dense after beginning lift-off

Edge touching down again

Capping at mixing layer

Capped at mixing layer

©CoOoNoG AW

The following is assumed in the present UDM version ™ :

Plume entrainment

- Etot = Ejer+Ecross+Epas™, €levated ‘jet’ before passive-transition and touchdown and before capping

- Etot = Epas™ + max(Ejer+ Ecross,Enw) after touching down or after capping; Ecross , Epas™ are phased out
during touching down and Eny is phased in during touchdown; Ecss is is phased out during capping

- along transition zone to passive: phase out total near-field entrainment and phase in far-field passive
entrainment Epas

- downwind of passive-transition zone: Eiot = Epas'

Forces acting on plume:

- ground drag force is applied for grounded plume, phased in during touching down, phased out during
lifting

- plume impact force is applied during touching down

Plume spreading:
- circular plume until passive transition or (for grounded plume) spread rate reduces to heavy-spread

rate
- otherwise before passive transition, heavy spread rate
- along transition zone to passive: phase out near-field spread rate and phase in passive spread rate
- downwind of passive-transition zone: passive spread rate doya/dx

Table 3 illustrates the controlling mechanisms during the phases of dispersion.

Transition zone from near-field dispersion to far-field passive dispersion

X4l |MPROVE - The heavy spread rate should not be applied after lifting off. The logic after lift-off needs further investigation.
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The transition distance x;*2 is the downwind distance at the onset of transition to passive, and r* x2S is the
downwind distance at the end of transition to passive. Along the transition zone x> <x<r;®s x;*2, the near-
field entrainment E«" and spread rate (dR,/ds)™ are phased out, while the far-field passive entrainment Epas'
and passive spread rate (dRy/ds) = doy./dx are phased in:

dR,/ds
Etot

[16(x)] (dR//dS)y + [f(x)] 242(doya/ds)
[1-f(X)] Etot™ +  [f(¥)] Epas"

(50)

where the linear smoothing function f(x) is given by f(X) = [x- xuP25]/[ ruP2s xuP2S. x*%]. The above transition is
needed to avoid discontinuous entrainments and discontinuous spread rates. This will smoothen curves, but
retains the disadvantage of a rather arbitrary transition distance.®

The distance x,"® is defined by the first distance at which both the cloud speed is sufficiently close to the wind
speed, the cloud density sufficiently close to the ambient density, the ‘passive-type of entrainment to be close
to the total entrainment, and (after touchdown) the Richardson number Ri- to be sufficiently small

|Ucia/Ua(Zc)-1] < 1P, |peid/pa(Zeia)-1] < rpP®

[1 — (Epas™)/Etof] < reP? (elevated), [1-(Epas™+ Enw)/Ewof] < rePs (during lifting or touchdown) or [1 —
Envw/Etot] < reP?s (after touchdown)

Ri- < Ri" (for ground-level plume only)

Note that in general transition to passive may occur during all stages, i.e. elevated dispersion, touching down,
after touchdown, lifting, capping and capped; and from ‘jet’ to passive and from dense to passive.

Recommended values of the above transition parameters are:

- 2 = 0.1, rgP® = 0.3. These values are in line with HGSYSTEM assumptions?’.

- ro*2s = 0.015. This value is in line with the former UDM assumption. Note that CCPS guidelines quotes
arange 0.001 < r,P2s =0.01. The DEGADIS model adopts 0.001. Since averaging time effects will not
be included as long as the transition criterion is not achieved, the larger UDM value is maintained

- RisP2s = 15, This value assures that ®(Ri+) < ®(Ri-*2%) ~ 2, and therefore the heavy-gas top-entrainment
velocity uip = kU-/®(Rix) at transition is not more than twice as small as its passive limit uipp = ku-/®(0).
Again since averaging time effects will not be included as long as the transition criterion is not achieved,
a rather large value of the critical Richardson number Ri-P® is selected,

- r,*2 = 2 This value should be sufficiently large to smoothen the discontinuities between the near-field
and far-field passive entrainment and spread-rates.

x4l |\ PROVE. In future removal of the rather arbitrary transition zone should be considered. Also the density criterion may need to be fully replaced by
a Richardson number criterion. Finally the transition parameter Ri-"* may need reduced to ensure that heavy-gas entrainment is more close to its
passive limit. See the transition chapter in the UDM verification manual for a detailed discussion.
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X Ry=R: if transition has not yet taken place from jet to heavy spreading rate; transition may take place from jet to heavy, prior to transition to passive
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Phase Ejet Ecross Epas™ Envy Epas'" Farag?°"d Fimpact9reund Farag®" spreading differential equation time
averaging
0. energetic inst. expansion n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. special module (instantaneous only) -
la. elevated jet X X X - - - X Ry = Rz (circular) -
1b. elevated trans.to pass. ph.out ph.out ph.out - ph.in - - X phase in passive rate ph. in
elevated passive - - - - X - - - passive rate X
2. touching down, jet X X X ph.in - ph.in X X Ry =R, -
touching down, dense - - - ph.in - ph.in X X heavy rate -
touching d. tr.to pass. ph.out ph.out ph.out ph.out ph.in ph.in X X phase in passive rate ph. in
touching down, passive - - - - X ph.in X - passive rate X
3a. grounded jet X - - X - X - Ry=R; -
3b. grounded dense - - - X - X - - heavy rate -
4. grounded trans.to pass. ph.out - ph.out ph.out ph.in X - phase in passive rate ph. in
grounded passive - - - - X - - - passive rate X
5. lifting off, bef. passive X X X ph. out - ph.out - X heavy rate®" before passive transition -
6 aloft after lift-off, bef.pa. X X X - - - - X heavy rate® before passive transition -
7. dense after lift-off,b.pa. X X X - - - - X heavy rate® before passive transition -
8. edge touchdown,bef.pas. X X X ph.in - - X X heavy rate® before passive transition -
9. capping, before passive X X X - - - - X no previous touchd.: Ry=R;, before pas.tr. -
previous touchd.: heavy rate" before
pas.tr.
10. capped, before passive X - X - - - - - no previous touchd.: Ry=R;, before pas.tr. -
previous touchd.: heavy rate" before
pas.tr.
Table 3. Phases during cloud dispersion (continuous and instantaneous releases)
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3.4 Air entrainment

Air entrainment into a plume may be caused by a range of mechanisms:

- ‘jet’ entrainment is caused by turbulence resulting from the difference between the jet speed and the
ambient wind speed

- cross-wind entrainment in response to the deflection of the plume by the wind

- passive entrainment is caused by ambient turbulence

- heavy-gas entrainment is the reduced air entrainment included for a grounded heavy-gas plume

Thus the total air entrainment E: (kg/m/s) is taken for an elevated ‘jet’ as®™

Etot = Ejet + Egross + Epasnf. X < XyPas
= f(X) [Ejet + Ecross+ Epasnf] + [l—f(X)] Epasff! XiP3S <X<ryPas X Pas
= Epasﬁ X > rtrpas Xtrpas
(51)
and for a grounded jet’ as
nf
Etot = max{E jet + Ecrosss Envy }+E pas X < XqgP2S
nf
= f® [maX{Ejet +Ecross: Eth }+E pas 1+ [1-f(X)] Epas", XP4S <X PaS X P2
= Epa'sff X > 1y P2s X, Pas
(52)

Here Ejet, Ecross, Epas™, Enw, Epas”, are respectively the jet entrainment, the cross-wind entrainment, the near-
field passive entrainment, the heavy-gas entrainment®™ and the far-field passive entrainment.

Many reviews exist on jet dispersion and entrainment relations. Recent reviews include Lees (1996)28, the TNO
yellow book (1997)?°, and Section 5.2 in the CCPS guidelines (1996)%. Appendix B contains the results of a
literature review of entrainment formulations, which provides a basis for the selection of the formulations of the
above UDM entrainment terms. In the remainder of this section, the adopted expressions for the jet entrainment
Ejet, the cross-wind entrainment Ecross, the near-field passive entrainment Epas™, the heavy-gas entrainment Enyy,
and the far-field passive entrainment Epas are given.

3.4.1 Jet entrainment

‘Jet’ entrainment results from the difference between the jet speed and the ambient wind speed. Thus it is
present both for a jet (plume speed larger than ambient wind speed) and a plume which moves less fast than
the wind.

Formulations for free turbulent momentum jets in stagnant air have been formulated by Ricou and Spalding
(1961)%* and Morton, Taylor and Turner (1956)%2. In these formulations circular jets were considered (Papove =
27R with R the jet radius), with pcg = pair-

v JUSTIFY. In the code the total entrainment is adjusted as Etwt = Ewot* max(0.01, 1 - ner), if the
cloud is ‘slumping’, i.e. if the cloud is instantaneous and the spreading velocity

Uspd :\/max(gXHeff (l"'hd)xpdd_—pa(ZC)
Pa(Z;)
(2Eexp)0'5'

XViE o heavy-gas ground-level non-jet plumes, concentrations will be too high if the transition is too early (at which passive entrainment is larger than
heavy), but in the far-field Eny should approach Egas [provided cloud density is close to the ambient density]

,0) is larger than the expansion velocity Uexp =
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Formulations for the jet-entrainment Eje; (kg/m/s) in most continuous dispersion models are based on extensions
of the above formulations for non-zero wind speed u,, densities different from air, and possibly non-circular jets.

— 12 _
Ejet - o1 [mcld pal Ucld = Ua COS & |]1 (I - Ricou-
Spalding)

Ejet = ejet IDabove Pa | Ueld = Ua COS 0 | (Il = Morton-Taylor-Turner)

Here |y is the excess horizontal momentum. The values of the coefficients may depend on the model
assumptions, i.e. on the adopted wind-speed and concentration profiles [UDM ‘Drift’ profile, Gaussian profile or
top-hat profile].

Ricou and Spalding formulation

Ricou and Spalding formulation Eje: = au[pal]®® was used for non-zero wind speeds. Formulation (1) is an
extension of Ricou-Spalding’s formulation, which is used by Emerson?® in the Technica model TECJET. Note
that this formulation can be rewritten as

1/2
u
Ejet =a1Palaq { Acid Pod . Ua cosq }
a Ueig
which for a circular jet reduces to (Acd = TR?, Pasove = 27tR)
112
— pcld Ua
Ejet - ejet Pabovepaucld —- cos & ("
a ucld

Thus formulation (1) is identical to (Il) in case of a circular jet, with u,=0 and pqd = pa. Thus formulation (I*) is
identical to (ll) in case of u,=0 and pcq = pa (also after touchdown).

The formulation (I*) is considered to be preferable to the formulation (1), since it's proportional to Papowe. FOr a
plume touched down the formulation (I) assumes the same jet entrainment rate which seems to be wrong.

Comparison of formulations
Following comparison with experimental data, Wheatley (1987)3 concluded the formulation (1,I*) is not valid
when the density is significantly different from the ambient density, and formulation (Il) is preferable.

A generalised formulation for two-phase jet dispersion is given by Webber and Kukkonen (1990)3*, who also
consider both the Morton-Taylor-Turner and Ricou-Spalding models. They observe from sensitivity analyses
that the different models do not have a larger direct effect than about 10% in the concentration values.

Evaluation of jet-entrainment coefficient oy

Assuming a top-hat profile (jet of uniform density), Ricou-Spalding®® determined from experiments a; =
n%5tan(B-) = 0.282, where B.=9.1° is the empirical value of the asymptotic half-angle of the jet.; this corresponds
to ejer = 0.5 tan(B=) = 0.08. The latter value is adopted in the HGSYSTEM top-hat program AEROPLUME.

Different ratios are quoted in the literature for conversion between top-hat profiles and Gaussian profiles, i.e.
relations between top-hat concentration c, and maximum concentration ¢, and top-hat radius Ry and Gaussian
radius R:

- Post®® quotes that in Spalding’s experiments the maximum concentrations were 70% higher: co/cp =
1.7

- Chen quoted by Lees?: co/cp = 1.6

- Long quoted by Lees?®: co/cy = 2.0

- Roberts included in the HGSYSTEM program PROFILE conversion from AEROPLUME top-hat profile
to Gaussian profile: co/cy = 1.481 (quoted to be the theoretical value), R/Rp =1.48105=0.82. Thus
Rp’Cpi = R2c, and mass conservation Rpi2Cpi Upi = R2Co Uga applies if up = Ugg.
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As a result of the above co/cy = 1.7 is taken. Using the analytical solution for the UDM equations, this implies
that the chosen UDM value equals o, = 0.282/1.7=0.17. Notice that this value corresponds to the value of Ooms,
who also adopts a Gaussian profile. It is also close to the TECJET value of 0.142, who adopts the same type
of excess-momentum equation.

In the UDM the continuous plume is replaced with an equivalent plume of maximum concentration co and radius
R [cloud mass mgg = tR?pagUad). Thus the visible plume (with averaged concentrations) is larger. Therefore the
top-hat radius Rp is larger than that the UDM radius R. In addition the top-hat cloud mass will be larger
[=nRpppiUipl]-

Therefore the analytical solution used for the UDM equations, adopt a smaller value of the cloud half-angle
[smaller value for o], a smaller Gaussian radius R, and a small cloud mass Mg = TR?padUcd , than the top-hat
profile. Since the top-hat cloud mass is larger than the UDM cloud mass, the entrainment coefficient is larger.

Conclusion
Following the above reasons, the recommended formulation implemented in the new UDM is the Morton-Taylor
formulation

Ei =€ Puow Pa [Uao-UaCOSO| in kgimis  (continuous) (53)

with eje; = 0.5 %5 oy, and a1 = 0.17.

Note that for the continuous plume Ejet is the cloud entrainment per unit of cloud axis length (kg/m/s), and Pabove
is the perimeter of the plume above the ground. For an instantaneous cloud, the ‘jet’ entrainment Eje; is the total
air entrainment into the cloud (kg/s) and it is therefore natural to replace in the above equation the continuous
plume perimeter Pasove by the instantaneous equivalent Sasove (Cloud area above the ground). Thus the following
formula is adopted for the instantaneous jet entrainment:

Ejet = Clet Sabove Pa | Ugig = Ua COS 0 | in kgls (instantaneous) (54)

3.4.2 Cross-wind entrainment

Morton

Cross-wind entrainment is associated with the formation in the wake of a rising or falling plume of trailing vortices
in response to the deflection by the release plume of ambient air. Following Morton et al.*?> the cross-wind
entrainment (kg/m/s) for continuous dispersion can be expressed as

Ecross = a2 Pa Pabove| U SINE|

Briggs (1984)%¢ states that the best current value is a2 = 0.60 for buoyant plumes and o, = 0.40+1.2/R for a jet
[R = ratio of initial jet speed and ambient speed]. As for the jet entrainment, it appears to be that these values
are applicable for a top-hat profile™i,

Therefore analogous to the case of jet-entrainment, the value of the cross-wind coefficient o, = 0.6/1.7=0.35
can be applied to convert from the Briggs recommended top-hat value of 0.6 [used in HGSYSTEM] to the
Gaussian profile. The formulation is intended to be used with a drag coefficient of zero.

Morton extended and near-field suppression (default)

Experimental data suggests the Morton model over-predicts entrainment in the near-field for low velocity
releases. Based on a review of the literature and a comparison with published experiments, we have extended
the Morton formulation to include an empirical near-field correction term. Based on the work of Kamotani &
Greber®” and Yuan & Street®® we define a distances Lcore and Lsypp as:

Xl 3STIFY - 1deally to be further checked.
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Lo =—2 20y 14 [P2)L 55
core _m supp — + p_w core ( )

Lcore is the region over which crosswind entrainment is completely suppressed, and Lsypp the distance over
which the Morton predicted values are eventually restored. Associated with this is a near-field non-zero
crosswind air drag term Cp (see Section 3.5.1). Further details of the model are given in Appendix B.1

Conclusion
The adopted formula for cross-wind entrainment is a modified form of Morton’s model:
Ecross = [O2PaPabovella SINOB|  inkg/m/s (continuous) (56)

with a; = 0.35. The fraction f is defined by:

[ o0, s < Lcore
S — Lcore
={|l—FFFF-], L <s<lL
f (x) !I ( supp — Lcore core s supp
{ 1 s2Lap

As for jet entrainment, the formula applicable for instantaneous dispersion is derived from the above formula
for continuous dispersion by replacing the cloud perimeter Papove With the cloud area Sapove. We retain the
original Morton form and omit the f term:

Ecross = @2 P4 Sabovel Ug SING|  inkg/s (instantaneous) (57)

The original Morton model, and the Ooms model are also included as non-default options — see Appendix B
for further details.

3.4.3 Near-field passive entrainment

Continuous dispersion

Passive entrainment is caused by ambient turbulence. The near-field passive entrainment formulation is taken
from McFarlane?? based on experiments by Disselhorst (1987)%°. The near-field entrainment is defined by

(58)

nf gnd 1/3[y 4/3 413
Epas =1- R T Pg €pas € (Iy + Iz ) in kg/m/s  (continuous)
y

Here the coefficient epas = 1; the turbulent (transverse horizontal, vertical) eddy length scales |y, I, and the
dissipation rate of kinetic energy ¢ are given by

ly = min{Ry, 0.88(zc+20)Ly(Z) }, I = min{Ry, 0.88(zc+20)L+(2) }
£ = E(2) uw¥[x(zc+20)]

where Z = (zc+2,)/L, z¢ the centroid height, z, the surface roughness length, L the Monin-Obukhov length L, u-
the friction velocity, k the Von Karman constant. The functions Ly(Z), L,(Z) and E(Z) are defined as a function
of stability class by

Ly(2) = Ly(2) = (1-7.4xZ)[E(2), E(Z) = 1 - 5Z, stability class = A,B,C
Ly(Z)=L(2)=E(2)=1 stability class = D
Ly(Z)=1/(1+0.12), L(Z) = 1/ E(Z), E(Z) = 1 + 4Z, stability class = E,F
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Note that the near-field passive entrainment is phased out during touchdown. i

Extension to instantaneous dispersion

The above formulation is applicable to continuous dispersion only. For sufficiently high continuous cloud
ly=1,=Ry=R; and Wgng=0. Thus Epas"" = €paspair [2TRy] (¢Ry)*3, where epss = 1 and u'=(cRy)*?is the air entrainment
velocity (m/s). This formulation corresponds to the formulation adopted by Ooms (see Appendix B).

Therefore (similarly to the jet and cross-wind entrainment formulations) a natural extension for an instantaneous
spherical plume with surface area 4nRy? is: Epas™ = €paspa [47Ry?] (eRy)Y3. Assuming I=ly (in line with R=Ry
assumption) , this suggests the following instantaneous formulation

59

pas — 5
R, |3

u3(y 7/3 713y 7/3 . .
Pa €pas € /3(|x +|y +1, ) in kg/s (instantaneous)

This assumption is consistent to the continuous formulation. For stability classes A,B,C,D moreover |=l,=I,
and for sufficiently high cloud Wgng=0, L,i=ly=1,=R, and Epas"" reduces to the above expression Epas™ = €paspa
[47Ry?] (eRy)*S.

3.4.4 Heavy-gas entrainment

Dense gas and aerosol clouds are known to suppress dispersion below that obtained by ambient turbulence
(passive dispersion) in the surrounding atmosphere. This phenomenon is described in the UDM by making the
dominant (top) entrainment velocity depend on the layer Richardson number, an indicator of cloud buoyancy.

Heavy-gas entrainment for instantaneous plume

For an instantaneous release the heavy gas entrainment rate Envy (kg/s) is given by

W, (60)
n
. {U side Aside T Utop Atop} Pa

Ehvy: R

y
where usige is the horizontal air-entrainment velocity through the plume side-area Asige, Uwp iS the vertical air-

entrainment velocity through the plume top-area Awp. The side area Asige and the top area Awp correspond to an
instantaneous plume of cylindrical shape with height Hes(1+hg) and radius Weg;,

61
Asige = 27 Wegs H ot @+ hd) ' AIop = ”We%f (61)

Note that the term [Wgnda/Ry] in Equation ( 60 ) ensures that the heavy-gas entrainment is not applied for an
elevated plume, is phased in during touching down and phased out during lifting-off.

Heavy-gas entrainment for continuous plume

For a continuous cloud the heavy gas entrainment rate Eny, (kg per second per unit of downwind length of the plume)
at a given downwind distance is given by

(62)

W n
Eny = Rgd {UsideHeff (1+ hd)+Utop(2Weff) } Pa

y

L 'S passive-entrainment formula is taken to be compatible with those adopted by Ooms and HGSYSTEM (based on Disselhorst experiments). It
may need to be further refined, in order to ensure full convergence to the passive formula in the far field automatically. This may involve
considering the use of an alternative formula for the near-field and/or far-field passive entrainment.
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where the cloud width and height are chosen to correspond to the effective cloud width 2We
and the effective cloud height Hes(1+hq).

Side entrainment velocity

The side surface entrainment velocity is taken to be proportional to the spread rate or
dW eir (63)

dt

Uside= 7

where vy is an edge-entrainment coefficient. For a continuous release the side entrainment is ignored [y=0].

Top entrainment velocity

The top surface entrainment generally dominates over the side entrainment except very near the source. The top
surface entrainment velocity up is formulated to have the same functionality as the vertical dispersion coefficient,
K. That is, for a vertical wind profile in a power law form:
P (64)
z
Zref J

Ua (D)= Ua (Zrer )[

K; satisfies the two-dimensional dispersion relationship:

%=2( & (65)
ta oX 0z ‘oz
with a functional form given by:
Ku~Z (66)
K 2 = —_—
@ (Ri-)

where «=0.4 is the Von Karman constant, and ® the entrainment function of the Richardson number Ri-.

To retain this form, the top-entrainment velocity utep is defined by:

KU (67)
Utop— 75 <
* ®(Ri-)
Richardson number, entrainment function
The layer Richardson Number is defined by
Rix = g[Pcld'Pa(ZZchd )] Hep (L+hg) (68)
Pauf

where zq is the centre-line height.

The entrainment function ¢(Ri~) represents the phenomenon that heavy gases (Ri~>0) tend to suppress turbulent
mixing within a cloud below that of ambient turbulence. On the other hand, positively buoyant clouds (Ri-<0) lifting
off are known to have enhanced turbulence. The entrainment function is given as follows,

XXX Note that HEGADAS uses the definition Rix = glpeia-pa(z=He)]Heit/ [pa(z=0)ur’] with the friction velocity ur modified for heat transfer. In the old UDM
Ri = g[peia-pa(z=zc)]Heit/ [peiau?]
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1
DO(Ri.) = . Ri-<0
(R1-) 1+0.65 Ri.|"
= 1 0 < Rix< 2.3625
= (1+0.8 Ri*)1/2/1.7 2.3635 < Ri»<14.72
= Ri«/7 Ri-> 14.72

(69)

For Ri < 0, the above formula is taken from the correlation adopted by Havens and Spicer for the model
DEGADIS?,

For Ri- > 0, the formulation adopted by Witlox (1989)* is adopted. The latter formulation is based on an
entrainment function proposed by Britter (1988)42. It is close to those adopted by DEGADIS and the
HGSYSTEM model AEROPLUME®. In addition the above function does accurately fit experimental data for a
wide range of Richardson numbers.

Figure 31a plots the original UDM 5.2 curve for Ri=>0 in comparison with data by McQuaid (1976)** and by
Kranenburg (1984)*°. Kranenburg's data were measured using a straight water channel with wind-induced flow of
water over a salt solution. His data have a distinct dependence on Ri-*2. Also shown in Figure 31a for comparison
are data by Scranton and Lindberg (1983)6 and Kantha, Phillips, and Azad (1977)*’. The data of Scranton and
Lindberg are substantially overlapped by those of Kato and Phillips (1969)*¢. These latter data are all taken with an
annular water tank. A shear wheel moved the upper water surface which mixed with a lower salt water layer.
Scranton and Lindberg point out that radial profiles are set up in an annular tank which makes these data less
applicable to an unconstrained heavy gas cloud. Furthermore, Deardorf and Willis (1982)*°, using an annular tank,
confirm the Richardson Number dependence to the -1/2 power, and reconcile why the annular tank data drop below
the straight channel data. They attribute it to variability in the velocity profile, which contributes an additional
undesirable entrainment mechanism.

Figure 31b plots the new original UDM 5.2 curve for Ri=>0 in comparison with data by McQuaid (1976)*4, Kantha et
al. (1977) 4" and Lofquist (1960)%°. The new UDM 6.0 curve is more in line with the Ri~! dependence as used by
Havens and Spicer (1990)%!, Cox and Carpenter (1980)%2, and a number of others.

3.4.5 Far-field passive entrainment

Passive dispersion is represented by correlations for the ambient horizontal (cys) and vertical (c.a) dispersion
coefficients. The correlations used in the Unified Dispersion Model are taken from McMullen (1975)% for o, and
from Hosker (1973)%* for c,a. These correlations depend upon the stability class and distance from the release
point. For oy, it also depends on the averaging time tay and for oz it also depends on the surface roughness length
20.

Ambient cross-wind dispersion coefficient
The ambient cross-wind dispersion coefficient oy, is based on a formula by McMullen (1975) for downwind distance
x larger than L, and is assumed to vary linearly for x<L,

0.2
oya(X) = (t& g! +30In(x/1000)] + K[In(x/1000)]? Cx>L
600
X
= E o-ya (L) , X< L

(70)

Here x is the downwind distance from the source (m), and t., the averaging time tay (S); the coefficients |, J, K, L
(with L in m) are given as a function of stability class by***

XX values of 1,J,K at stability classes A,B,C,D,E,F from McMullen (1975). Values for intermediate stabilitiy classes obtained from interpolation. Unknown
origin for chosen values for L as function of stability class.
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stab.cl. A A/B B B/IC C C/ID ) E F G
I 5.357 5.208 5.058 4.855 4.651 4.441 4.230 3.922 3.533 3.144
J 0.8828 0.8926 0.9024 0.9103 0.9181 0.9202 0.9222 0.9222 0.9181 0.9024
K -0.0076 -0.0080 -0.0096 -0.0080 -0.0076 -0.0080 -0.0087 -0.0064 -0.0070 -0.0070
L (m) 0.4481 1.2156 6.1992 3.6748 4.5704 6.8227 11.433 2.2925 2.8799 0.9383
Ambient vertical dispersion coefficient
The ambient vertical dispersion coefficient oz, is based on a formula by Hosker (1973)% for downwind distances
larger than 100 m, and is assumed to vary linearly for downwind distance less than 100m. It is a function of the
downwind distance x (m), the stability class, and the surface roughness zo (m),
ou) = F(25:%) 9(X), x>100m
X
= —— 0,,(100) , x<100m
100
(71)
Here the function g(x) is the vertical dispersion coefficient for surface roughness 0.1m and is given by
by (72)
(X) _ a; X
g PR
1+a,x
with the coefficients ay, b1, az, b, defined as a function of stability class by*
stab.cl. A A/B B B/C C C/D D E F G
a 0.112 0.121 0.130 0.121 0.112 0.105 0.098 0.0609 0.0638 0.065
b1 1.06 1.01 0.950 0.935 0.920 0.905 0.889 0.895 0.783 0.671
a 5.38E-4 5.95E-4 6.52E-4 7.79E-4 9.05E-4 1.13E-3 1.35E-3 1.96E-3 1.36E-3 9.05E-4
b2 0.815 0.783 0.750 0.734 0.718 0.703 0.688 0.684 0.672 0.660
The function F(zo,x) applies the effect of the surface roughness z, and is given by
d
C, X
Fzox) = In 1—d , 2 <01m
1+c,x™
d
= Ineex*|I+——|t, z>o01m
C,X 2
(73)
where the coefficients ¢4, di, ¢2, dz are given for the various roughness lengths by
surface roughness (m) C1 d; [ d;
0.01 1.56 0.0480 6.25E-4 0.45
0.04 2.02 0.0269 7.76E-4 0.37
0.1 e 0 0 0
0.4 5.16 -0.098 18.6 -0. 225
1 7.37 -0.0957 4.29E3 -0.60
4 11.7 -0.128 4.59E4 -0.78
Let 0.01<z,<4, then the values for F(z,,x) are obtained from the above via interpolation between the surrounding
surface roughness lengths zq4, Zoy (€.9. for zo = 0.08, z,a = 0.04 and zy, = 0.1),
Xxxi_VaIues at stability classes A,B,C,D,E,F from Hosker (1973). Others obtained from interpolation.
XXl e = 2.71828... is the base of the natural logarithm (In).
Theory | Unified Dispersion Model version 8.5 | Page 35




DNV
log(z,) - log( z,,) (74)
|0g( Zob) - |Og( Zoa)

For z,< 0.01 m, the value at 0.01 m is assumed: F(z,,x) = F(0.01,X) .
Likewise for z,> 4 m, the value at 4 m is assumed: F(z,,X) = F(4,X) .

F(25,X) = F(Zea:X) [F (24, X) ~ F (265, X)]

Discussion

Different dispersion coefficients have been found for urban and rural data. One approach to reconciling these
differences was suggested by Hosker (1973), and is currently incorporated in the Unified Dispersion Model. This
attributes the differences between urban and rural o, curves to the surface roughness length. Essentially, weighted
average coefficients are found between the values for urban conditions given by McElroy and Pooler (1968)°° and
those for rural conditions given by Turner (1969)°¢ and Smith (1968)%7.

An alternative approach has been suggested by McFarlane et. al (1990)*, citing Hanna et al. (1982)%8 and Pasquill
and Smith (1983)%°, who attributes the differences between urban and rural o; to differences in the averaging time
of the measurements. By applying an averaging time correction, the two sets of data are resolved into one, without
the need to invoke a surface roughness effect on o.

Passive-dispersion entrainment

For a continuous cloud, the entrainment rate by the far-field passive dispersion mechanism, Egss' (kg/m/s) is given
yooi:

(75)
ff 1 doyp, 1 do
EpaS = Acld(x) - d +—— pa(ZZde) Ua(ZZZC)
oy, dx o, dx
while for an instantaneous cloud Egss' is given by (kg/s)
(76)
ft 2 doy, 1 do
Epas = Vcld(x) - +——= pa(ZZde) ua(Z:Zc)
oy, dx o, dx

XX 3USTIFY - In the above equations doya/dx and do/dx were originally evaluated at x - X, with X, a virtual source distance such that spread rate is
continuous. However the use of x, in code has been eliminated (why?), and instead the continuous spread rate is obtained via a more arbitrary
smoothing algorithm. Note that strictly speaking for continuous, Epas = pata [0Acd/dX] =patla A/OX[AT(1+n™") T(1+m™)(1+hg)oyo.]. This leads to
Equation (76 ) ignoring downwind variations of n,m,hq and assuming dcy/dx = dcyal0X, d52/0X = 0cza/0X. Likewise for instantaneous: Epas = pala
[6VedlX] = pata dloxX{nT(1+s™) C(1+2m™) 6,%c7).
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3.5 Momentum equations

The adopted momentum equations (vector notation) are as follows for continuous dispersion [cloud area Aciq
= Meig / (Peldlicid)],

77
dbe |sin@| —-siné@ 1 0 (77)
ds i . d d
= Fdar';g B sing | + Firgnrpo;crt] 0 + ngr;%un + Ayg (Paa — pa)d
dl, CosH — 0 -1
— |sind | cosé
ds
and for time-dependent dispersion [cloud volume Vg = Meg / peia] *,
78
dle |sing| —sing . . (78)
dt i .
= Frag | _ sing | + Fir?wrpo:crt]d 0 + ngr;%und + Vag (Pag —Pa)d
di, C0S6 — 0 -1
s |sin@| cosé

The terms in the right-hand side represent forces on the plume. They are respectively:

- the air-borne drag force Farag®" (N/m or N). This force is perpendicular to the plume centre line, with a
positive downwind x-component. It is proportional to the airborne drag coefficient Cpa. The force is
currently ignored by setting Cpa=0.

- the ground impact force Fimpact®" (N/m or N) resulting from plume collision with the ground. This
force is perpendicular to the plume centre line, and is added during touching down only.

- the horizontal ground drag force Farag?" (N/m or N). This force is added after onset of touchdown
only.

- the vertical buoyancy force (N/m or N). This force is proportional to the gravitational acceleration g (=
9.81 m?/s) and the density difference between the plume and the air. It is directed downwards for a
dense plume.

Expressions for the airborne drag force, the ground impact force, and the ground drag force are derived in the
Sections 3.5.1,3.5.2, and 3.5.3 below.

During touchdown the plume impact force reduces vertical momentum, and after touchdown the vertical
momentum equals zero. A grounded plume may lift off from the ground if the buoyancy forces exceed the
turbulent forces within the ambient boundary layer. The UDM lift-off criterion for a grounded plume is taken
from Briggs®®,

_ g[pcld-pa(zzzcld )] H ot - (79)

Ri« 5 -20
pa U

where Rixis the Richardson number (see Equation ( 68 )). Note that the above criterion implies that lift-off will
never occur for a heavy cloud. For a buoyant cloud (pcg-pa < 0), the above criterion implies that lift-off will
occur if the windspeed u, is sufficiently small [small ua(z) implies small friction velocity u+]. In addition we

XXV 3USTIFY — Note that McFarlane? includes for airborne plume also the horizontal shear force associated with the vertical gradient of the wind
speed = (dmed/dt) sin(6) duw/dz.
X®VNote that instantaneous equation is only used after energetic expansion, at which excess momentum probably has become negligible.
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stipulate that the criterion be continuously met for a time, t,. This is defined as the time required for the
buoyancy force to displace the cloud upwards by a characteristic vertical distance D

D= 05 WeffHeff

This leads to

ParWesrHers

tho =
9Pcta — Pa)

As described in the above excess momentum equations, the cloud will not rise higher than the mixing layer
height*i,

Note from the above that the vertical momentum equation is not used when the cloud is grounded or capped
at the mixing layer (constant plume height).

3.5.1 Airborne drag

The formula for the airborne drag force Farag?" is taken from Ooms!®18

air

— : 2 . 80
srag — Coa Pabov 2, (UaSIN @ )", continuous (80)

It is reported by Li, Leijdens and Ooms®! and Havens®? to be a successful predictor not only of buoyant and
neutral plumes, but of dense emissions as well. Note that it is proportional to the perimeter Panove (M) Of the
nominal elliptical cross-section of the cloud above the ground, and the square of the component u,sin6 of the
wind speed normal to the plume. The proportional factor is the drag coefficient Cpa of the plume in the air. The
value of Cpa=0.15m is derived by Ooms, Mahieu and Zelis!* from comparison of theoretically predicted plume
properties against one experiment. However this was used in conjunction with a different cross-wind
entrainment formulation. It is shown in the verification and sensitivity manual that neglect of airborne drag Cpa
= 0 leads to the best results. Note that this is also in line with the assumption adopted by the HGSYSTEM
model.

The extended Morton crosswind entrainment model however (Section 3.4.2) replaces drag lost due to
supressing near-field entrainment with an increased Cp over a similar distance scale (3Lsupp):

. N
Cpa = CE¢ (1 — max|-—,1
= (1mnf )

The initial value Cp"tis 0.39.

In the case of instantaneous dispersion, the airborne drag force (N) is taken to be proportional to the cloud area
above the ground Sapove,
air ( 81 )

—_— - 2 .
drag Coa Sabove ,Oa(uaSIn 6)" . instantaneous

XV | MPROVE. Default values are 1300, 1080, 920, 880, 840, 820, 800, 400, 100, 100 m for stability class A, A/B, B, BIC, C, C/D, C, E, F, G
respectively with unknown reference for these datal. For SAFETI-NL the defaults are taken as 1500, 1500, 1500, 1250, 1000, 750, 500, 230,
50, 50 m for stability class A, A/B, B, B/C, C, C/D, C, E, F, G. These values correspond to those recommended by Table 4.7 in Part | of the
Yellow Book®, where the values correspond to the geographical location specific to the Netherlands and where for neutral and stable conditions
a value of 0.3 of the surface roughness is assumed. In the future a more detailed literature review may be carried out. This could apply the
mixing layer heights as function of surface roughness and wind-speed at 10m height, with windspeed profile taken form the UDM profile and the
UDM values for the Monin-Obukhov length (rather than applying the Yellow Book profiles). Furthermore further aspects of the mixing layer logic
may be improved in conjunction with this as mentioned elsewhere in this theory manual.
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3.5.2 Ground impact force

The ground impact force Fimpact®©“" (N/m or N) results from collision of the plume with the ground. This force
is added during touching down only. A new ground-impact-force formulation is implemented into PHAST 6.0,
which is based on the formulation proposed by McFarlane?? for the HGSYSTEM program AEROPLUME.

The assumption of elastic collision is applied to the plume as a whole. This requires that the impact pressure
force Eimpact IS at right angles to the momentary orientation of the centre-line, which ensures conservation of
kinetic energy (i.e. absolute velocity remains constant during plume impact); see Figure 4. .

Plume impact force: Fipp ..

4
/
...... «...,, Incident momentum: d°P ~ ,

.......... -~
........ é"":-.\ 5 II
— n ........... % =
GROUND udd..‘i't' """"""""" /,.\/Uddfltha-nel
Figure 4. Ground impact force acting on impinging cloud

Continuous releases

According to the figure above, the cross-sectional plume area dAass (perpendicular to plume axis) ‘absorbed’
into the ground surface during a time step dt is given by a rectangle with as width the cloud ground width
2Wyng and as length {uqq dt [tan@]}. Thus the absorbed area equals dAass = {2WgnaH{Uuca dt [tand]}. The cloud
momentum per unit of axis length dP [kg(m/s)/m] impinging on the ground during a time step dt, is directed
along the plume centre-line axis and is given by

uy cosé
dP = dAys Paq |0 | = dAgps P Uga| O
u, sin@

The ground impact force Fimpact9©“™ is the force exerted by the ground onto the plume per meter of plume axis
length (N/m). Using the assumption of elastic collision mentioned above, it follows that its absolute value
equals Fimpact?™©" = |dP/dt| , and that its direction is perpendicular to dP/dt. Thus

—-sin@

. dA,
d d d b
Fopat = Fimpact |0 . with Fge = it > Poid Ugig = {Z\Ngnd}{ucld max| 0, tan(-6)]} PgqUgg
cosd

Note that Fimpaci@®" = 0 during touching down only (i.e. for Wgng > 0 and 6 < 0). For 6 { -n/2 (vertical
downward impinging plume), Fimpact?®"Teo since an infinite force per unit of axis length needs to be applied.
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Note that McFarlane suggested that the above formulation should be applied for 6 > -n/4 only (incident angles
less than 45 degrees).

Instantaneous releases

According to the above figure, the cross-sectional plume volume dVaps (perpendicular to plume axis)
‘absorbed’ into the ground surface during a time step dt is given by a tilted cylinder with as basis the cloud
ground surface area Sgng, @ height uggAt, and a tilt angle -6. Thus the absorbed volume equals dVaps =
{SgndH{uca dt |sin 6]}. The cloud momentum dP (kg*m/s) impinging on the ground during a time step dt, is
directed along the plume centre-line axis and is given by

uy coséd
AP = dVaps Paq |0 | = dVaps P Uga| O
u sin@

z

The impact force Empact®"™ is the force exerted by the ground onto the plume (N). Using the assumption of
elastic collision mentioned above, it follows that its absolute value equals Fimpact?™" = [dP/dt| , and that its
direction is perpendicular to dP/dt. Thus

—-sin@

ground _ ground
Eimpact - I:impact 0

. av .
. with RO = d—ibspcm Ugg = {Sgnd}{ucld mex{ 0, 5in(=6)]} PeiqUcig
cosd

Note that Fimpact9®" = 0 during touching down only (i.e. for Wgng > 0 and 6 < 0). Note that for 8 = -n/2 (vertical
downward impinging plume), the impact force is directed vertical upwards and Fimpact9°""™ = {SgndUcid} PeidUcid.

3.5.3 Ground drag

The horizontal ground drag force Fgrag®° " is added after the onset of touchdown. For a slumping plume, this
term represents the drag force exerted at the ground surface by a slumped plume. This force results from
differences in the mean horizontal and undisturbed wind speeds in the neighbourhood of the ground surface.

HGSYSTEM formulation

McFarlane?? recommends a formulation proportional to the footprint width 2 Wng (for continuous release),

2
U.q COSE
= ground = 2W 7-7 u*z 1- Peld cld
drag gnd pa( cld) 04 (Z _ Zc|d) u,

Note that p,u-? is the surface stress associated with the ambient wind profile. Thus the above formula states
the following:
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- For a non-moving cloud the ground-drag force (N / m of downwind distance) is proportional to the
surface stress and the part of the cloud touching the ground: Fground®™9 = 2 Wgna paUs2.
- The ground drag force is zero for a horizontal cloud speed equal to the ambient wind speed and a cloud

density equal to the ambient density.
- The ground drag force is larger for a dense cloud

The author is not aware of validation of the above ground drag formulation.
UDM formulation

The above formulation has the disadvantage that the drag force does NOT reduce to zero for cloud speed
equal to the wind speed, which is considered to be undesirable. As a result it is suggested to deviate from
McFarlane assumption and ignore the pad/pa term. This ensures that cloud will not be slowed down for a
heavy cloud moving with the ambient speed (although the McFarlane formulation may be more accurate for a
heavy ground-level jet).

Thus the following UDM formulation has been adopted

Uyg COSE ? (82)
ngrgog””d = 2Wgyq pa(z= Zgyg) Us? | 1— (ddu—j , inN/m (continuous)
a
In the case of instantaneous dispersion, the ground drag force (N) is taken to be proportional to the area of
the cloud touching the substrate, Sgng
(83)

Uggq COSO

2
] , inN (instantaneous)
ua

ground _ _ 2
I:drag - Sgnd PalZ=124q) Ux 1_(
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3.6 Cross-wind spreading

3.6.1 Jet spreading

The cloud is assumed to remain circular until the passive transition or (after onset of touching down) until the
spread rate reduces to the heavy-gas spread rate, i.e.

R, =R (84)

3.6.2 Heavy-gas spreading

The lateral spread rate in the heavy gas entrainment regime is given by*®i:

85
dW et s \/g{maxlo, Potd - Pa(2=2qq )]} Her (1+1y) (85)
g
dt Puid
Thus the adopted equation for instantaneous releases is
d Ry_ 1 dWer Cg g{max[O, Pad = Pa(Z=12qq )J} Her (L+Ng) (86)
d ¢c, dt Cm Peld
and
dRy 1 dWes _ Cg g{max[O, Pad - Pa(Z=12q4 )J} Her (L+g) (87)
dx uxCm dt UxCm Peld
for continuous releases. Here the factor C, is defined by
> (88)
Cm = F(:HEJ . instantaneous
(89)

Ch = F[1+ij , continuous
m

Transition from the jet-spreading regime to the heavy-spreading regime is chosen to take place as soon as
dRy/ds from the circular spreading rate drops below the above heavy-spread rate. Thus the heavy spread rate
is applied after the circular spread rate has reduced to the heavy spread rate, and before the passive
transition.

Light gases can enter the heavy gas regime due to low temperature or the presence of a liquid phase. In such
cases its density will fall to below ambient as the temperature rises or the liquid rains out or evaporates. The
lateral spread rates as defined in Eq.( 86 ) and Eq. ( 87 ) become zero and heavy spreading rates are no
longer appropriate.

X Note that more up-to-date ideas for cloud entrainment are given by Billeter,L. and Fannelgp, T.K.,”"Concentration measurements in dense
isothermal gas clouds with different starting conditions”, Atm. Env. Vol. 31, No. 5, pp.755-771 (1997).
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Instead across the heavy spreading regime the spread rate used is the maximum of the heavy, jet and
passive spread rates:

dx — dx | dx| ' dx

jet |pass

ary _ <dRy| dR,| dR,| ) (90)
hvy

Gravity collapse

Once in the heavy gas spreading regime, clouds will continue to entrain air and spread laterally. However
eventually heavy-gas spreading can break down due to boundary layer or other turbulence®. To mitigate
excessive spreading for non-instantaneous®i clouds the UDM includes a model for adapted from
HEGADAS®*. It is controlled by a transition criterion which requires the volume of air added due to top
entrainment exceeds its growth due to lateral spreading®:
Liop Terf > 4 (91)
ug Heff
Uop IS the top entrainment velocity from Eq ( 62 ). ug is the cloud spreading velocity dWeg/dt which, expressed
in terms of Rix can be written

In addition we require that the pool has been left behind and rainout has finished, and that Ri* must exceed a
threshold of 35 continuously for a period tg in order that we can say gravity spreading has become
established”

Once gravity-collapse has occurred, the reduced spread rate is given by:

AWesr  u.Ri ®(Ri.) Hefr
dt  3kCp Wesy

(92)

3.6.3 Passive spreading

The lateral spread rate in the passive entrainment regime is given by

R d (93)
%[at x] = 205%[&'[ X—X,], continuous

drR d (94)
—at x] = u, 2%° ﬂ[at X—X,] , instantaneous
dt dx

where X, is the virtual source distance (currently not used, x, = 0) and where oya(X) is the empirical formula for
the passive dispersion coefficient.

ool 2D-spreading for instantaneous clouds results is less extreme and the extension is therefore not applied

XXX AR earlier implementation of gravity spreading collapse was included in the Flashing JIP Phase Il (Witlox and Harper, 2008) but never included in
a commercial release

X This reduces the likelihood transiently heavy buoyant materials (such as evaporating LNG pools) trigger the transition. As Ri* only accounts for
atmospheric turbulence, this condition also excludes other potentially turbulent regimes such as evaporating pools or jets.

X ypm applies the differential equation for dRy/ds instead of dR,/dx. This difference is neglible because dx/ds = cos 6 ~ 1 for passive dispersion.
Likewise in the differential equation for dR,/dt, uca is adopted instead of ux and Uci=ux.
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3.6.4 Transition to passive

Along the transition zone x*2 <x<ry x"* the near-field spread rate (dR,/ds)" is phased out, while the far-field
passive spread rate (dR,/ds)" is phased in

dRyds = [1-f(X)] (dRy/dS)nt + [f(X)] 2Y?(doya/dS)
For heavy-gas spreading the near-field spread rate (dRy/ds)ns is given by the heavy-gas spread rate [see
Equations ( 86 ),( 87 )]. For the near-field jet spreading Ry = R, and an method needs to be developed to

evaluate (dRy/ds).s. This is described below for continuous and instantaneous dispersion, respectively.

Continuous dispersion

For continuous dispersion the following applies:

Acid = 2WesHei(1+hg), We=CmRy, Hetf = CaR; with C, = T'(1+1/n), Cr =['(1+1/m)
Med = PeldUcldAcd = 2CnCmRyR2(1+hg)peidUcid

Assuming at the transition point negligible dCs/ds,dCm/ds,duqq/ds, dped/ds, it follows

1 dmgg 1 dAgq _ dRy+idRZ+ 1 dhy

1
Mgy ds Agq ds _R_y ds R, ds 1+hy ds

Using the formula for hg,

1 ; n b (95)
h, =Pl =, __“dd i — 1 a-1 -t
=P (Rzame : mmp(&by_Fzﬁgt etdt

dhg/ds can be calculated. Assuming negligible dh/ds, d6/ds, the above equation thus reduces to

R, 1\{ R, cosd

Z, "
1 dmcld zidRy_l_ 1 dRz 1 - 1 [ Leg je[chlc(:sﬁj
mgg ds R, ds R, ds (1+hd)r[1+j
n

If the plume is circular prior to the transition, Ry=R;, and the above equation may be solved for dR,/ds. Note
that the above equation compares to the far-field equation as

1 1 do, 1 do,
+_

pas
pauaAcId O-y dX O-z dX

Instantaneous dispersion

For instantaneous dispersion, an analogous derivation can be made, summarised as

Veig = TCWefszeﬁ(l"'hd)y Weﬁ:CmRy, Hert = ChR;
Maid = PeidVeid = TChCmRy?R2(1+g)peia
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1 dmgy 1 dVyg

2
~ =— +
Mgy ds Vaq ds Ry ds R, ds 1+hy ds
1 dmy, 2 dR, 1 dR, 1 244 [Zﬁ]
r— +— 1- e

mgg ds R, ds R, ds (l+hd)l“[l+1j(Rz
n

dRy, 1 dR, 1 dhy

Using the above equation, again (dR,/ds). can be evaluated. Note that the above equation compares to the
far-field equation as

1 2 do, 1 do,
+_

PNy o, dx o, dx
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3.7 Averaging-time effects

This section discusses the effects of time averaging on the cloud concentrations and cloud shape. Time
averaging may include the following two effects:

- the effect of wind meander, resulting in wider less dense clouds for large averaging times (for both
continuous and time-varying dispersion). This effect occurs for both continuous and time-varying
dispersion. It is only relevant after the transition to passive dispersion, i.e. when the cloud moves
passively with the wind.

- Additional time-averaging at a specific position, resulting from time-dependent concentrations at this
point (as a result of the effect of varying release rate).

3.7.1 Averaging time effect because of wind meander

The effect of wind meander results in a wider and more dilute cloud for a larger averaging time. The dispersion
coefficient oys from McMullen (1975) corresponds to an averaging time of 600 seconds. It is converted to an average
time of tay Seconds using:

t, 02 (96)
600

Oya (tav )= O-ya( 600 )(

For toxic releases, the adopted averaging time tay is usually chosen to be equal to 600 seconds. For flammable
clouds and calculation of flammable zones, one needs to calculate non-averaged instantaneous values of the
concentrations. The instantaneous value of oy, is approximately half the 10-minutes value (see TNO yellow
book® and CCPS guidelines??). Using the above equation, it follows that this corresponds to the instantaneous
averaging time t,/™ = 18.75 seconds*i [(18.75/600)°2=0.5]. Thus the following recommended averaging times
apply for toxic and flammable releases,

t
t

av

600 seconds , toxic releases (97)

av

18.75seconds, flammable releases

For the purposes of acute toxic risk, the averaging time should generally be equal to or shorter than either the
release duration or the cloud duration. It should also reflect the exposure time associated with the toxic
exposure guideline of interest [see the EPA guidelines®] i.e. 60 minutes for the Emergency Response Planing
Guideline (ERPG), 30 minutes for the Immediately Dangerous to Life and Health Level (IDLH), and 15 minutes
for the Short Term Exposure Limit (STEL).

Averaging time for instantaneous dispersion

Passive along-wind diffusion is caused by both wind shear and turbulent spread [see Equation( 107 )], while
passive cross-wind diffusion is caused by turbulent spread only. Thus for no time averaging (tay = 18.75s) the
instantaneous passive plume will be longer in the downwind direction than in the cross-wind direction, i.e. cxa >
Oya(ta=18.75).

However as described in Section 3.1.2, a circular horizontal cross-section is assumed (R,=Ry) for the UDM
calculations in the case of instantaneous dispersion. Thus the downwind passive dispersion coefficient oy, is
assumed to be equal to the crosswind passive dispersion coefficient oya(X;tay), and therefore erroneously also
depends on the averaging time. This is not satisfactory, and as indicated in Section 3.1.2 a future improvement
would be to allow for Rx # Ry and therefore to allow oy, to depend on x only and not the averaging time.

Xl Thus 18.75 seconds should not be considered as an ‘actual averaging time’, but as the value to be adopted in Equation ( 96 ) to ensure that the
instantaneous concentration is half the value of that at 10 minutes. This approach is consistent with the TNO yellow book, the CCPS guidelines
and HGSYSTEM.
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3.7.2 Averaging time effect because of time-varying release rate

In addition to the averaging time effect of wind meander, the user can optionally apply additional time-averaging
at a specific position x, resulting from time-dependent concentrations at this point resulting from the effect of
time-varying release rate or time-varying pool evaporation rate. The time-averaged concentration at time t is
obtained by integration of the time-dependent concentration between times t-t,/2 and t+t,/2:

1 t+t,, /2 (98)
cxtt )] = - j/c(>_<, r;t,) dr
av t-ty, /2

Here c(x,t;tay) is the concentration at position x for time t, including averaging-time effects of wind meander
only; [c(x.t;itav)]avg IS the concentration at position x for time t including averaging-time effects of both wind
meander and time-dependency of concentrations.

Using the above equation, the time-averaging effect is optionally applied to concentrations for time-varying
dispersion. For uniform finite-duration releases it can be optionally applied by means of the finite-duration
correction; see Chapter 4 for further details.

Table 1 includes the averaging-time effects and along-wind-diffusion effects that are included for the different
types of model scenarios.
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4. UDM DISPERSION MODEL FOR FINITE-DURATION RELEASE (NO
RAINOUT)

In Section 2.3 an overview has been given for the UDM models for steady-state, instantaneous and finite-
duration releases (see also Figure 23, Figure 24, and Figure 25). In Chapter 3 the dispersion model for steady-
state releases (with infinite duration) and instantaneous releases has been discussed detail.

In this chapter the sub-models in the UDM for finite-duration releases are discussed. The release mass rate is
assumed to be constant during the finite duration. The UDM contains two models for the case of a finite-duration
release, i.e. the ‘quasi-instantaneous’ model and the ‘finite-duration-correction’ model.

The quasi-instantaneous model is described in Section 4.1. It models the initial phase as a continuous source
(neglect of downwind gravity spreading and downwind diffusion). When the cloud width becomes ‘large’ with
respect to the cloud length, the cloud is replaced by an ‘equivalent’ circular cloud, and the subsequent phase is
modelled as an ‘instantaneous’ circular cloud; see Figure 25a and Figure 32.

The ffinite-duration-correction’ model is described in Section 4.2. Itis based on the HGSYSTEM formulation derived
from that adopted in the SLAB dispersion model. It has a better scientific basis and is derived from an analytical
solution of the Gaussian plume passive-dispersion equations. It takes the effects of downwind diffusion gradually
into account including effects of both turbulent spread and vertical wind shear. A limitation of this model is however
that it is strictly speaking only applicable to ground-level non-pressurised releases without significant rainout.
Moreover it produces predictions of the maximum (centre-line ground-level) concentrations only (see Figure 25b).

4.1 Quasi-instantaneous model

Previous approaches to the modelling of a very short duration continuous release have tended to assume that if the
duration falls below some minimum criterion the release should simply be modelled as an instantaneous release
starting from the origin. However, this approach can give a rather strange description of the release when the
duration in absolute terms is reasonably long, even if it is short compared to the time for the cloud to disperse. If a
release is only say one minute long, the release will effectively be instantaneous from the point of view of far field
effects. Yet the front edge of the release can have reached several hundred metres from the release point by the
time the release finishes, so in the near field the release will appear to behave as a true continuous release. To
model it as an instantaneous cloud centred on the release point will not correctly describe the behaviour in this area.
At the very least this instantaneous release will show upwind effects and a wide area of effect near the release point
which would not be present for the actual release.

Therefore a different approach has been taken which is to model it as a continuous release during the initial stages
of the release and then at some point replace it with an equivalent instantaneous cloud for subsequent effects.

In the initial stages of the release [(a) through (d) in Figure 32] the effects from the continuous release are idealised
as a section of the expected concentration profile for a long duration continuous release with the front and back
boundaries of that section moving downwind. The separation between these is the duration of the release.

Criterion for transition from continuous to instantaneous plume

At some point, the shape of this truncated part of the continuous plume begins to look more like a short, fat cloud
than a long, thin continuous plume. In the UDM model a test is applied to the ratio of the cloud width to its length.
When this ratio becomes too large the cloud has become quasi-instantaneous, and is replaced with an equivalent
instantaneous cloud [(e) in Figure 32].

Let the current downwind and upwind edges of the continuous plume be located at xqw and xuw. Then the cloud
length equals Leg = Xaw — Xuw, @nd the cloud width at the downwind edge equals 2Wei(Xaw). The transition is
now made if the cloud width/length ratio [2W es(Xaw)]/Lcid €XCeeds the parameter rguasi = 0.8.

Matching of data between continuous and instantaneous plume at transition point

The data for the new instantaneous cloud are chosen to correspond to the data for the truncated continuous cloud,
i.e. by matching of cloud masses, momentum, energy, cloud centroid, and horizontal cross-section area. This is
done by the following consecutive steps*ii:

Xiit 3USTIFY. The droplet variables (Mg, Udz , Tda , Za , ldz) are not transformed during the transition. However there appear to be considerable
discontinuies in the gradients of these variables which look incorrect.
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1. Matching of masses of cloud compounds [pollutant (mc)*", wet air (mws), added water from the
ground (mw23"%9], horizontal excess momentum (ly), vertical momentum (l,), and total cloud enthalpy
(Heig)- This is carried out by the following transformation formula,

[S]inst = I dx = I [S]contdt' for S = mCImwa’mv%Cdv |x2’ IZ’ Hcld
Ueg (X)
Xdw cont

tdw
where t, is the time at which the cloud reaches x. (time at which transition is made) and where tqy is the
time at which the cloud reaches xqw. Thus, for example, the above formula determines the component
mass [Mclinst, kg, Of the instantaneous cloud by means of integration of the mass rate [mc]cont, kg/s, of the
continuous cloud. The total mass of the instantaneous cloud is set as [Madfinst = [Mwalinst + [Mw@ inst +
[McJinst.

2.  The instantaneous cloud centre co-ordinates [Xcidlinst, [Zcid]inst are calculated by means of matching
the cloud mass centroid,

e o (100)
J. [Xcld Mg ]cont dt j [chd mcld]cont dt
t t
[Xea Jinst - v [Zaa Jinst =
aeam [Meig Jinst ceam [Meig Jinst

3. Subsequently thermodynamic calculations are carried out (see Part Il of the UDM Technical
Reference Manual) based on the above-calculated instantaneous cloud composition, total cloud
mass [Madlinst and total cloud enthalpy [Had]inst®. These provide as output the instantaneous cloud
temperature, the cloud density [pcidinst, @nd the cloud volume Veig = [Meialinst/[Peia]-

4. The effective cloud data are subsequently set agX¥vixvi

[Vcld ]inst [Vdd ]inst ( o )
H R = ) in =
[ eff ]IHSt Xow [\Neff ] o 77(1+ hd )[H eff ]inst
j 2 [WEff (X)]cont dx

In the above equation for [Hes]inst the denominator is the horizontal cross-section area of the truncated
effective steady-state cloud. The equation for [Welinst is derived from Equation ( 26 ). The primary
variable Ry is then set from Weg.

5. The heat transfer ggna is found from subtracting from the total cloud enthalpy the enthalpies of wet
air, component and added water from the substrateXVii,

qgnd = Hcld o mwahwa(Ta) - mchc(Tc) - mvwgndhwv(rgnd) (102)

Subsequent calculation of dispersion and effects start from the above instantaneous cloud, which moves away while
increasing in radius, [(f) inFigure 32]. There are bound to be small discontinuities in behaviour and effects at the
transition point, but the aim has been to make these as small as possible. However, given the nature of the assumed
distribution of concentration in space and time for instantaneous and continuous releases, the scheme as described
here is the only way to give a reasonable picture of how the true situation will evolve.

Discussion

cont

XV Eor md™ we simply set me
XV The specific enthalpies of cloud components are unchanged from the continuous release; masses of pollutant, wet air and mass of water vapour
) from substrate are calculated by the integration. These are used to calculate Hci.

XM is initially assumed to be the same as that of the final continuous cloud.

XMl £ the continuous cloud is a jet, then so will the instantaneous and therefore these calculations are only necessary for heavy or passive clouds.

XMl Note that as a result of the approximate assumptions during matching Heg will not be exactly equal to Mahua(Ta)+Mhe(To)+Mind™hun(Tand) if no heat
transfer occurs from the substrate. Thus in this case gqna as calculated from Equation ( 102 ), is effectively a residual energy term that needs to
be included in the enthalpy equation to ensure conservation of energy at the quasi-instantaneous transition. If heat transfer DOES occur from the
substrate, ggna Should be considered to be the sum of [this residual energy term] and [the heat transfer from the substrate to the instantaneous
cloud].

x (taw — tuw), @S COarse output steps can results in inaccurate pollutant masses..
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This guasi-instantaneous approach is an improvement, compared to the very old approach of replacing the
continuous plume with an instantaneous plume starting from the origin. However, it still has the disadvantages
of an abrupt plume transition and, since it neglects the effects of downwind diffusion and downwind gravity
spreading (before the transition), it may over-predict concentrations in the near-field. Furthermore it is limited
to the assumption of a circular cloud after the instantaneous transition. As shown in the UDM verification
manual, this may lead to too short clouds (too large concentrations) for stable conditions in conjunction with
small averaging times, and to too long clouds (too small concentrations) for unstable conditions in conjunction
with large averaging times.
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4.2 Finite-duration correction

In this section the finite-duration correction algorithm is introduced, and a formulation for the governing
mathematical model is given.

Background

Ermakb7:68 developed a simple analytical algorithm to calculate the centre-line ground-level concentration for
finite-duration ground-level sources (no jet). He implemented this algorithm into the dispersion shallow-layer
model SLAB. This algorithm was later on adjusted for use in HGSYSTEM by Witlox5%43,

The finite-duration correction approach is recommended instead of the current UDM quasi-instantaneous
approach described in the previous section. It has a better scientific basis and it is derived from an analytical
solution of the Gaussian plume passive-dispersion equations. Moreover it takes the effects of downwind
diffusion gradually into account including effects of both turbulent spread and vertical wind shear (see Figure
below). This is contrary to the quasi-instantaneous model, for which an unrealistic abrupt transition occurs from
the continuous cloud to the instantaneous cloud (see Figure 25a).
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Figure 5. UDM FDC correction for finite-duration releases

Witlox®® has shown that the finite-duration correction corresponds well with the more sophisticated HEGADAS-T
time-dependent dispersion formulation, provided equivalent formulations are adopted for the downwind dispersion
coefficient, etc. However the latter formulation also allows to impose more sophisticated and accurate downwind-
dispersion formulations (e.g. prescribed downwind dispersion coefficients as a function of travel time, rather than as
a function of downwind distance), and to provide more complete information of the concentrations, cloud widths,
etc.

Mathematical model

The UDM finite-duration correction algorithm is based on the theory underlying the finite-duration correction
originally applied in SLAB by Ermak®78, and later on adjusted for use in HGSYSTEM by Witlox; for full details, see
Section 8.6.1 in the HGSYSTEM user's manual®®, and Equations (7.42) and (7.44) in the HGSYSTEM theory
manual*®. In HGSYSTEM, Ermak’s algorithm is further adjusted to ensure compatibility of the UDM finite-duration
correction with the dispersion coefficients adopted by the steady-state UDM model. Likewise in the UDM finite-
duration correction algorithm given below, it is adjusted to ensure compatibility with the dispersion coefficients
adopted by the steady-state UDM model. For further details and derivation of the equations below the reader is
referred to the above references.

The equations are derived from an analytical solution of the Gaussian plume passive-dispersion equations. They
assume the power-law Ua(z) = Ua(zZrer) [Z/Zwer)P [S€€ Equation ( 181 )] for the ambient wind-speed profile, where uret
is the wind speed at the reference height zr and p the exponent in the wind-speed power-profile.

The centre-line ground-level concentration c(x) for a constant release with duration t. is obtained from the steady-
state centre-line ground-level concentration c*5(x) by applying a finite-duration correction:
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cix) = F c%(x) ,  for instan tan eous concentrations (103)
= F Dc®(x) , foran averagingtime t,,
where the correction factors F and D are given by

104

F — erf 2—3/2 Uctdur ( )

O-X
(105)
V21 ol Ut
X -3/2 crav : t 2 2
D=~ Xerf| 2220 | with 6! =0l +(U,t,,)" /(27)

ctav O-X

Here the error function erf is defined by ( 17 ), ox= ox(X) is the downwind dispersion coefficient, and U¢ = U¢(X)
the mean convection velocity of the cloud. The expressions for the latter two data are given below.

Downwind dispersion

The downwind dispersion coefficient ox = ox(X) consists of two components,

o, (X) = /o2 (X) + 52 (X) (106)

where oys is the downwind dispersion due to vertical wind shear,

p (107)
GXS (X) = a)(s X ’ Wlth aXS = 06 p |:%:|
e

and oy is the downwind dispersion due to turbulent spread caused by downwind velocity fluctuations. In UDM
the formula for oy is chosen to be equal to the UDM formula for the (time-averaged) ambient cross-wind
dispersion coefficient oya given by McMullen (1975)%3, i.e. ox(X) = oya(X), With oya(X) given by Equation ( 70).

Cloud speed
The mean convection velocity of the cloud, Uc = U¢(X), is given by

1 1 1/p (108)
(I-pd) F(E p+5)

Jr

o, (X)

ref

p
Uc(X) = Uy [7 :| , Where 72\/5

Here the formula for the vertical dispersion coefficient ¢, () is chosen equal to the UDM formula for the ambient
vertical dispersion coefficient given Hosker (1973)%, i.e. o, (X) = cz(X), With cza(X) given by Equation ( 71) as a
stability-class dependent function of x and the surface roughness z,. Furthermore d = dsc + dy is the exponent
in the approximate** power-law fit o,(x) = (¢ x¢). Here ¢ and ds are a function of stability class, and d,, a function of
surface roughness:

¢ =0.02, 0.12, 0.25, 0.38, 0.52, 0.28 for stability class A,B,C,D,E,F;
dsc = 0.9021, 0.8354, 0.8031, 0.7614, 0.7322, 0.669 for stability class A,B,C,D,E,F
dz = 0.0523, 0.0255, 0, -0.0414, -0.0625, -0.079 for surface roughness z, = 0.01,0.04,0.1,0.4,1,4 m.

XliX Thig power-law fit is determined by Panos Topalis to obtain a best fit for 100 m < x < 10000 m
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Evaluation of FDC correction in limit cases
Using the above equations, the FDC correction can be analytically evaluated for the following limit cases:

A. Steady-state limit: for Uctaur >> ox [negligible effects of along-wind diffusion: F ~ 1] and taur>> tav
[negligible effect of time-averaging: D = 1]

Cfd:FDCSSzCSS

B. Negligible effects of along-wind diffusion [Uctaur >> ox: F ~ 1] and significant dominant effects of
time-averaging [taur<< tav: D~ taur/tav]:

cY=FDc%~ [tdur/tav] css

C. Significant dominant effects of along-wind diffusion [Uctaur << ox: F = (21) Y?Uctau/cy] and
significant effects of time-averaging [ox << Uctav: D ~(21)*?cx/Uctav:

cf=FDc%~ [tdur/tav] C%° ~ O

D. Significant dominant effects of along-wind diffusion [Uctaur << ox. F = (21) ¥?Uctau/ox] and
negligible effect of time-averaging [Uctay << ox: D ~ 1]

c=FDc%~ [(27) Y2Uctaurlox] €% << ¢°

It is interesting to compare the above extreme limit cases A-D for the FDC module against the quasi-
instantaneous (QI) model with or without duration adjustment:

- Limit cases A and D corresponds to the QI model without duration adjustment. Limit case A
corresponds to the dispersion before the QI transition; limit case D corresponds to the QI model after
the QI transition in the far-field [but with the limiting assumption oy = cy].

- Limit case B corresponds to the dispersion before the QI transition for the QI model with duration
adjustment.

Finite-duration correction module FDC (post-processing module to UDM)

The above FDC correction has been implemented as a sub-module of the separate post-processor module
RPRO to the UDM. This module converts the steady-state UDM results for the centre-line ground-level
concentrations css(x) into finite-duration results cr(x) for the centre-line ground-level concentrations. The FDC
has also been tested as a post-processor for the HGSYSTEM/SLAB steady-state results, and shown to lead to
finite-duration results virtually identical to the latter programs, provided the dispersion coefficients were chosen
to be consistent with the latter models.

The input parameters required by the FDC module include the stability class, the wind speed urs (M/s), the
wind-speed reference height z.r (m), the wind-speed power-law exponent p (-), the averaging time tay (S), the
release duration tqr (S), and the surface roughness z.

Range of validity of the FDC module

Unlike the quasi-instantaneous model, the finite-duration-correction algorithm produces predictions for the
centre-line ground-level concentrations only. Thus it is an improvement in the calculation of centreline
concentrations compared with the quasi-instantaneous approach. Strictly speaking, the model applies to the
following scenario only:

- ground-level non-pressurised release
- no significant rainout
- uniform release rate of a finite duration
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It should be noted that the correction is negligible in the near-field (jet and heavy gas dispersion, possibly with
liquid within the cloud). Therefore the FDC approach is not incorrect in the near-field, although it was initially
derived from a passive-dispersion formulation.

For a high-speed jet release, the cloud speed may reduce to the ambient speed at a large downwind distance
from the release point, say at x = Xg. In this case, the FDC approach may be less accurate, in particular if the
correction factors at x = xy are significant. However it should still lead to good predictions at distances sufficient
far from x = xy. Similarly, for elevated releases, the FDC approach will be accurate sufficiently far downwind
from the point of touchdown (but may be inaccurate prior to touchdown and also after lift-off).

The FDC method is not applied in the case of rainout, where there is significant pool vaporisation. The FDC
method should never be used for scenarios with a time-varying release rate (multi-segment scenarios).

FDC merely predicts centreline ground-level concentrations, although the calculated steady-state (uncorrected)
values for cloud width may still be reasonable. It should be noted that the FDC does not calculate cloud lengths
and therefore, currently, the FDC option cannot be used in QRA (in Safeti).
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5. UDM DISPERSION MODEL FOR TIME-VARYING RELEASE
(RAINOUT AND POOLS)

5.1 Introduction

Previous UDM model (Phast 6.7, 7.1): segment method excluding along-wind diffusion

For a time-varying release, Phast divided the calculated discharge mass into a user-specified number of equal-
mass segments (Figure 6). Likewise in case of rainout or dispersion directly from an evaporating pool, the
evaporated mass from the pool is divided into equal-mass segments. Subsequently the UDM model carries out
steady-state dispersion calculations for each segment, and determines for successive times the concentration
as a function of distance from these segment data as shown in Figure 6 by the dashed curves. Thus for time-
varying releases or for dispersion after rainout, the previous UDM model did not apply along-wind-diffusion at
the upwind and downwind edges of the cloud, or between segments, which may lead to significant over-
prediction of concentration and under-prediction of duration in the far-field (see Figure 6 at time 2). This is
particularly important for toxic releases, where dispersion calculations are required to be carried out to low
concentrations such as ERPG levels. It is less important for flammable releases with calculations to relatively
high concentration levels only, such as LFL or 0.5LFL.
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Figure 6. UDM time-varying dispersion — old multi-segment method excluding along-wind
diffusion

HEGADAS heavy-gas-dispersion model: observer method including along-wind diffusion

The Shell consequence modelling package HGSYSTEM 3.0 (Post®®) includes the time-dependent dispersion
model HEGADAS-T (Witlox"®) for modelling the time-dependent dispersion of a heavy-gas cloud moving with
the wind. It can be used to model the dispersion downwind of either a time-dependent ground-level source
(unpressurised release) or a vertical-plane transition (breakpoint) with a near-source jet model (pressurised
release). The time-varying behaviour of the cloud is approximated by a quasi-steady-state description in which
so-called “observers” are released at the source/transition-plane at a series of times. These observers travel
with the wind. For each observer, the observed concentration is set from steady-state HEGADAS-S calculations
using the observed source/transition data. Thus by calculating the position of each observer at a given time t,
the concentration c is set for a number of downwind distances. Subsequently the actual concentration is set
from Gaussian integration with respect to the downwind distance x of the above observer calculations. This
involves a downwind dispersion coefficient oy, which allows along-wind diffusion to be taken into account.

New UDM model: observer method including along-wind-diffusion
The current chapter describes a new enhanced dispersion formulation accounting for time-varying effects
resulting from a time-varying release.
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The new UDM model generalises the above HEGADAS-T observer formulation both for ground-level
unpressurised releases (e.g. evaporating pools) and for elevated two-phase pressurized releases including
potential rainout.

The release rate is no longer divided into a number of discontinuous release segments. Instead a
number of ‘release observers’ are released from the release location until the release terminates
and/or the upwind edge of the pool moves upwind of the release point. Observer steady-state
calculations are carried out based on observed source-term data.

Following rainout the new UDM model invokes pool spreading/evaporation equations using a PVAP
model with a new robust numerical solver (see PVAP theory manual for details). Here unlike the former
UDM model, the pool vapour is added back to the cloud without discontinuities in pool evaporation
rate and/or pool radius. Thus there is a considerably improved link between cloud and pool. Moreover
the pool centre is no longer fixed at the initial point of rainout, but it will move upwind or downwind in
case of time-varying rainout or in case the pool reaches the bund.

Additional ‘pool observers’ are then released from the upwind edge of the evaporating pool. This can
occur after either the upwind edge of the pool has moved upwind of the release point, or the release
has left the pool behind.

The new model applies an added correction to the observer concentrations to ensure mass
conservation in the cloud when observers move downwind with different velocities (different curves of
observer downwind distance versus time). The former UDM model modelled the latter case by a
number of discontinuous equal-mass release segments, where cloud segments could drift apart
resulting in unrealistic gaps between segments and too high concentrations.

As in HEGADAS-T, the new UDM model applies effects of along-wind diffusion at a given time by
means of integration of observer concentrations along the downwind distance. As indicated above the
former UDM model does not include effects of along-wind diffusion, apart from instantaneous clouds
where spreading in the alongwind direction was already modelled.

The new model allows the additional option of including time-averaging effects resulting from time-
varying release rates and/or time-varying pool evaporation (see Section 3.7.2 for details).

The new model can be applied to the following cases:

Finite-duration continuous release without rainout (optional, alternative QI or FDC)
Time-varying release without rainout

Dispersion starting from time-varying pool

Finite-duration continuous release with rainout

Time-varying release with rainout

Instantaneous release with rainout

The reader is referred to Section 2.3.4 for a summary description of the overall new UDM model. Section 5.2
describes the overall algorithm for the new model, while Section 5.3 provides further details of the observer
dispersion calculations.
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5.2 Overall algorithm

5.2.1 Phast source-term calculations (prior to UDM calculations)

In Phast prior to the UDM dispersion calculations, first Phast discharge calculations are carried out (for release
from a hole of a vessel or a pipeline) to determine the UDM source-term data, i.e. the time-varying discharge
data after expansion to atmospheric pressure and prior to air entrainment [flow rate, velocity, temperature, liquid
mass fraction, droplet size (SMD — Sauter Mean Diameter)].

5.2.2 Release observers: set observer release location and observer
release times

Non-instantaneous release (see Figure 3)

First ‘release observers’ are released from the release point.

Secondly observers will be released from the upwind edge of the pool after the time that either (a) the upwind
edge of the pool moves upwind of the release point, or (b) the release has stopped and all previously-released
observers are located downwind of the downwind edge of the pool'",

No more observers will be released after both the original release and the pool evaporation calculations have
been terminated (i.e. time larger than release duration, and pool evaporation rate below minimum rate).

Release observers are released at intervals based on equal-mass discharge increments, while pool observers
are released at intervals based on equal-mass pool-evaporation increments'i,

Instantaneous release (see Figure 9)

The initial observer moves with the instantaneous cloud. Pools and instantaneous clouds can only co-exist after
rainout. Following rainout, the instantaneous cloud will pick up vapour from the pool until the upwind edge of
the instantaneous cloud has left the downwind edge of the pool behind',

After the upwind edge of the instantaneous cloud has left the upwind edge of the pool behind (this may happen
almost immediately if the cloud moves faster than the pool spreads), additional observers will be released from
the upwind edge of the pool with equal PVAP mass evaporation segments as for non-instantaneous releases.

5.2.3 UDM calculations for each observer

The dispersion data are determined by means of UDM steady-state calculations for the ‘steady-state’ observers,
and by means of UDM instantaneous dispersion calculations for the ‘instantaneous’ observer. For each
observer, the observer dispersion data are set as function of downwind distance, while the observer is moving
in the downwind direction. This also includes the downwind position of the observer as function of time.
Calculations carried out are as follows:

. While the observer is upwind of the pool carry out UDM calculations as described in Chapter 3. Here
the source-term data input to the observer correspond to the release source-term data at the time of
the release of the observer.

! Xeld > Xpool + Rpool. A pool observer is released immediately after the pool has been left behind. This is because the cloud can be highly discontinuous at

) this point, and releasing a pool observer will better anchor the results.

i \MPROVE. Consider releasing pool observer immediately or shortly after the last release observer has passed the upwind edge of the pool. Delayed

. for now because of differential observer velocities issues (observers which are released close are more likely to overtake each other).

i REFINE. Initial observers released from release point are to be provided by TVAV or UDM as for the case without rainout (GSPP, PBRK; not yet
TVDI). To further specify logic to set release times for observers released from the pool. This may be based on existing PVAP pool segmentation
logic (reducing observers in case of small difference between evaporation rates) or otherwise analogous to current TVAV logic for setting equal
mass segments for discharge models.

Nt That is if Xes — Wet > Xpoot + Rpeo
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While the observer is above the pool, account for added pool component mass/momentum etc. by
applying appropriately modified equations.

While the observer is downwind of the pool, carry out unmodified UDM dispersion equations as
described in Chapter 3.

Observers released from the upwind edge of the pool may pass over the release location at x=0. If at this time
the original release is still on-going, the observer data (primary variables) are adjusted to account for the added
release term. If a pool has spread upwind of the release and is still evaporating when the release ends, then
in order to better resolve the discontinuity in release rate at this time, two pool observers are released at almost
co-incident times. The first pool observer is released at a time such that it passes x = 0 immediately" before
the release ends (thereby encountering the source term and corresponding to the upwind edge of the release),
while the second observer is released at a time such that it passes x = 0 immediately' after the release ends.

As part of the above equations, observer droplet rainout is applied at the time at which the observer droplet hits
the ground or the bund wall. In case of observer rainout, the following calculations are carried out in sequence:

e Case of instantaneous release with rainout

First calculations are carried out for the instantaneous observer until the point of rainout to provide the
instantaneous spill data input to the PVAP pool spreading/evaporation model (e.g. rainout location and
spilled mass).

PVAP calculations are carried out to determine the time-varying pool radius, pool evaporation rate,
etc.

Following rainout, the instantaneous cloud will pick up vapour from the pool until the upwind edge of
the instantaneous cloud has left the downwind edge of the pool behind.

After the upwind edge of the instantaneous cloud has left the upwind edge of the pool behind (this may
happen almost immediately if the cloud moves faster than the pool spreads), additional observers will
be released from the upwind edge of the pool. One is released immediately, and others at intervals
corresponding to equal mass increments being evaporated from the pool. This is illustrated by Figure
9, where observer 1 corresponds with the first ‘instantaneous release observer, and observers 2,3 with
subsequent “pool observers” starting from the upwind edge of the pool.

If there is a bund that fails, an additional observer is released that crosses the pool just before it
overspills. This helps to capture a significant discontinuity in the results.

e Case of time-varying (non-instantaneous) elevated release with rainout

o

5.24

First calculations are carried out for all observers until the point of rainout to provide the time-varying
spill data (rainout rate, rainout time, and rainout location) input to the PVAP pool spreading/evaporation
model, with linear interpolation presumed between subsequent rainout times.

PVAP calculations are carried out to determine the time-varying pool radius, pool evaporation rate,
and downwind distance of pool centre.

Calculations are redone for the above “release observers” form the time at which the reach the upwind
pool edge. While each observer moves above the pool, the observer dispersion equations
(conservation of cloud mass and momentum conservation, cloud crosswind gravity spreading, heat
transfer from the substrate, etc.) are modified to account for the pool vapour added back to the cloud.
Additional “pool observers” (corresponding to equal pool-mass increments) are released from the
upwind edge of the pool after the release plume has left the pool behind, or after the upwind pool edge
has moved upwind of the release location. This is illustrated by Figure 3, where the first “release
observers” (1,2,3,4) start from the release point and subsequent “pool observers” (5, 6) start from the
upwind edge of the pool.

If there is a bund that fails, an additional observer is released that crosses the pool just before it
overspills. This helps to capture a significant discontinuity in the results.

Mass Conservation and Correction

Mass Conservation Checking and Handling Lost Mass

V.1 secs
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Sometimes for large rainout rates and very rapidly spreading / evaporating pool mass is not conserved by
observers passing over the pool — mainly this is due to observers not ‘seeing’ a significant fraction of the pool
while evaporation rates are high. Checking has been implemented immediately downwind of the pool to ensure
that:

Mrelease = Mpool + Mobs + Mloss
where

- Miekease is the total mass (kg) released by the source term

- Mool is the mass left in the pool at the final time, at which the observer calculations are terminated

- Mops is the integrated mass rate against time for all observers at the downwind edge of the pool"

- Mss is the evaporated mass from the pool when the evaporation rate is lower than the cut-off rate. This
mass is not added back to the cloud and is ‘lost’ from the system™.

If this check fails because release mass exceeds observer + pool mass by more than 25% one of two corrective
approaches, described below, is used. A warning will be given to say if mass conservation problems have
forced to use either method.

Instantaneous Over Pool

Often mass conservation errors occur due to the pool being highly dynamic and of very short duration compared
to the transit times of observers over it. In such cases using an ‘averaged pool’ may underestimate near-field
concentrations due to the removal of transient evaporation rate peaks.

The instantaneous over pool model models the case as an initially zero mass instantaneous cloud centred at
the release point and fed by time-varying evaporation from the pool underneath. In all other respects it conforms
to the modelling described in Section 5.3.2 for an instantaneous cloud with rainout, including determination of
when the pool has been left behind by the instantaneous cloud and the release of any subsequent continuous
observers.

By modelling the scenario as an instantaneous cloud centred over the pool (including any residual vapour), we
ensure that the entire mass of the pool is captured whilst the dynamic nature of the pool is preserved.

This method is the first one attempted. However, if the scenario is such that the pool sees significant
vaporisation after it is been left behind by the instantaneous observer, then this approach is likely to be less
good than the equivalent pool (below), and we use that method instead.

Equivalent Pool
Here the time-varying pool is replaced with an equivalent finite-duration steady-state pool. The duration, dequiv,

of the equivalent pool is the time taken for 95% of the total mass evaporated (Mevap) to be vaporised"i. The
mass rate is Mevap / dequiv- Other quantities (radius, temperature) are averaged over the duration of the original
pool. This equivalent pool is then modelled as a pool source™i,

Any residual vapour — i.e. that fraction of material which did not originally rain out — is handled by increasing

the equivalent pool evaporation rate. So, a case where residual vapour accounted for 10% of vaporised mass
would have the equivalent pool evaporation rate increased by 1/0.9 to compensate.

Application of differential observer-velocity cloud mass correction

The above method for a non-instantaneous release is based on a quasi steady-state approach based on a
steady-state solution for each observer. However, if observers move with substantially different velocities
(different curves for observer downwind distance versus observer travel time) the mass of released material is
not conserved by simply interpolating between these steady state solutions. Therefore a correction must be
applied to ensure mass conservation.

WV At the downwind edge of the pool, observer mass will no longer change and a correct mass balance can be calculated.
M it it is significant a warning is given; see UDM3 warning 1136 in Appendix F.3.

i That is, the elapsed time between the 97.5 and 2.5 percentiles of evaporated mass

Wil 1£ this method is adopted, warning UDM3 1128 will be reported.
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Figure 7. Cloud mass correction: conserve mass (area under material rate curve)

Let t be the time since the start of the release. Let N be the number of observers. For each observer i (i=1,...N)
we define ti(x) as the time at which the observer reaches the downwind distance x [i.e. observer position
Xeiai(t)=X], and Qj(x) the observed amount of material mass rate (kg/s) passing through the vertical plane at
distance x; see Figure 7. Let Atj(x) be the time interval between arrival times of observers i and i+1: Atj(x) =
tiv1(X)-ti(X).

Thus in case of an elevated release without rainout, t(0) is the release time of the observer, Q;(0) the observer
release rate, and At(0) the observer release interval. The above pseudo state-state formulation assumes that
Qi(x) remains equal to the release rate Q;(0), while the correction accounts for a modification of Qi(x) as a result
of observers moving with different velocities.

Evaluation of observer material rate Q;(x): case of no rainout

First the case is considered of either an elevated release without rainout (only presence of release observers,
released from release location x=0), or dispersion from a ground-level area source (only presence of pool
observers released from upwind edge of the pool).

It is presumed that the material mass rate through the vertical plane at x varies linearly with time between
subsequent observer arrival times. Thus the total amount of mass passing through the plane x is given by

) Qi () +Q () S (109)
My (9 = Y102 AL () = M (4
i=1 i=1
Here M;(x) can be considered to be the prescribed ‘observer mass’ associated with observer i:
At (X Aty (X
ML) =028 W (0=, 02 (110)
M, = Q0 B g g

Mass conservation requires that the above mass M(x) must be identical to the released mass for all values of
X, 1.e. Mioi(X)=Mot(Xo), for x>%,. Here x,=0 in case of an absence of a pool, and it equals the furthest downwind

distance of the downwind edge of the pool in case of the presence of a pool-

Presuming that the release rate of an observer can only be affected by its adjacent observers, this leads to the
requirement that the observer mass for each observer i cannot change with time and distance:
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M;(X)=M; (%), i=1..N (111)

Thus M; can be set at the start of the UDM calculations from the specified release rate. Use of Equation ( 111)
into ( 110) leads to an equation which can be easily solved for Qi(x), i=1,...N:

— f . i — Atl(xo) — AtN—l(xo)
Q) = fi(x)Qi(x), with ,(x) () fn () My () (112)
f. (X) — Ati—l(Xo)"'Ati (Xo) Ci=2,..N-1

At (X) + At (X)
The above equation shows that no modification to the rate Q;(x) is applied if the observer time intervals do not
change when the observers moves downwind, which is the case for a steady-state finite-duration release. It is
reduced if the observer time intervals increase, while it is increased if the observer time intervals reduce.

Simplified implementation of observer mass correction

At present a simplistic version of the above correction is implemented. The correction is ignored for the initial
observer steady-state calculations. No mass correction is applied for x<x,. For x>X,, subsequently Equation
Error! Reference source not found. is applied by post-processing the UDM pre-AWD observer data. Let Npoi; b
e the molar flow pollutant passing through a plane prior to the correction (kmol/s; independent of x), and let
Nairi(X) be the molar of wet air (kmol/s). Thus after the observer mass correction (OMC), the molar flow of
pollutant equals fi(x) Npai;. Thus the concentrations (mole fraction) before and after the observer mass correction
are given as follows:

N ol f. ()N .
C(x) = —2 ¢ OMC(x) = 109N pol; ,1=0,...N
N pori + Nairi (X) fi (X) N pori + Nagiri (X)

(113)
Thus the concentration after observer mass correction can be expressed in terms of the concentration prior to
mass correction as follows:

-1
&) :{l+ f-tx)[ctx)_l}} 170N o

By ignoring the correction for the initial observer steady-state calculations, heavy-gas crosswind spreading and
passive transition are not affected by the correction, which may lead to added inaccuracy. However in case of
toxic releases, this new correction method still provides superior results to the old Phast (pre 8.0; involving
possible gaps between subsequent segments, or overlapping segments) for the evaluation of the toxic load,
while in case of the probit exponent n=1 it may provide more similar results to the old Phast.

Appendix E.1 describes a time-shifting algorithm, which is applied prior to the observer mass correction to avoid
observers approaching each other too close. Appendix E.2 describes a more rigorous implementation of the
observer-velocity cloud mass correction for potential future implementation.

Handling Discontinuities at the End of the Release

When the release ends, it can represent a large discontinuity in the simulation if there remains an evaporating
pool. An additional pool observer is normally released very shortly afterwards to try and capture this, but the
release and pool observers will typically travel at very different speeds (with the release travelling faster) and
this is often not well handled by the mass correction method described above. Therefore, we add a duplicate
of the final release observer'™ but delayed by 0.001 secs, and with modified concentrations ¢' determined from

C(X)IZ w C(X)

pol

X This can either be the final release observer, or the last pool observer that encounters the release
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Npol is the final molar flow of pollutant (i.e. once it has left the pool behind; kmol/s). Nies is the residual vapour
flow rate, calculated as the release flow rate (kmol/s) minus the rainout flow rate (kmol/s).

The purpose of this added observer is to force an instantaneous transition (in time) from a high flow (release)
regime to a lower flow (pool only) regime.
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5.2.5 Gas blanket modelling for buried pipelines

This model describes the release of dense material from buried pipeline ruptures. Releases such as dense
phase CO; from large diameter pipes have been observed to ‘collapse’ on themselves and spread upwind.
They can produce much higher ground-level concentrations than those predicted by the UDM.

The model is an adaptation of the “Instantaneous Over Source” model discussed in the preceding section. It
effectively substitutes the continuous or time-varying vertical jet with an instantaneous cloud fed continuously
from underneath by the crater. This substitution gives a much better physical representation of the observed
cloud behaviour.

It has been implemented alongside, and for use with, the “Defined area” crater model (see Crater Model
Theory). The momentum reduction within the crater makes gas blanket behaviour much more likely to occur.

Formulation and Assumptions

The behaviour of collapsing plumes is highly complex in terms of momentum, entrainment and many other
key variables. Rather than try and explicitly model this stage we make an up-front determination of whether
the cloud will collapse. By modelling a collapsed cloud as a ground level instantaneous one, we ignore the
spreading effects due to downwards momentum. We assume that ultimately the spreading of the cloud will
instead be determined by heavy-gas type behaviour.

Activation

The first release observer is modelled as a normal vertical jet. The gas blanket modelling is activated if (a)
the cloud centreline becomes grounded; and (b) the centreline angle between touchdown and becoming
grounded ever drops below the critical angle (-45° by default)

If this activation fails, the case is rerun as a normal continuous or time-varying vertical jet release.
Generally activation is more likely for large low velocity releases, lower windspeeds and very dense materials.
Initialisation

Upon activation, the case is modelled as an instantaneous cloud starting with zero mass and fed with release
mass and entrained air flowrates from the crater, allowing the cloud to grow and spread in all directions
(Figure 8a). This is entirely analogous to the instantaneous over source model, but with a point source rather
than a pool (area) source.

Crater Left Behind

The crater is left behind once Xciq — 0.5Wgna > rsie Where rgc is the source radius calculated by the Crater
Model. If when this happens the crater source is still active, then additional continuous observers are run
while the source is active (Figure 8b).

Ug

—_

Crater

Ground
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Ground

Figure 8. (a) An instantaneous cloud while over the crater; (b) subsequent continuous observers
once the crater has been left behind

5.2.6 Inclusion of effects of along-wind diffusion

Time-varying release

The actual plume concentration c(x,y,z,t) including effects of along-wind-diffusion is a function of time t, x, vy,
and z; this function is calculated by means of Gaussian integration of the observer concentration C(g,y,z,t),

_ ey o[ k-gf
I = oo @ ™ 200

In the above equation ¢ is the downwind distance from the release point at time t of an observer travelling with
the cloud in the downwind direction. At this position the observer sees the concentration C(¢,y,z,t). In Equation
( 115 ) along-wind diffusion is taken into account by assuming that the concentration C(¢,y,z,t) spreads out
around ¢ according to a Gaussian distribution with a downwind dispersion coefficient ox = 0x(§). Figure 2 depicts
the pre-AWD observer concentration C and the post-AWD concentration c at a short time after the release (time
1; limited AWD effects), and at a larger time after the release (time 2; larger AWD effects).

(115)

dg

The evaluation of the downwind dispersion coefficient 0x(€) is fully consistent with the UDM FDC model for the
specific case of including AWD effects for finite-duration releases (see Section 4.2). In case of stability class D,
the model also allows an alternative formulation proposed by Chatwin (1968)"*where the along-wind diffusion
coefficient ox = Ox(tons(§)) is evaluated at the observer downwind distance ¢ through the observer travel time
since the time of observer release,

Oy (tops) = 2 Ukt , for stabilityclassD (Chatwin) (116)

where u- is the friction velocity.

Instantaneous release

For an instantaneous release effects of along-wind diffusion have already been applied to the initial
instantaneous observer, and therefore along-wind diffusion only needs to be further applied to the ‘non-
instantaneous’ observers released from the upwind edge of the pool [ using Gaussian integration as given by
Equation (115 )]. Afterwards the instantaneous concentration is added to obtain the overall concentration.
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Constant angle
droplet trajectory
during initial
energetic expansion

C/L touchdown

Initial energetic expansion
—

(a) Dispersion before rainout (single instantaneous observer 1 only)

Droplet rainout
(b) Rainout (adjust observer variables at rainout location; solve pool equations afterwards)

(c) Dispersion after rainout (account for pool vapour pick-up by instantaneous observer)
release pool observers af tpwind edge of poal

(d) Release ‘pool observers’ after upwind edge of instantaneous observer passes upwind pool edge

/

(e) Dispersion directly from pool, with original instantaneous cloud moving away from pool
Figure 9. UDM dispersion stages for instantaneous release with rainout
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5.3 Details of observer dispersion calculations

5.3.1 Two-phase release: UDM observer primary variables

Two-phase release: rainout and pool evaporation

In case of a two-phase release, a single droplet size (SMD) is presumed. The initial droplet size (after expansion
to the ambient pressure) is obtained from the ATEX atmospheric expansion model. Two-phase dispersion
equations are solved in the downwind direction with droplets moving towards the ground (because of gravity
effects). The UDM thermodynamics manual describes in detail the droplet thermodynamics model. The
unknown droplet variables (position, velocity, mass and temperature) are found by relating the droplet speed to
the droplet position, and imposing momentum, mass and heat balances for a single droplet.

The rainout location is determined from the point at which the droplets hit the ground or hit the bund wall
(whichever happens first) and the liquid component mass is removed from the cloud. PVAP pool spreading and
evaporation calculations are carried out until the termination criterion is satisfied, i.e. until the pool evaporation
rate has dropped below a minimum specified flow rate.

The total evaporated mass is calculated (until termination), and the times corresponding to the evaporation of
equal-mass increments are determined. The maximum number of equal-mass increments is input to the model
but the actual observers released depends on the function of flow rate versus time; see Appendix C for full
details on the algorithm for selection of observer release times.

Once the pool has been calculated, its influence on release observers is accounted for. While an observer is
travelling over the pool, the observer equations are modified. For example mass is added from evaporation,
conservation of momentum takes account of vertically evaporating vapour, heat and ground vapour transfer
take account of the underlying pool. This also affects observer height, i.e. the observer would be very close to
the ground in case mass from pool is very much larger than mass originally from release™.

After the pool has moved upwind of the release point, or the release has left the pool behind, observers are
released from the upwind edge of the pool at these times. Whilst above the pool, these observers are influenced
by its presence in the same way as described above for release observers.

The influence of the pool on any observer ends when that observer has left the pool behind (i.e. Xcid > Xpool +
Rpool)-

For non-instantaneous releases, it is presumed that those observers which do rain out, rain out successively,
although some of the observers may not rainout. Leti = 0,1,..., NSEG be the observers, which are released at
subsequent release times. Let j and k (0 <j < k < NSEG) be two observers which are both raining out, then it is
therefore always presumed that the rainout time t,o* for observer k is always larger than the rainout time tl for
observer j.X

For instantaneous releases, the initial ‘instantaneous’ observer corresponds with the original instantaneous

cloud. In case of rainout and after the upwind edge of the original instantaneous cloud has left behind the
upwind edge of the pool, ‘steady-state’ observers are released from the upwind edge of the pool.

UDM observer primary variables

For each observer, differential equations are formulated for the unknown primary variables listed in the table
below. Variables listed in italic are added primary variables compared to the UDM formulation described in
Chapter 3 (steady-state or unpressurised instantaneous releases without rainout).

X These differences can potentially affect the amount of rainout (normally it will increase). Ideally, the pool calculations and observer calculations
should be rerun iteratively to convergence, but this is impractical. Instead we use the updated observer results, but do not rerun the pool. If total
rainout increased by more than 25% (and evaporated mass is a significant component of the cloud) then a warning (UDM3 1134) is given as the
pool evaporated mass may be too low.

™ |t this would not be the case, the UDM provides a fatal error.
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UDM PRIMARY VARIABLE SYMBOL UNIT UNIT
(inst.) (cont.)

UDM downwind distance of pool centre Xpool (Secondary variable for inst. case) m m

PVAP POOL PRIMARY VARIABLES Various; see PVAP theory manual - -

UDM PRIMARY VARIABLES (for each observer)

component mass me kg kals

component enthalpy He J Jis

mass of wet air in the cloud Mwa kg kgls

excess downwind momentum e = Ix - MeidUa(Zc) = MeidUx - MeiUa(ze) = 1Ix- | kg m/s kg m/s?

MeidUw = MeidUx - MeidUw

vertical momentum Iz = Mea Uz =Mea Uz | kg m/s kg m/s?

downwind position Xeld m m

vertical position Zcd m m

heat conduction from substrate COgnd J J/s

water evaporated from substrate My, 2" kg kgls

cross-wind dispersion coefficient™ Ry = 2%%cy =225, | m m

droplet primary variables Various; see THRM theory manual - -

Table 4. List of UDM primary plume variables (including rainout)

In addition to the above differential equations for the UDM primary variables, non-linear algebraic cloud-
geometry equations are formulated for two additional primary variables (based on theory from Section 3.1), i.e.
the vertical concentration exponent n and centroid height z..”i Subsequently a number of expressions are
formulated in terms of primary variables to evaluate the UDM secondary variables. For the new modified
formulation this includes as added secondary variables the rainout rate m(t), the rainout distance x(t), and
the liquid rainout temperature Tqro as function of the time t. Furthermore it includes secondary variables for
each observer.

The differential equations for the above primary variables™ are solved while stepping forward in the time t.

5.3.2 Detailed algorithm and two-phase dispersion equations

The detailed algorithm can now be described as follows.

A. Evaluate rainout data, downwind distance of pool centre, and pool calculations

For the purpose of pool spill calculations, the liquid rainout mass my (spill rate; kg/s for non-instantaneous
release and kg for instantaneous release), liquid rainout temperature Tqro (K) and downwind distance Xpoo Of
the pool centre are evaluated as a function of time. For each observer, the point of rainout X, is taken as the
downwind distance at which the droplet hits the ground or bund wall (whichever happens first).

Non-instantaneous release

Calculations are carried out for all observers until the point of rainout to provide the time-varying spill data
(rainout rate my, rainout time t', rainout temperature Tq,' and rainout location X'; i=0,...NSEG) input to the
PVAP pool spreading/evaporation model. Herewith for all observer calculations it is assumed that no pool is
present (no linking between cloud and pool), i.e. the presence of the pool does not affect the amount of rainout.

Zero rainout is presumed before the first observer rains out. Likewise zero rainout is presumed after the last
observer rains out. Furthermore observer rainout cannot occur after the droplet sizes drops below the critical

Wi o gifferential equation is not used for the jet phase (circular jet assumed), but for the heavy and passive phase only.
MilEyTURE. To further remove internal UDM geometry iterations (alongside THRM iterations).

XV The pvaP pool equations and the observer UDM equations could be considered to be solved simultaneously enabling a rigorous solution while the
observers move over the pool. This enables a rigorous link between the cloud and the pool for the case of non-instantaneous elevated releases with
rainout. For the other cases this simultaneous solution would not provide added benefit. However it has been shown for a wide set of test cases that a
separate solution for each observer (as discussed in the current chapter, decoupling the rainout calculations from the pool evaporation calculations)
provides overall very accurate results. In case the presence of the pool would significantly affect the amount of rainout, the current model produces a
warning (in case of more than 1% difference) or an error (in case of more than 10% difference). Moreover a separate solution more easily enables
automation of observers (subsequent release of additional observers to enable convergence check and to improve accuracy until convergence criterion
is achieved). Investigations have shown that if a simultaneous solution would be adopted, then estimating rainout rate as a function of time would be
problematic.
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droplet size. Linear interpolation is presumed between two subsequent rainout times™*, i.e. for the time period
ol <t < tro' between rainout of observer i-1 and observer (i=1,...NSEG):

) ) (117)
mo(t) = m,," +ttu: ® M, -m,]
_ (118)
Ko® =%+ e _t SYOJERES
. t—t. . (119)
Td,ro (t) = Td,ro ' + = —t i1 (t) D—d ro d ro l]

Based on the above spill data, PVAP calculations are carrled out to determine the time-varying pool radius and
pool evaporation rate. See the PVAP theory manual for the governing theory. Furthermore a new UDM
differential equation is added for the new added primary variable Xpooi (Xpoo! is downwind pool mass centroid
distance, m; Myool = pool mass, kg):

m,, (t) (120)

M pool (t)
In case of the presence of a circular bund (with bund radius Ruwung @nd bund centre at release point x=0), the
bund is assumed to be only included in case the first observer rains out inside the bund. All subsequent rainout
is assumed to be inside the bund (with a warning given in case subsequent rainout occurs outside the bund).

Moreover the bund will only be included before bund overflow. In case the bund is to be included, the above
equation ( 120 ) is subject to the additional condition

Xpool (t) = min lXpool ! Rbund - Rpool(t)J (120)

Thus as long the downwind edge of the pool remains to touch the bund wall [i.e. Xpool(f)=Rbund-Rpoi(t)], the
following modified differential equation is applied instead of Eq. ( 120 )i

dx (t) = min mro (t)
dt M pool (t)

Piool 1) [, (©) — X )]
dt - ro pool

20 (122
poo

pool

[Xro (t) Xpool (t)] -

Instantaneous release

For a non-instantaneous release, the observer droplets are currently assumed to be located at the same
downwind distance as the centre-line, i.e. X4 = Xqg. However for an instantaneous release there is a droplet lag
distance X429 = X4"-Xcia(ta) # O™, For the initial instantaneous observer, the rainout mass my, (kg), the rainout
distance Xuo01, and the rainout temperature Tqo are determined from the primary observer variables at the
rainout time, i.e. at the time t4™ at which the instantaneous observer droplet reaches the ground or hits the bund
wall.

At time t=0, the downwind distance of the centre of the pool will be equal to the rainout distance: Xpoo= X4. The
distance xpool Will be fixed in case rainout does not occur inside the bund; otherwise it is subject to the condition
of Equation (1121).

X 1 case rainout occurs, rainout is presumed to stop as soon as an observer does not rain out. In case subsequent rainout occurs, a warning message
) (UDMA 1113) is given
b The difference in rainout time for consecutive observers can be greater than the difference in the observer release times. Given we use linear
interpolation of rainout rate this can lead to much more mass raining out than is released (see D-12109). Mass conservation requires that rainout
intervals for observers after the first are equal to observer release intervals. Thus for i > 0 we set tro = tro +lrel -
i £ TURE. This equation for time-varying rainout releases not yet implemented, since dReo/dt is unknown for all but pools spreading normally on
land. Presently Eq. (121 ) is used all cases. Equation ( 122 ) is not used, since an analytical expression for dRpeo/dt is not available for cases
__ spreading on water.
bt The droplet lag distance x4 = xd®xei(tio) # O is caused by the starting position of the droplet at the edge of the instantaneous cloud [ xs(t=0) = x(t=0)
+ Wer], and for pressurised instantaneous releases also because during the initial energetic expansion the downwind droplet size velocity udx is
different to the downwind cloud velocity ux; see the THRM theory manual for further details. The instantaneous droplet logic is expected to change
further following the INEX work.
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B. Adjust observer data if observer passes release location with ongoing release

Observers released from the upwind edge of the pool will pass over the release location x=0, say at time t = ts'
for pool observer i. If at this time the original release is still ongoing, i.e. ts' < tqur (Never applicable for
instantaneous releases), the observer data (primary variables) are adjusted to account for the added release
term.

Immediately prior to the adjustment, we have two separate plumes, one possibly momentum-driven elevated
plume (‘release’ plume) starting from the release height (with 100% concentration, not yet air entrainment), and
a second heavy-gas ground-level plume (‘pool’ plume) with possibly already significant air entrainment. For
purpose of UDM calculations after the adjustment, we need to combine these two plumes into an equivalent
plume (‘combined’ plume). This combination should be both appropriate for material release rate much larger
than the material flow rate in the ‘pool’ plume and vice versa. To ensure this we will not be able to always apply
the more usual approach of adding the plumes together (e.g. adding amount of wet air, conserving mass of
water and heat added from the substrate, etc.), but we apply a more appropriate averaging of the plume as
further detailed below.

The adjustment of the primary variables is now as follows:
Unchanged primary variables (derived from original ‘pool’ plume):

1.1. UDM downwind distance of pool centre, Xpoo, and PVAP pool primary variables
1.2. downwind position, Xcid

Conservation of component mass and component enthalpy. Adjust observer component mass m¢(ts) to add
source release rate Q(ts), kg/s, and adjust component enthalpy to add source release enthalpy [release
temperature = TcR(ts)]

mith=m 1)+, Hth=H th+aeHnfiie)) )

Since liquid is only released from the ‘release plume’, the initial values of the droplet variables for the ‘combined’
plume are immediately determined from the ‘release’ plume. Thus the droplet dispersion variables are initialised
as described in Section 4.3 of the THRM theory manual:

3.1. Theinitial droplet position [Xq(ts),z4(ts"] = release position of the jet = [0, zg]

3.2. Theinitial droplet speed equals the release speed of the jet™x

3.3. Theinitial droplet temperature equals the temperature of the jet

3.4. The initial droplet mass is found from the initial droplet diameter (derived from ATEX) and the initial droplet
density

The vertical momentum 1, is found by summing the vertical momentum of the original cloud (zero, since
dispersion from pool) and the vertical momentum of the release (absolute release speed, ur (m/s); release
angle to horizontal, Br (radians)™:

I, :Q(tsi) UR(tsi) sin( &) (124)

The vertical cloud position, zqq, the mass of wet air added to the cloud, mya,, the water vapour transfer added
from the substrate, m,,9"® and the heat transfer added from the substrate are obtained by component material
mass averaging"™ over the original ‘pool’ plume [component flow rate md(ts.)] and the ‘release’ plume
[component release rate Q(ts)]:

XX This is not currently applied, since the horizontal droplet velocity must now be set equal to the plume velocity.

IXXCombining plumes by summing heat fluxes and wet air does NOT result in the correct behaviour, e.g. consider a pool with a tiny evaporation rate and
a huge amount of added mass. This issue is overcome by mass averaging which gives the correct behaviour (including both extreme cases, pool
rate << release rate and pool rate >> release rate).
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_ i (125)
Zyyg (tsl)z Qi(ts ) e iy !
m(t,-) +Q(t,)
My (8 )= My (&) + My (L), With
M )= M) M)y Q)M " (1)
m(t;,-) +Q(t,) m (t;-) +Q(t, )
mM“WkU=mJg_)mw (k—),qugvzmxg-)q“(g—)

m, (t,-) +Q(t,) m, (t,-) +Q(t,)

Here myaR(ts) is the initial mass of wet air of the release plume. The mass of wet air added to the cloud, mwa
is presumed above to consist of a mass of wet air mwap from the original pool and a mass of wet air muar from
the initial release plume.

The remaining primary variables are the excess downwind momentum Iy, and the cross-wind dispersion
coefficient Ry. These are set as follows

6.1. Set cloud effective width (secondary variable) using mass averaging as above™
i i i R (126)
mc (ts ‘) Weff (ts ‘) +Q(ts )Weff
i i
m, (t, -) +Q(t,)

6.2. Set new total cloud mass (secondary variable)

Weff (tsi ) =

(127)

i i i gnd!
mc,d = m +mc +m,,

wa
6.3. The horizontal velocity is now derived from conservation of horizontal momentum:

Mg Ut = M () My T 6+ M () B (60 + QU + M (6 o) cosg) (128

6.4. The total plume velocity ugqs can now be derived from Equations ( 124 ), ( 128 ), and l,=mggqUy,, i.€. Ucd =
[Ux2 + (lz/mcld)]l/z.

6.5. Set cloud geometry

6.5.1. Carry out THRM calculations to set new cloud density pcig; set new volumetric flow rate AcgUca=
Maa/Peid [M3/S]. Set exponent m from new pgq.

6.5.2. Set Cy, from m and set cloud radius Ry = West / Crn. Also initially we assume we are again in the
elevated jet phase.

6.5.3. Section 3.1.1 describes the geometry for a non-instantaneous cloud including an expression for n
as function of Hert (see Figure 28), Herr as function of n and R, [Equation ( 6 )], and hq as function of
Zad, Rz, © and n [Equation ( 13 )]. By insertion of these expressions into Equation ( 12 ) for Agq, a
non-linear equation for R, can be formulated, which is solved iteratively for R.

6.5.4. Set centroid height z. from the thus found values for R;, hg, Het, and n using Equation (19)

6.6. Set residual horizontal excess cloud momentum:

4 10 po. Source width does not take account of added air.
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—_ 9
Ixz_mcld[ux_ua(zc)], (129)

C. Apply observer rainout at rainout time

Rainout is applied at the time t=t,,' at which the observer vertical droplet coordinate reduces to zero [y4(t)=0] or
when the observer hits the bund wall. The liquid component is removed from the cloud [only droplets above
critical droplet size; mass m(t)] to obtain primary and secondary variables for the “residual” cloud:

1. Set residual component mass m. and residual enthalpy H¢ by removing rained-out liquid

mci (troi ) = mci (troi ) —My, (t)1 Hci (troi ) = Hci (troi ) —My, (troi ) th (Td ,roi ) (130)

2. The following primary variables are presumed to be unchanged: Mya, Xcid, Zeid, Qgnds M ¥ Also the cloud
speed (uy, U;) is assumed to be unchanged. The remaining primary variables are set as follows":

2.1. Set residual total cloud mass (secondary variable)
di (131)

— i i gn
mcld - mwa +mc +m,,
2.2. Set cloud geometry

2.2.1. Carry out THRM calculations to set residual cloud density pcq; set residual cloud volume Vg =
Mea/Peid [iNStantaneous, m?] or residual volumetric flow rate AggUca= Mad/Peia [M3/S]. Set exponent m
from new pPcia.

2.2.2. In case at time of rainout the transition from jet to heavy phase has taken place, Ry is a primary
variable and it is presumed that Wes is not changed during rainout: set Cy, from m and set cloud
radius Ry = West / Cpn.

2.2.3. Section 3.1 describes the UDM cloud geometry for both cases of a non-instantaneous release and
an instantaneous release. This section includes an expression for n as function of Hesr, Herr @s function
of n and R,, and hy as function of zqq4, Rz, © and n. By insertion of these expressions into formulas
for Vg (instantaneous) or Agg (continuous), a non-linear equation for R, can be formulated, which is
solved iteratively for R,.

2.2.4. Set centroid height z. from the thus found values for Rz, hq, Hett, and n.

2.3. Residual cloud momentum (assuming ux and u, remain unchanged at rainout as indicated above):

_ _ (132)
|x2 - mcld [ux _ua]’ Iz _mclduz’

3. Reset other secondary variables accordingly

D. Solution of dispersion equations for each observer

For each observer, carry out modified UDM observer dispersion equations accounting for pool evaporation
while the observer moves over the pool (see Figure 10).

As described in above step B this accounts for the observer possibly passing the release location x=0 with a
still active pool.

bodi cHECK. Perhaps it would be more convenient to apply Wert as a primary variable instead of Ry
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As described in above step C this also accounts for rainout if the observer droplet hits the ground or the bund
wall.

As described in above step A it sets the PVAP spill rate, the PVAP spill temperatures, the downwind distance
Xpool Of the pool, and it carries out the associated PVAP pool calculations. For non-instantaneous observers
these are set as described in above step A in initial observer calculations (unaffected by the pool), while for the
subsequent calculations the concentrations of the release observers will be affected by the pool.

For a non-instantaneous observer the observer will pick-up incrementally vapour from the pool while it is moving
over the pool as shown in Figure 10a.

As soon as the upwind edge of the original instantaneous cloud reaches the upwind edge of the pool, i.e. as
soon as Xcld(t) — Wgnd(t) > Xpool - Rpool(t), Non-instantaneous observers will be released from the upwind edge of
the pool. Before this time, the entire pool vapour will be added back to the instantaneous cloud; see Figure 10b.
The instantaneous cloud is considered to have left the pool behind if the ‘upwind edge’ of the instantaneous
cloud reaches the downwind edge of the evaporating pool, i.e. when Xcia(t) — Wgna(t) = Xpool + Rpooi(t); See Figure
10b. After this time, the original instantaneous plume moves away from the pool and no vapour is picked up
from the pool™

bodil)y 6,54 it was assumed that the instantaneous cloud picks up vapour from the entire pool before it leaves the pool behind, while no vapour pick up is
assumed after the pool leaves the pool behind. Furthermore the instantaneous cloud was considered to have left the pool behind if the ‘upwind
edge’ x = xad(t) — Wei(t) of the instantaneous cloud reaches the downwind edge of the evaporating pool, i.e. when Xcia(t) — Wer(t) = Xd"+Rpool(t)-
This results in a discontinuity. After this time, the original instantaneous plume moves away from the pool, and a new finite-duration continuous
plume emanates from the pool. At this transition time, the downwind edge of the new plume is located at the downwind edge of the pool (=upwind
edge of original instantaneous plume).
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(a) non-instantaneous observer (incremental vapour pick-up while observer moves over pool)

Y,

(Xipvyip)
¥

Instantaneous Observer
downwind distance
C/L instantaneous cloud

(b) instantaneous observer [vapour from pool area TR poo’®-Apool is added back to instantaneous cloud; W g is radius of
instantaneous cloud touching the ground; area of cross-section of pool and instantaneous cloud ground area is

Ains&pooI:Acldseg+Apoo|seg]

Figure 10. Vapour pick-up from pool while observer is moving over the pool
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The UDM observer dispersion equations are as follows:
Mass balance for observer component mass me; enthalpy balance for observer component enthalpy Hc
Non-instantaneous observer
If the observer moves over the pool [ Xpool-Rpoo< Xpool< XpooitRpool ] the observer will pick up vapour from the

pool. Let ruol(t) be the crosswind radius of the pool immediately below the observer i [at time t, when
observer is located at downwind distance Xcd'(t)], then (see Figure 10a)

! i (133)
Moot (1) = \/[Rpoo.(t)]z—[xpoo,(t)—xc,d'(t)]z
dmci _ dX_cIdl dll _ pool (t) (134)
dt (t) B dt dxcld = Uy (t) [erool (t)] m
m,' (135)

°()

dt (t) (Tpool7 )

If the observer does not move over the pool, the observer primary variables m¢ and H¢' remain constant
(upwind or downwind of the pool).

Instantaneous observer (see Figure 10b)
Prior to rainout and after the instantaneous observer has left the pool behind, the observer primary variables
m¢' and H¢' remain constant. When the instantaneous observer moves over the pool, it is assumed to pick

up vapour from that part of the pool which lies downwind of X = Xcii-Wgnda. The vapour upwind of this part will
be added back to subsequent non-instantaneous observers. Thus,

7 [Rp00|(t)]Z ApOOI (t) pool (136)
()
7 lRpool (t)J

Here AP0l(1) is the area of that part of the pool for which vapour is not added back to the instantaneous
cloud™v.,

dm'
C t =
it (t)

For Xcid —Wgnd < Xpool-Rpool , the upwind edge of the instantaneous cloud is upwind of the upwind edge of the
pool and Apcol = 0. FOr Xcid-Wgnd> Xpool+Rpoal, the upwind edge of the instantaneous cloud is downwind of the
downwind edge of the pool and Apool = TRpooi?. Otherwise, for Xpooi-Rpool < Xcid —Wagnd < Xpool+Rpool, We define
(see Figure 10b), rpool = Rpool SIN(6hoot), Xpool — (Xcid-Wgnd) = Rpool COS(6hoo) With the angle Ghool (0<Ghool<17),

Xpool ~ (Xcld _Wgnd) (137)

pool

0 = arccos

pool

It can be derived that Apoal(t) is given by

bodvris s slightly inconsistent with the formulation previously adopted for Phase Il of the Droplet Modelling JIP (Report C2). Here the instantaneous
cloud was assumed to leave the pool behind, when the upwind instantaneous-cloud xu(t)-Wes(t) reaches the downwind edge of the evaporating
pool. In the current formulation we have used the more appropriate choice of W gng instead of Wes(t), since pool vapour pick-up should be affected
by the ground.
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Apool(t) = Rpoolz‘gpool [ pool (Xcld gnd)] pool() (138)

= RpooI2 [‘9pool _COS(‘gpool)Sin(‘gpool)]
R2

pzool [ngool —sin (219p00| )]

Conservation of instantaneous observer enthalpy again yields:

i i 139)
dH,' dm,' (
C _ C
dt t - dt (t) hvc (Tpool1 Pa)
Conservation of observer mass of wet-air in cloud, mya' (kg for instantaneous; kg/s for continuous)
dm,,' o _ (140)
— = Uyg Ey (non — instantane ous)
dt
dm, ' ; .
Y= B, (instantan eous)
dt

Here Ey is the total wet air entrainment rate (kg/s for instantaneous; kg/m/s for continuous).
Conservation of observer excess horizontal and vertical component of momentum
The horizontal momentum equation for excess downwind momentum |, = Ix— MegUa(Ze) = MadUx — MedUa(Ze),

and the vertical momentum equation for vertical momentum I, = mgqu, are modified at observer rainout as
described above. They are further modified to account for added momentum of pool vapour.

For a non-instantaneous observer, the modified equations are given by

i (141)
dle |sin | .
dt _ air . ground | sin &
dI - ucld Fdrag —cos6 sing |+u cld Flmpact cosd +
s Isin 0]

1 0 -
Ueig Fd%;(;und {0} +Ugg Aug (pcld ~Pa )g{—l} L ( ) { :ol(z )}

Here the cloud area Aqq = Mad / (peidUeid), and uP°® is the vertical velocity of the component evaporating from
the pool.

For an instantaneous observer, [cloud volume Vg = Mg / peid],

142
dlx |sin @ | . e
dt — Fair sin Fground —sin @ +
dl, 9| —cos 6 — meact | cos @
E | sin @ |

1 0
Fd%;%und {0} +Vag (Pcld ~ Pa )g{_1:| i ( ) { im( )}

Observer horizontal and vertical position:
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The equation for horizontal position is unchanged,

dX d (143)
_C:UX: Uc cos @
dt Id

The equation for vertical position is modified to account for addition of pool mass at ground level z=0 instead at
the C/L height zqq (conservation of mass centroid height),

dzcld - _ chd

T 2, O, (144)
d¢  ° my, dt m,, dt

C

Rate of heat convection from the substrate

Heat transfer will take place from the pool to the cloud, but the amount of heat transfer will be different in case
the cloud is not above the pool since the pool is at temperature Tpoo and not at the substrate temperature Tgng.
Moreover part of the cloud could be above the pool and part above the substrate. Thus the following is assumed
for the heat transfer from the substrate:

d qgndi d qgnd,pooli d qgnd,gndi (145)
—_— = +
dt dt dt

Here the first term represents the heat transfer from the pool to the cloud and the second term represents the
heat transfer from the substrate to the cloud:

dqgnd, pooli : _ i y (146)
= 2ucld and,TpooI min [Wgnd ’ rDOO (t) ]
dt ) in W/s, continuous
dqgnd,gndl B i { i . [ L ool ]}
dt - 2uc|d and,Tgnd Wgnd —min Wgnd T (t)
dqgnd,pooli
dt = and,Tpoo,Ains&pool
: in W, instantaneous
dqgnd,gnd B {S , }
dt - and,Tgnd gnd _Ains&pool

Here Ainsepool, iS that part of the ground surface area of the instantaneous cloud which covers the pool (red-
coloured area in Figure 10b).

The point (xip, Yip) as depicted in Figure 10b is given by

2 2 (147)
(Xcld - Xpool)Z + Rpool _Wgnd

2(Xcld - Xpool)

Yip = \/Rpool2 _(Xpool — Xip

X = Xpoor T

Equation ( 138 ) includes a formula for the pool-circle area segment Apoel  defined by the angle 8po0l (Xpool-
Rpooi<x<Xcia-Wgnd). In case the instantaneous cloud partly covers the pool, one can similarly calculate the area
Ainsgpool @S the sum of area Apeo™®? for the pool-circle area segment define by angle @poo (Xip<X<Xpooi+Rpool) iN
Figure 10b and the area Aq*®® for the cloud-circle area segment defined by angle @cig (Xcid-Wgnd<X< Xip) in
Figure 10b, where
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2 2 148
ApoolSeg :%[&Dpool —Si”(z%ool)] Ag™ Wgnd [Z(Pdd —Si”(z%d)] ( )
Thus:
Ansg pool = 0, (no intersection) (149)
=7 Rpoolz, (entire pool covered)
= TWgpng®, (entire cloud above pool )
= Apool + Aug™, (else)

The angles @pool and cg in Figure 10b can be calculated as follows with the use of Equation ( 147 ):

2 2 (150)
0 _ COSfl Xip B Xpool _ COS{ Rpool + (Xcld B Xpool)2 _Wgnd
= - " =
Per Rpool 2Rpool(xcld - Xpool)
W2 ( )z R2
Dy = 00571 Xetd = Xip | _ 200571 gnd T \Xeld = Xpool) ~ Rpool
cld — -

gnd 2Wgnd (Xcld - Xpool)

Water-vapour transfer from the substrate

Water vapour transfer from the substrate to the cloud will only take place for that part of the cloud above the
water. As a result, the water vapour transfer from the substrate is now set identical as previously, however now
using dqgon®end/dt instead dqo"¥/dt, i.e.

dq o (151)
d gnd 5[ PVW(Tgnd)' PvW(Tvap) ] gnd.ond
T = dt Tos > T
d cld ! gnd vap
t Cp Tgnd Pa

where P\" is the saturated vapour pressure of the water. If Tgng < Tvap OF Tgng < 0°C (substrate is ice) or if the cloud
is passing over dry ground, dmy,2"%dt = 0.

Crosswind spreading
In general cross-wind spreading consists of the following three subsequent phases.
1. Near-field (‘jet’) spreading (unmodified). The cloud is assumed to remain circular until the passive

transition or (after onset of touching down) until the spread rate reduces to the heavy-gas spread
rate, i.e. Ry = R;

2. Heavy-gas spreading (modified to account for added pool vapour). For a detailed discussion of
the effects of pools on heavy-gas spreading Report C2 of Phase Il of the modelling JIP7? includes
a detailed discussion and a range of options for modelling the effects of pools on heavy-gas
spreading™. The heavy-gas spread rate is applied until the passive transition. In case of the
absence of a pool, according to Equations ( 86 ) and ( 87 ), the heavy gas spread rate can be
written as

gl max[0, pug - Pa (2 =249)]} Her L+hy) (152)

Peld

d
SRy _Fee ith e =C¢
ot Cn

Non-instantaneous observer

PV |1 this section mass averaging is considered over the component mass in the cloud mc and the mass Am. added during a time step At. Instead one
could consider mass averaging over the cloud mass mca and Amc. Furthermore rpool is now compared with Werr, while one could consider to
compare rpo With Ry. Note that in report C2 of Phase Il of the modelling JIP a range of options have been discussed and compared. This also
includes the option of possible implementation of the HEGADAS heavy-gas criterion including gravity-spreading collapse.
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For an incremental step At of a non-instantaneous observer, the incremental spread is
calculated based on mass averaging of the mass of component mc in the cloud (kg/s) and the
mass component added from the pool Am. (kg/s),
M, Fog At+Am, max [0, F ool (t) ~We J (153)
CnARy =

m, +Am,
Here rpool(t) is the pool half-width in the crosswind direction (Figure 10a), while Wey is the effective
cloud half-width. The above equation reduces in differential form to:

dRy 1 1 dm,
—2 = — R + — —% max|0,r ., t)-W,
dt Cn { CE m, dt [ pool() eff }

(154)

Instantaneous observer
For an incremental step At of an instantaneous observer, the incremental spread is calculated

based on mass averaging of the component mass mc in the cloud (kg) and the mass
component added from the pool Am¢ (kg),

A (155)
m, Feg At+Am, C,, max| 0, % Wy

m, +Am,
Here Ainsepool (t) is the part of the pool which is covered by the instantaneous cloud, while Wgng is
the radius of the instantaneous cloud area at the ground (Figure 10b). The above equation

reduces in differential form to:
dRrR F 1 dm, Ainse pool ( 156 )
Y=-CE 4 = —Cmax| 0, [ —% —Wyq
dt Cm m, dt V.4

Thus in case the equivalent radius associated with Ainsgpool iS larger than Wyng, the above equation
applies mass averaging over the cloud mass mgq (kg) and the mass flow added from the pool

dm¢/dt (kg/s).

CnARy =

3. Passive spreading (modified to account for added pool vapour — however unlikely passive when
observer still moving over the pool; possibly ignore this). After the passive transition the passive
spread rate is applied [oya(X) = ambient passive dispersion coefficient; xo = 0 presently]

dr 1 1 dm d (157)
d—,[y[at X] = C_{[rpool(s)_weff m—d—:}JarZO'S%[at X—%]
m C
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6. UDM DISPERSION MODEL FOR PRESSURISED INSTANTANEOUS
TWO-PHASE RELEASE

For a pressurised instantaneous release (catastrophic vessel rupture), the Phast discharge model presumes
isentropic expansion from the stagnation conditions to the atmospheric pressure without air entrainment. The
initial UDM dispersion state is based on the post-expansion discharge results. The UDM dispersion model for
instantaneous releases includes an initial phase of energetic rapid expansion (modelled by UDM sub-model
INEX), and a subsequent phase of dispersion where equations are adopted applicable for unpressurized
releases.

The UDM includes three separate, independent instantaneous energetic expansion models:

- Section 6.1 outlines the new improved INEX model (default model from 8.0).
- Section 6.2 describes the previous old INEX model (default model prior to 8.0).
- Section 6.3 describes a simplistic model labelled as the “Purple Book” 7> model.

The new INEX model includes improved modelling of time-varying dispersion including potential rainout using
the observer concept as described in Chapter 5.

The old INEX model is a simplistic model for the calculation of the initial dispersion phase of energetic expansion
for pressurized instantaneous releases. The main limitations of this model are that this sub-model does not
account for gravity effects, and that it presumes a single droplet size moving along a fixed upward angle
resulting in too little rainout. Moreover droplets currently start at the edge of the cloud and therefore may
erroneously rainout beyond the bund wall, if present.

Overall the old model tends to under-predict the cloud radius and cloud speed versus time, while the new model
more closely agrees with experimental data. Therefore the new model produces smaller concentrations and
doses, and is less conservative. For two-phase releases the new model predicts an increased amount of rainout,
which is more in line with the experimental data.

6.1 New INEX model

This section summarises the theory governing the new INEX model for the initial dispersion phase of energetic
instantaneous expansion following a catastrophic vessel rupture. For full details of the theory, solution algorithm
and model verification and validation the reader is referred to the detailed report by Witlox™.

The new INEX model allows for both vapour and two-phase releases. In case of two-phase releases the model
accounts for droplet dispersion and potential time-varying droplet rainout to form a spreading evaporating liquid
pool.

During the initial UDM INEX stage of energetic expansion the air entrainment is dominated by a large radial
expansion velocity. Figure 11 depicts the subsequent dispersion phases during the INEX stage. The cloud is
modelled as a sphere while elevated, as a truncated sphere during touching down and as a hemisphere after
full touchdown. In case of a 2-phase release, the liquid droplets are assumed to be uniformly distributed
throughout the cloud volume during the INEX expansion and thus travelling radially at a speed proportional to
their distance from the cloud centre. Therefore rainout starts when the lower edge of the cloud hits the ground
while it ends at full touchdown (see Figure 11). A transition from INEX to the standard UDM model is applied,
when the INEX air entrainment reduces to the UDM air entrainment, or if the INEX spread rate reduces to the
UDM gravity spreading rate. Any remaining liquid will rainout at this transition if the cloud is grounded, or
possibly at a later stage (using standard UDM droplet modelling) if elevated.
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«—Initial state after depressurisation to ambient pressure and prior to air entrainment

Droplets assumed to be uniformly distributed during INEX initial

energetic expansion; apply UDM momentum equations
A
R
Vcld
Zgyq ° °
A i
SUBSTRATE foorint I !

edge touchdown truncated sphere centre touchdown INEX/UDM transition
(start of rainout) (end of INEX rainout)  (rainout remaining liquid)

< Elevated >< Touching down (time-varying rainout) ><—— grounded ——>< UpM —

Figure 11. INEX dispersion phases for two-phase instantaneous release

From the above cloud geometry, the cloud volume Vcq can easily be expressed as a function of the cloud radius
R and the cloud center-line height zaa. The INEX radial momentum (kg m/s) is defined as Ir = mag U. Here the
radial cloud expansion speed U=dR/dt, and the total cloud mass mcd = MeL + Mev + Mwa, Where meL is the
chemical liquid mass, mey the chemical vapour mass and mwa is the mass of wet ambient air added to the cloud.
The key INEX assumption is that the radial momentum is constant, apart from the loss of momentum due to
rainout. Thus the following differential equations are applied in INEX for the radial momentum Iy, the entrained
mass of wet air mwa, and the rained out liquid mass mcL",

1
de o dmy (199)
dt dt
dmwa _ chId (159)
it g
(160)
dmg " (t) . .
—a - 0, if z4q4 = R(cloud elevated) or if z,4 =0 (cloud grounded)
m z dz . .
=max  Kp — Aggorpring| 22U ——24 | 0, if 0<z44 <R (cloudtouching down)
Vg R dt
Here t is the time (s), and the change in cloud volume is set as
dVea . . (161)
—at AU , if z44 = R(cloud elevated) or if z,4 =0 (cloud grounded)
=AU +Afootprimdz% , if 0<z44 <R (cloudtouching down)

where A is the cloud surface area above the ground, and Arowrine is the cloud footprint area (see
Figure 11).

The first term in the right-hand side of rainout equation ( 164 ) represents the rainout due to cloud expansion
and the second term represents the rainout due to the cloud center-line height zcq reducing. In the derivation of
first term it is presumed that the radial cloud velocity linearly increases, and thus it can be derived that the
vertical downward component at the footprint equals (zco/R) U. The maximum value of the parameter Kp=1,
which presumes that all liquid hitting the ground will rainout.

The initial cloud speed U(t=0)=U, is set as U,=fiinetic Eexp®>. Here the specific expansion energy
(3/kg) is set as Eexp = hst - hr, where hs: is the specific stagnation enthalpy and hr is the specific
final enthalpy after expansion to ambient pressure. Furthermore the fraction of total energy
converted to kinetic energy is set to fxinetic=0. 04 following the recommendation of Pattison’® based
on a best fit to data from Schmidli’®.
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In addition to the above equations, the standard UDM equations are applied during the INEX stage to evaluate
the cloud centre location (from momentum equations including gravity effects), the cloud temperature, the cloud
volume Vg and the cloud phase distribution (from UDM two-phase thermodynamics equations). Following
rainout, the model carries out pool spreading/evaporation calculations and the model accounts for pickup of
vapour from the time-varying pool by the instantaneous cloud. For this purpose the so-called observer concept
is applied to evaluate the time-varying dispersion in line with methodology described in Chapter 5.

6.2 Old INEX model

An analytic solution is developed for the initial stages of the expansion which begins after the initial cloud
expansion by flashing, and is assumed to end when the radial expansion rate slows to dR/dt = 1 m/s. Thereafter
the dispersion is modelled by numerically integrating the equations described in Section 3.2.

The model does not permit any initial dilution of air*,

6.2.1 Experimental basis for model

Researchers at Air Products, Inc. (Landis, et. al, 1993)77 experimented with sudden releases of a gas marked with
micrometer-range solid tracer particles. The Air Products releases were from a horizontal, elevated cylinder. Using
high-speed videotape, they obtained cloud dimensions as a function of time.

Our model is based upon experiments conducted on sudden decompression of pressurised liquid propylene by
researchers at BASF (Maurer, Schneider, et. al.”®7?). They used cylinders with length, diameter, and wall thickness
in proportion to commercial cylinders used in rail transport. The BASF experiments heated pressurised containers
of propylene until they burst. Bursting occurred in the range of 50 to 80 °C and 22 to 39 bar. They recorded the rapid
hemispherical expansion of liquid and vapour on high speed film. By drawing representative radii through the highly
turbulent profiles, Maurer et al. were able to deduce not only R(t) data, but also by numerical differentiation, dR(t)/dt
data.

To correlate the data for all cylinder sizes, Maurer, et. al. plotted dR/dt against normalised time, t/Vgo“3. Their
correlation of the data makes use of Vg, as a scaling parameter where Vg, is the initial volume of twice the initial
mass (2m, ) evaluated at the density of propylene vapour at 1 atmosphere and 0°C. The factor of two was invoked

to extend the work to elevated releases forming a spherical volume rather than a hemisphere. We modified their
approach by using the initial mass, m, as the correlating parameter instead.

6.2.2 Theoretical basis of model

Instantaneous releases occurring from a pressurised container expand very quickly and reach a maximum cloud
size upon dissipating their initial expansion energy. The expansion energy Eey, (J/kg) is defined by

Eexp:AU_Pa(Vo_Va) (162)
where AU is the internal energy (J/kg), Pa the ambient pressure (N/m?), v, the initial specific cloud volume (m%/kg),

and v, the specific cloud volume after expansion to ambient pressure. The above equation can be approximated
by:

Eexp:AH'(PO'Pa)VO (163)

where AH is the enthalpy change (J/kg) from the tank conditions (T, Po) to the expansion zone conditions (Tz, Pa).

The above calculations are carried out by the discharge model, and the expansion energy is passed through as
input to the UDM model.

b gk 8539
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Cloud radius and cloud expansion rate

According to turbulent transport theory, the cloud radius R is given as function of time t by

R(t)=K, 4 et (164)

Here K. = 1.36 and the turbulent diffusivity £ (m?/s) is given by Opschoor (1980)8 in terms of the expansion energy
Eexp bylxxvii

tEllz -1/4 (165)
— 12y ,1/3 exp
E=Ki1Eep Voo 3

Go

with Ky = 0.0137.
We have replaced Vgo by ma*®i and have subsequently verified this change against Maurer et. al.'s data.

Inserting Equation ( 165 ) into( 164 ), and subsequent substitution into

(166)
Vas (=5 7 R
gives
— 167
Vcld (t)—Vo t9/8 ( )
Withlxxix
—_ 32 3 3/2 —9/16 5/8 ( 168)
VO_?” Kc Kl Eexp mO
=0.135 EZ°mg®
or:
8/9 (169)
V
t — cld
Vo
and:
3 13 (170)
R(t)= [EVCM } =R, t”"®
from which:
drR _3 (171)

rh_o -5/8
gt 8 Rot

Using Equation ( 168 ) to find R, and substituting this into Equation ( 171 ) gives expansion rate dR/dt at time't,
and subsequent integration leads to the radius R of the cloud™,

bovil 3uSTIFY - Inconsistent units, unless Ki has dimension m*!

bowiil 3, STIFY - This is inconsistent with the definition of Veo as described earlier! As stated it is claimed that following this change a good fit was
obtained with dR/dt. If so, this should e.g. be demonstrated by a figure.

PoiX THEORY corrected. Replaced (4/3)%2 by (32/3)
X THEORY corrected. Equation for R(t) is wrong in Loss Prevention Paper
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dR 3 t -5/8 (172)
—_ /12 —3/16 — /2 —3/16 _5/2443/8
12 KcKi?Esg ) I R(t)=2K.Ki*Ess my “t

With these assumptions, our modelling describes the experimental data better than the original correlationsi,

Time period for energetic cloud expansion

The high energy expansion phase begins after the initial cloud expansion by flashing. That is, upon depressurising
to 1 atmosphere, a flashed mass fraction of vapour, X, is produced. The two-phase density peyq is given by:

1 X 1-x (173)
= +
pcld pvap pliq
The initial cloud volume is, then:

(174)

— Mad

Viinit =
Pad

This actual volume is likely to be inconsistent with the theoretical volume V, given by Equation ( 168 ). Thus,
we allow expansion from Vg to Vcinit before starting the clock-time used in the analytic solution.

Substituting Veinit into Equation ( 169 ) gives the starting time for energetic expansion as

8/9 (175)
- Vcinit
Vo

The energy expansion phase is assumed to end when the radial expansion rate slows to (dR/dt)eng = 1 m/s™,
The ending time for the energetic expansion mode, teng, iS given by Equation ( 171) as:

to

(176)

3 5
gho

1:end dR
|:dti|end

After t > teng, the numerical solution described in Section 3.2 proceeds.

Droplet trajectories

Droplet trajectories in the energetic expansion period are taken as occurring along an average trajectory angle 0g,exp.
This average angle is found as the angle which gives the average rain-out time tqexp if, after the energetic expansion,
drops fall at a constant terminal velocity, u;.

The fallout time ranges from zero for drops with an initial angle 6=0 to R/u; for drops with an angle of 6=0.5x/u.. The
average fallout time is found by integration over 6

1 “?Rsin@d@ _ 2R _ Rsin(6,.,) (177)

t, =
a2 A Ut 7 U, Ut

where the ‘average’ drop-out angle is defined by

bo%i 3USTIFY this criterion
boxil 3, STIFY/DOC - Code uses formula Baexp = MIN{Ew/Ees, 1} arcsin(2/z), with Ex = 690 J/kg being a parameter. Why?
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(178)
sin( &

d.exp

) = arcsin 2 = 0.690 radians = 39.5°
T

Air entrainment

As stated above, the cloud volume is expanded from the theoretical volume V, to Veinit = Voto?® at the start cloud
time to (Veinit = the initial cloud volume after flashing). Thus at the start cloud-time for the UDM, the cloud volume
equals: Ved(t=0) = Venit. During the process of energetic expansion, the cloud volume increases to Veaq(t)=
Vo(t+t,)?8, and the mass of air entrainment is calculated as pa [Veia(t) — Veinit] .

6.3 The purple book method

The purple book method is a very simple correlation. It relates the liquid mass fraction in the cloud after the
energetic expansion phase, ne, to the initial adiabatic™< liquid mass fraction, n¢.°. This is the liquid fraction
in the cloud following the initial cloud expansion by flashing from the storage conditions to atmospheric pressure.
The adopted correlation, taken from table 4.8 of the purple book, is shown in the table below:

adiabatic liquid mass fraction, 1 ° Post expansion liquid mass fraction, ne.
Ne® > 0.9 1- 2x(1-nc)
0.9 > 1% >0.64 1- [0.8x(1-mc% —0.028]/0.26
M °< 0. 64 0
Table 5. Purple book correlation for liquid fraction after energetic expansion phase

This correlation relates the liquid fraction at the end of the energetic expansion phase to the initial
adiabatic liquid mass fraction.

In implementing this correlation the following assumptions have been made:

1) The expansion phase occurs instantaneously and the cloud is situated at the release location
(x=0, y=0 and z=zr (m))

2) No air is entrained in to the cloud®

3) Any liquid remaining in the cloud following the expansion phase immediately rains out.

The purple book method takes no account of the energetic expansion phase for pure vapour releases.

bodit 3,5 TIFY - Is this true? Note that a part of the volume increase will be caused by cloud depressurisation rather than air entrainment!

booV 1he initial flash fraction provided from the discharge model is calculated assuming an isentropic expansion from the storage conditions to
atmospheric pressure i.e. adiabatic, reversible expansion

bV |MPROVE. It should be possible to “reverse engineer” the thermodynamic calculations in order to obtain the amount of air that would be entrained
to give the revised liquid fraction in the cloud following the expansion phase
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7. UDM MODEL COEFFICIENTS

This section describes the evaluation of the model coefficients in the UDM. This has been significantly revised
relative to the original UDM tuning process described by Cook and Woodward (1995)Error! Bookmark not
defined..

For the original UDM Cook and Woodward adopted a tuning process, where the tuning coefficients were obtained
by comparison of UDM results against a relative large set of ‘tuning experiments’. The problem with this approach
was that several code errors and/or unrealistic model physics was ‘tuned out’. This type of tuning has largely been
eliminated as part of the current work. The model coefficients have now been obtained directly from established
data in the literature (based on experiments), rather than doing UDM simulations and fitting the UDM results to the
experimental data.

As described in this report, the UDM effectively links the following modelling modules:

» discharge rate prediction, aerosol flash fraction and Sauter mean drop size estimation
» jet entrainment and trajectories

» droplet evaporation and rainout

» pool spread, evaporation and dissolution, dilution of vapours across the pool surface
» heavy gas dispersion

* passive dispersion

This reader is referred to separate documentation®’* for details on the evaluation of model coefficients for the
discharge calculations, droplet size correlations, pool spreading/evaporation, and the new INEX model (initial
dispersion phase for pressurised instantaneous releases). A list of model coefficients for the droplet
thermodynamics, jet dispersion, heavy gas dispersion, and passive dispersion is as follows:

- droplet thermodynamics:
e correlation of drag coefficient Cpq of the drop as function of Reynolds number
o coefficients a,b in empirical correlations for Sherwood and Nusselt numbers describing droplet mass
and heat transfer

- concentration profile:
e correlation for exponent m in horizontal profile as function of (pcid-pa)/pa
e correlation for exponent s in vertical profile as function of Hes/|L| and stability class

- momentum and cross-wind spreading:

e drag coefficient Cpa of plume in air (momentum equation)

e correlation for cloud radius during energetic expansion of instantaneous cloud

e parameter Cg for cross-wind gravity spreading

e parameters ry, rg, rp, Ri«“", 1,2 defining onset of transition and transition distance from near-field to
passive dispersion

e correlations for ambient vertical, crosswind and downwind dispersion coefficients as function of
downwind distance, surface roughness and stability class

- entrainment
e jet-entrainment: parameters oy, o2
e heavy-gas top entrainment: Von Karman constant «, correlation of entrainment function ¢(Ri-) as
function of Richardson number Ri-
e heavy-gas side entrainment: parameter y

- interaction with substrate:
e correlations for natural and forced convection heat transfer from substrate
e correlation for water-vapour transfer from substrate

- atmospheric data:
*  mixing height as function of stability class
*  temperature: temperature gradient and surface heat flux as function of stability class
*  wind speed: Monin-Obukhov length as function of stability class
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The table below lists the model coefficients. It excludes the coefficients that have been obtained via standard
correlations. For each coefficient, the table gives the UDM value and the experiment by means of which the
coefficient has been obtained.

Symbol Tuning parameter Value Reference/experiment
a term in correlation for droplet numbers Sh, Nu 1.0 Ranz and Marshall®
b term in correlation for droplet numbers Sh, Nu 0.32 Ranz and Marshall®!
Tdrop”P ratio of drop to cloud velocity for initial energetic 0.8 Chosen value
expansion of instantaneous cloud (old INEX model
only)
Cpa drag coefficient of plume in air 0 Ignored
o term in jet entrainment 0.17 Ricou and Spalding®*
oz term in cross-wind entrainment 0.35 Briggs correlation®®
Y term in heavy-gas side entrainment 0 (continuous) Ignored
0.3 (instantaneous) Thorney Island
K Von Karman constant in heavy-gas top entrainment 0.4 established value
Ce gravity-spreading parameter 1.15 Van Ulden®®
1P transition to passive if |pcia-pal/ pea<er™® 0.015 Chosen value
1y and |Ucig-Ual/ Ua<ry™® 0.1 HGSYSTEM consistent
re™s and |1-(Epas"+Enwy)| <re™s 0.3 HGSYSTEM consistent
Ri- P and (for grounded plume) Ri- < Ri"* 15 Chosen value
e distance multiple for transition from near-field to 2.0 Chosen value
passive dispersion
| Tquesi guasi-instantaneous transition (width/length) 0.8 Chosen value

Table 6.

UDM model coefficients
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8. FUTURE DEVELOPMENTS

The following future developments are proposed (see the UDM verification manual for further details and a more
complete list of further work).

1. Release conditions

- A cross-wind release formulation could be developed. This requires extensions to the modelling
of the initial phase for which the jet direction is not located in the vertical plane along the wind
direction. Availability of experimental data should be ideally be investigated prior to attempt to
model this feature.

- Multiple heavy-gas or passive-gas sources

2. Type of pollutant and thermodynamics

- Quality-assure and improve flash calculations to ensure that post-flash data input to UDM (post-
flash velocity, droplet size) are accurate.

- Improve current UDM droplet model (droplet trajectories for instantaneous clouds, distributed
rainout, condensation and drop growth, validation), as a further follow-up of Phase IV of the
droplet modelling JIP

- More robust HF model (modular code, remove oscillations, more testing)

- Extend multi-compound modelling: generalised multiple-aerosol rainout algorithm for time-
varying cloud compositions

- Allow for solid thermodynamics (for other chemicals than CO,), possibly in combination with
modelling of smoke dispersion

- Allow general type of reaction for pollutant

- For instantaneous or time-varying releases, improved modelling of heat transfer from the
substrate to the cloud using the formulation of Kunsch and Fannelop®?

3. Near-field (jet) dispersion

- Additional validation for grounded jets to validate ground drag formulation and to validate
transition from jet phase to heavy gas phase

- Additional validation for elevated plumes/jets for further testing of entrainment formulations
(jet entrainment, cross-wind entrainment and near-field passive entrainment)

4. Passive dispersion, averaging time, low wind speeds

- Improvement of transition from near-field dispersion to far-field passive dispersion. A too late
transition to far-field dispersion may lead to too conservative results. In conjunction with this,
also potential experimental work is recommended to assist the improvement and validation
of the model.

- Reduce passive transition zone to transition point (e.g. by means of introducing virtual sour);
further check compatibility between near-field and far-field passive dispersion. See also the
UDM verification manual for a further discussion.

- The UDM (as well as the HGSYSTEM and SLAB) formulas for passive dispersion and their
averaging-time treatment may need to be further updated to reflect the latest progress, i.e.
the work by Dave Wilson®, Crabol®* noted that for very low wind speeds the Pasquill-Gifford
dispersion coefficients may not be appropriate, and Doury coefficients should be adopted.
This may result in a further considerable reduction of the peak concentration (check also
against PERF).

5. Mixing layer logic following literature review:
- Improvement of mixing-layer logic (amongst others the choice of the mixing-layer height); see
also footnotes xxii and xxxvi for a further detailed discussion. A too low mixing layer height
may lead to overly conservative results.

6. Instantaneous releases:

- Verfiy current model for initial phase of gravity spreading for unpressurised instantaneous cloud,
e.g. against HGSYSTEM model HEGABOX®>
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- Allow for downwind spreading different to cross-wind spreading (improved along-wind diffusion)
- Additional validation particularly for elevated clouds

7. Improved modelling of time-varying dispersion

- A more advanced algorithm could be implemented to impose along-wind gravity-spreading;
see Appendix D for details.

- A more advanced algorithm could be implemented to impose mass conservation in case
subsequent observers move with different velocities; see Appendix E for details.

- The single-droplet size algorithm described in Section 5.3 presumes that observers rain out
in sequence. This formulation could be generalised, to account for possible observers not to
rain out in sequence.

- Extension of observer algorithm to allow for distributed rainout

- Automated choice of observer release times (in line with HGSYSTEM method)

- Implementation of improved AWD coefficients following the Ph.D. thesis by Jessica Morris
(Morris, 2018)8¢

8. Turbulent concentration fluctuations

- Concentration fluctuations are proposed to be added applying possibly a method like
implemented in HGSYSTEMSS5 or relating to the work by Wilson83:

- In conjunction with this, it is recommended to carry out a further investigation in the
appropriate method for lethality/dose calculations, including the appropriate associated
choice of averaging time for wind meander, method for time-averaging over transient
calculations, and accounting for concentration fluctuations.

9. Dynamic meteo:

- The UDM dispersion model currently assumes dispersion over terrain (without obstacles) in
a constant ambient turbulent flow field. Thus the mean values of ambient speed, pressure
and temperature are assumed to be constant (defined by profiles as function of height). The
model may be extended to allow for time-variations of the wind-speed and/or the wind
direction.

10. Non-flat terrain:
- Modelling of variable surface roughness (e.g. in line with HEGADAS logic)
- modelling of dispersion for large surface-roughness (averaged height of obstacles is comparable
with cloud height, e.g. dispersion within the urban canopy layer; cf. paper by Roberts and Hall?)

- Modelling of slopes and fences (cf. Webber et al.®8)
- Modelling of canyon effects (e.g. HGSYSTEM logic®®)

APPENDICES

Appendix A. Evaluation of ambient data
A.1 Atmospheric Profiles

To begin the description of the Unified Dispersion Model, a summary of the profiles used to model the lower layer
of the atmosphere in which the dispersion is assumed to take place is given.

The wind speed varies with height in the atmosphere, as does the atmospheric temperature, pressure, density,
humidity, etc.. Simple relations are described here which are appropriate to the first few hundred metres of the
atmosphere.

Two options are provided for the variation of wind speed with height:
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e constant wind speed profile
e power-law wind profile (power-law fit of logarithmic profile)

and three options for the variation of atmospheric temperature and pressure with height:

e  constant temperature and pressure profiles
e linear temperature and pressure profiles
e logarithmic temperature profile and linear pressure profile

These options may be selected independently of each other. It is recommended that logarithmic temperature,
linear pressure, and power-law wind profiles are used since this will give the most realistic modelling.

Many of these profiles use the Monin-Obukhov length. This is calculated from Haven and Spicer's (1990)5!
formula and depends upon the stability class and surface roughness length zo as shown in Figure 34. For stability
class D, L=w (flagged by large value L = 10°m) while for non-neutral conditions the following equation (L in m) is
adopted

— bMonin ( 179 )
L = aMonin Z0
where the parameters avonn and bvonin are given as function of stability class by:
stability class A A/B B B/C C C/D E F G
aworin -11.4 -17.2 -26.0 56.5 -123.0 -425.0 123.0 26.0 11.4
Dwonin 0.1 0.135 0.17 0.235 0.3 0.375 0.30 0.17 0.1
A.2  Vertical wind profiles

The simplest vertical wind profile is one where the wind speed is constant with increasing height in the
atmosphere. To provide more realistic modelling, UDM also provides a power law form™v:

p (180)
z
Ua(z): Ua( Zref ) -
Zref
where  Ua ambient wind speed (m/s)
z height above the ground (m)
Zref reference height for measurement of wind speed (m)
p wind profile power )

The power law profile is an approximation to the logarithmic wind profile given by

Ua(z): % |:In(z :Ozo] - \P(Ej}

(181)

where  u- friction velocity (m/s)
K Von Karman constant, 0.40 “)
Zo surface roughness length (m)
L Monin-Obukov length (m)

The logarithmic profile accurately describes the variation of wind speed with height in the atmospheric boundary

layer. The exponent p of the power law profile is given by

boxvi oM uses as default cut-off values at zmn= 1 M and zme = 200 m. Thus for z < Zmin, U(Z) = U(Zmin) and for z> Zmax, U(Z) = U(Zmax).
boowii Following the suggestion of Randerson® the term In(z/zo) has been replaced by In[(z+20)/zq] to avoid infinite shear at z=0. Alternatively In(z/zo)

__could be considered to be replaced by In[max(z,zo)/z,].
boxii jSTIFY. Term @ is of unknown origin
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[} (182)
p =
In(?,z.ej_\y(zj
Z, L

The Businger (1971)*2 relationship is used for the function ¥(z/L), with different forms depending upon the
stability category:

- unstable weather conditions:

2 (183)
w=2in( 3 e[ 18| ppntas Z
2 2
Withlxxxix
326 1/4 (184)
a=|(1-15——
[12s%2]
and
©= (185)
Ta
- neutral stability:
= (186)
D=1
- stable weather conditions:
7 (187)
Y=-p=
ﬂL
o=1-Y¥

where the value of g = 2.0 from Irwin (1979)% has been used rather than the usually cited value of p =
4.7, since it better fits experimental data.

The friction velocity u- is found by evaluating the logarithmic wind speed profile at the height z = zye1:

K Uy (Zeetr )
U* — a ref (99)
in| 2 TP || 2t
20 L

The power-law exponent p is calculated by fitting the slope of the power law profile to the slope of the logarithmic
wind profile, averaged over the layer from 10 m to 100 m*. Figure 35 shows the variation of the power-law
exponent as a function of the surface roughness length and stability class calculated using this method. It is
found that p is a strong function of stability class for stable conditions (E-G), but is insensitive to stability class
for unstable conditions (A-C). Similarly, p is fairly insensitive to surface roughness length, zo, at low values of
Zo, but more sensitive at high values of zo.

hooix ERROR. The constant of 32.6 here is that used in the equation for p, and is used instead of height z (as previously documented)

xe Theory used similarly to Irwin (1979)%; see also Hanna, Briggs and Hosker (1982). Note HEGADAS adopts least-square fit between zo and 10 z,
with z, reference height for wind speed u.. This may lead to more accurate predictions, in particular when the cloud centroid is significantly below
10 m.
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A.3 Temperature

The simplest temperature profile is one where the atmospheric temperature is constant with height. The next most
complicated is a linear profile given by*"

_ (188)
Ta(z) _Ta( Zref )+ a(z = Lref )
where T, atmospheric temperature (K)
z height (m)
Zref reference height for temperature and pressure (m)
o temperature gradient (K/m)

Values of o for the various stability classes from Crutcher (1984)%° are listed in Table 7, interpolated for the A/B,
B/C and C/D mid-classes.

variable A A/B B B/C C C/ID D E F G
o -0.02 -0.019 -0.018 -0.017 -0.016 -0.013 el 0.005 0.028 0.040
Ho 250 180 150 125 90 45 0 -15 -5 -2.5

Table 7. Atmospheric temperature profile: variables a (K/m) and Ho (W/m?)

A logarithmic temperature profile is obtained by integrating the temperature gradient given by Randerson
(1984)°, Pasquill and Smith (1983)%, Panofsky and Dutton (1984)%:

dT (189)
k21 9% )= é Zz
T« \ dz L
where K Von Karman constant, 0.40 )
T* scale temperature (K)
r dry adiabatic lapse rate*°i*v = g/Cp, = 9.81/1004 = 0.00977 (K/m)
L Monin-Obukhov length (m)

The function ¢ has different forms depending on the stability class:

e  For unstable weather conditions:

7 -1/2
¢h = al(l - bltj

e  For neutral stability:

e  For stable weather conditions:

XCipocC - For the plume centre-line at the mixing height, different equation is used for the temperature T(z), (ATMOS). Check on equations and on
references.

*Cli The calculated dry adiabatic lapse rate.
Xl CORRECTED. In Phast 6.54 the heat capacity of moist air rather than dry air was used. In Phast 6.6 that of dry air is always used.

XClV Eor neutral conditions lapse rate is calculated, for others it is a constant. CORRECTED: In Phast 6.54 lapse rate was only calculated for the 1%
case run and not subsequently recalculated.
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¢h= (aﬁ b, Ej

Different values of the constants ai, b, and b, are assigned by different authors. Values from Businger
et al (1971)*3 are used in the UDM model: a; = 0.74, b;=9.0, b,=4.7.

The above equations can be integrated to give the following temperature profile v

(190)
a; T« Z+7 YA Zye
Ta (Z):Ta (Zref ) - F(Z - Zref ) + lk In : - \Ph (Ej \Ph -

Zrg + 2 L

Here the function W is given by

2

1+ y 7 1/4
vy = 2 Lwith y=|1- by - if unstable (L<0)
= 0 if neutral (L=o0)
YA
= - (b./a,) L if stable (L>0)
and the scale temperature T+ is estimated from the surface heat flux Ho using the following relation:
Ho (191)
pa C pa U=
where Ho surface heat flux (W/m?)
Pa atmospheric density at reference height zye (kg/m3)
Cpa atmospheric specific heat capacity (I/kg/K)
Us friction velocity (m/s)

Values of Ho (see Table 7) for unstable and neutral weather categories have been taken from Clarke (1979)%,
while for stable classes values are used which give good agreement between the logarithmic and linear
temperature profiles.

A.4  Pressure

UDM offers the choice of two atmospheric pressure profiles: one which is constant with height, and one where
the pressure decreases linearly with height. The latter is obtained from the pressure gradient given by:

dp (192)

a —

dz _-pag

If it is assumed that p and g are constants then this can be integrated to give:

Pa(z):Pa(zref)_pag(z_zref) (193)

XV Exact integration would lead to the term In(z/z.). This has been replaced by In[(z+2z0)/(zr+20)] to avoid problems near/ at z=0, and to enable the
specification of temperatures at ground level. Alternatively In(z/z.) could be considered to be replaced by In[max(z,zo)/max(zo, Zrer)].

Theory | Unified Dispersion Model version 8.5 |

Page 92



DNV

where Pa(zer) is the atmospheric pressure at reference height zret (N/m?)
Pa is the atmospheric density at reference height zye (kg/m3)
g is acceleration due to gravity, 9.81 (m/s?)
z is the height above ground level (m)

This is an approximation since pa will vary with height as the temperature and pressure change. However this
is a second order effect which is not important within the first few hundred metres of the atmosphere.

A.5 Other Atmospheric Variables

Humidity
The relative humidity r, is assumed to be constant with height.
Density

The atmospheric density pa at a height z is calculated from the atmospheric temperature Ta, pressure pa. and
humidity r, at that height*V. See the UDM thermodynamics theory for further details.

Composition

The composition and relative humidity of the atmosphere is assumed to be constant with height.

XMl CORRECTED Phast 6.6. In Phast 6.54 the air was not updated with the correct pressure, temperature and composition before density was
calculated.
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Appendix B. Literature review of entrainment formulations

B.1 Entrainment Formulations

Ooms formulation for elevated plumes (Gaussian profile, airborne drag)

Ooms!18 gpplies the following entrainment equation

21/2/1R

N IpuZ;zrdr =E,
0

Here the integral has been rather arbitrarily cut-off at r = 2Y2AR, and Gaussian profiles are assumed for cloud
velocity u, concentration ¢, and density p:
2/R

]e—AZrZIRZ

2 2 2
UIUm+[Um—UaC059 J C:Coeir P = Pa "'[:om_pa]e7r g

Here um, Co, pm are the velocity, concentration and density at the centre-line, and A1=1.35°% is the Schmidt
number.

The total entrainment E is assumed to consist of jet, cross-wind and passive entrainment,

wind nf
Etot = Ejet + Ecross + Epas ,
Ejet = ay [2nR/A] pair |Um-UwcOS(0)] , a3 = 0.057 [y = 2n%%a1/A=0.17]
Ecross = az [2nR/A] pair Uw [SiN(B)| cos(0), a,=0.5 [a2=0.5/A=0.43]
Epasm = as pair [2TR/A] U, az=1.0

where U’ is the entrainment velocity due to ambient turbulence. Note that Ooms applies the Morton
formulation for jet entrainment. In comparison with the UDM, the cross-wind entrainment contains an
additional term cos(6). This cross-wind formulation was shown to give good agreement in conjunction with a
non-zero airborne drag correlation.

The ambient entrainment velocity u’ = (eR/A)*? in the inertial sub-range of the turbulence energy (e = eddy
energy dissipation), while for other cases u’ equals the root-mean square value [u,’?]°® of the wind velocity
fluctuation due to turbulence.

The eddy dissipation rate ¢ is the rate at which on the small scale turbulence is dissipated into heat. Ooms
does not include the definition, but following Lees?® (Section 15.12.28),

u.’ z J[oU, u.
E= @n—— | = U -
KZ L 0z kL

wherexvi
Om = 1-pziL, stable (B = 2.0)
= 1 neutral
1/4
= +Ei3{i— a_22] with a:[1—15ij , unstable
4L a° [1+a 1+a L

Note that Ooms states that always including the complete passive term is a conservative assumption.

XMl BOC. gmis (to be) given in Appendix A.2 [differentiate , to double check]
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TECJET formulation for elevated plumes (Gaussian profile, airborne drag

Emerson?® developed the TECJET model, and is based on a further refinement of the Ooms model. The
same Gaussian velocity, concentration and density profiles are assumed, but now with the Schmidt number
taken to be A = 1.195,

The mass M adopted by the integral in Ooms includes the air entrainment. As a result the integral needs to be
‘cut off by Ooms in order to avoid divergence of the integral. This problem is avoided by Emerson by defining
an ‘alternative mass M, defined (as in the UDM) as a term in the excess momentum |y, = Ma(Vo COSO - Ug),
where Vv, is the absolute centre-line velocity. The entrainment equation is given by dMz/ds = Eq, with

wind nf
= = Ejet + Ecross + Epas '
Ejet = ay [pair M2 (Vo - Ua COSO)]*2, a; =0.141 [ou =a; =0.141]
Ecross = az [2rR/A] pair Uw |SIN(0)], az = 0.17%i [0, = a/A=0.16]
Epasnf = as pair [27R/A] U, az=1.0

In the limit of purely passive dispersion, M, reduces to paua m (R/A)? with dR/dx = 21266,/0x. Therefore dM./ds
= Epas” leads to continuous spread rates for the far field.

asu’ = Palla [2Y206,/0X]/ A
HMP formulation for airborne plume (top-hat profile, no airborne drag)
The model by Hoot, Meroney and Peterka® is summarised in Section 15.43.3 in Lees?8. A top-hat profile is

assumed of a circular plume with radius Rqq, density peid, speed ucig. Thus the cloud mass flow Mg =
nReid®paidUeid. The adopted entrainment equation is dMcig/ds = Eqot, With

wind
Etot = Ejet + Ecross
Ejet = [21/2] [27R] pair |Ucid-UwCOS()] , a1 = 0.09 [o =n%%a; = 0.16]
Ecross = [32/2] [ZTER] Pair Uw |Sln(9)|, a; = 0.9 [Otz = a.2/2 = 0.45]

Note that passive entrainment is not considered.
AEROPLUME formulation for airborne plume (top-hat profile, no airborne drag)

Also McFarlane?? adopts a top-hat profile in AEROPLUME/HFPLUME in HGSYSTEM. His summation is as
follows for an airborne plume

ind f .
Etot = Ejet + Eg\r"ozs + Egas , airborne plume
where
1+ (413)(pag ! Pair —1)
jet = eiet 1+ (5/3 / 1 I:)above Pair I Ucid ~ Uw COS 0 |’ €jer = 0.08
+( )(pcld Pair ~ )
Cross — H 9 1 0 pcld —l H 0 uw _ _
wind — Q2 Pair Pabovl UwSIN I +a;MmaX| U, —— Sin — ,02=0.6,03=7.5

pair ucld

2w
nf gnd 1/3(; 4/3 4/3
Epas:|:l_ D :|7[pair €pas € (Iy +|z )

XMl Note that the term par Was missing in the Emerson paper
XCIX |n AEROPLUME code: Epas™ = [2-(aspect ratio-1)] & par €pas £23[l"*+1,%]
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Here D is the plume diameter [D = 2R,=2R;; area A = tRyR,=nD?/4], the coefficient epas = 1; the turbulent
(transverse horizontal, vertical) eddy length scales |y, I, and the dissipation rate of kinetic energy ¢ are given
by

l, = min{0.5D, 0.88(zc+20)Ly(¢) }, I, = min{0.5D, 0.88(ze+20)L(C) }
g = E(ze) u3/[k(zc+20)]

where € = (zc+20)/L, zc the centroid height, z, the surface roughness length, L the Monin-Obukhov length L, u-
the friction velocity, k the Von Karman constant. The functions Ly(C), L.() and E(£) are defined as a function
of stability class by

Ly(©) = Ly(€) = (1-7.4xQ)/E(L), E(C) = 1 - 5x¢, stability class = A,B,C
L =L()=EQ=1 stability class = D
Ly(§)= 1/ (1+0.10), L(Q) = 1/ E(Q), E(C) = 1 + 4¢, stability class = E,F

Note that high-enough plumes ly=1,=0.5D=R,Chord=0 and the AEROPLUME formulation reduces to the
Ooms formulation,

E;fas = epas pair[ZﬂRpl] (‘C'Rpl )1/3

Also the formula for ¢ is very similar [note that E(z) = ¢m(z) for D, E(z)= ¢m(z) for stable since B = 5 «, formulas
more different for unstable].

AEROPLUME formulation during touchdown and slumping (top-hat profile)

The formulation during touchdown and slumping is (before transition to HEGADAS),
Etot = Ejethvy + Egspas , touchdown and slumping

Here Ejethvy represent the combined effect of jet entrainment Ejer and heavy-gas entrainment Eny, and Egspas
the combined effect of gravity-slumping entrainment Eg4s and passive entrainment Epas,

Ejethvy = [2W gnd/Pabove] Max(Ejet Envy) + [1 — 2Wgna/Pabove] Ejet
E. E .
_ jet hvy et hvy
- E +E Ejethvy + E + Ejethvy - Ejethvy + Ejethvy
jet hvy jet hvy
Egspas = maX(EgS,EPaS)
E E
_ gs pas _ [0s pas
- E +E Egspas + E +E Egspas - Egspas + Egspas
gs pas gs pas
where
E K U. R _ 2 pcld B pa
h=29z, ——~

—P -
hvy abovepa CD(RI*) an*

2z, dD
Eg = 1_D|TS(0| Pa g Zag Uga | COSQ | ds e =085
Here Ri- is the Richardson number, and ®( Ri-) the entrainment function

®(Ri) {1-3Ri/5/%5, Ri-<0

1, 0 < Ri-< [189/90]

max{ R7I* ’%’“J’ O.8Ri*} , Ri->[189/90]
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Morton (crosswind extended)

The aim of this extension is to address the potential under-prediction of concentrations in the near-field. We
have included the extension described below as (the default) “Morton (crosswind modified)” option in the
UDM.

The formulation is based on a modifier to the Morton et al. model®?, which comprises
1. A near-field region where crosswind entrainment is suppressed.

2. A non-zero drag force in the near-field, acting normal to the trajectory.

Entrainment

The ‘potential core’ is the region where a solid central portion of the released plume remains unaffected by
the crossflow. For its length, Leore, We Use the Kamotani & Greber® expression as a function of source
diameter D and velocity ratio R:
L _ 6.4D
€re " 1+ (4.6/R)

Crosswind entrainment is set to zero in this region. A floor of 0.5D has been applied to the L., function at
very low values of R as the function rapidly approaches zero.

Beyond this region, crosswind entrainment ramps up to its full value (as per Morton) over a distance Lsypp.
This is difficult to bound, but the papers of Kamatoni & Greber®” and Yuan & Street® show broadly linear
mass & volume flux relationships from 8-12D. A phase-in period of around 2-3L.,,..would therefore seem
about the correct scale for the values of R they used. We also introduce a factor based on the density ratio to
reflect a dense jet retaining integrity over a longer distance than a light jet.

The total distance over which entrainment is suppressed is therefore set to be

Po
Lsupp =11+ P— Leore

Crosswind entrainment is phased in linearly to achieve its unmodified value at L, according to:

’ —
ECT’OSS - 0 S S Lco‘re
! — S—Lcore
ECT’OSS - (L —L )ECT’OSS Lco‘re <s S Lsupp
supp ™~ “core

Drag

The application of a crosswind drag force is also restricted to the near-field trajectory, but the distance over
which the force acts is defined independently of the suppression lengths above. There is some slightly
contradictory evidence on this: Yuan & Street®® suggest drag is high initially and quickly phases out by 4D
plume height, while Mahesh®® indicates the force may occur over a longer distance, up to around 20D along
the trajectory for their R=5.7 case.

We take the Mahesh approach here of a longer drag distance and define a drag length as a multiple of the
suppression length. The density ratio Muppidi & Mahesh used was 1.0, so it would give a broadly
consistent drag length in this case to assume

Ldrag = 3Lsupp

We express this drag in terms of a coefficient Cq applied to the standard UDM air-drag model (Eqg. 89). This
starts at its maximum value and is phased out linearly with arc length s over Ly,

.. N
Cqa=Cliy (1—max[ ,1])
Ldrag
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An initial drag value of Cé’;ffg = 0.39 is proposed, three times the Ooms drag coefficient (in the UDM
formulation). The entrainment coefficients a;and a, remain at 0.17 and 0.35 respectively.

Comparison of formulations

The table below summarises the formulations described above.

MODEL cross-wind o o A2 Co Epas' Note
profile (Mort./S
pald.)
Ooms Gaussian 20 M 5/\ = 1.35 0.15/n Yes (from g; Uses speed and concentration profiles
[Co, Umax] =0.17 0.43 =0.13 formula not cut-off profiles at 212b, . b =Ry =R,
given) Extra cos(0) term in Ecross
Total momentum
TECJET Gaussian 142 S A7/ 11 0.1/x = Yes (from u’) Uses speed and concentration profiles
=0.16 0.095 No cut-off profiles; A b =Ry =R,
Excess momentum lxe=Mz[UmaxCOSO-Ua]
UDM 5.2 ‘Drift’ 11 S .26 14 0.15 No Concentration profiles only with A term
[Ucid] Area in terms of Ry,R; [=Ab]
Excess momentum Ix>=Mcig[Ucld--Ua]
UDM 6.0 ‘Drift’ 17 M .35 n.a. 0 Yes (from g; Concentration profiles only; no A term
[ucid] Disselhorst) Area in terms of Ry,R; [=Ab]
Excess momentum Ix=Mcig[Ucld--Ua]
HMP top-hat .16 M .45 n.a. 0 No Total momentum
AEROPLUME top-hat 282 M .60 n.a. 0 Yes (from g; No profiles; averaged top-hat conc./speed
Disselhorst) For max. values multipy ¢ with 1.7
Excess momentum
Table 8. Comparison of integral plume models

Theory | Unified Dispersion Model version 8.5 | Page 98



DNV

Theory | Unified Dispersion Model version 8.5 | Page 99



DNV

Appendix C. Observer release times

Section 5.2.2 summarises the logic for observer release locations and observer release times in the case of
time-varying dispersion. The current appendix provides more details regarding this logic.

C.1 Time-varying release without rainout

The observer release times are calculated by the Phast/Safeti discharge post-processing model TVAV. Input
to TVAV are the time-varying discharge data (from GASPIPE, PIPEBREAK or TVDI calculations), and the
number of ‘release observers’ nows™'. These observers are released from the release location.

The release times for the release observers are based on [neps™'-1] equal release-mass segments®, where the
first release observer is released at the start of the first mass segment (at time t=0), and the last observer at
the end of the last segment (at trelease); S€€ Figure 12. The associated discharge data at these release times
(release time, release rate, liquid fraction or temperature, droplet size, velocity) are input to the UDM model
as observer release data.

flow rate (kg/s)

t,=0 b tiiq

time (S) trelease
< [Ngps'-1] equal-mass segments >
Figure 12. Evaluation of ‘release observer’ data based on equal-mass release segments

The figure illustrates the TVAV observer release algorithm for the case of nous™=6 release observers (5
equal mass segments).

¢ IMPROVE. This is appropriate in case of the absence of a pump or control valve. However in case of a long pipeline with a pump, the flow rate initially

decreases very rapidly and subsequently is almost equal to the pump rate. Thus a reduced number of observers could be considered to be
applied for the later times.
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C.2 Liquid spill (immediate rainout)

This section discusses the logic of the observer release time in case of a liquid spil (immediate rainout),
where no dispersion calculations need to be carried out prior to the pool calculations.

The cut-off evaporation rate Evap,cut iS input to the PVAP pool evaporation model (Phast default: 0.1 kg/s for
flammable, 0.001 kg/s for toxics). First PVAP pool calculations are carried out until the time tenq at which the
pool evaporation rate reduces to Evap,cut-

The first observer is released at the first time tsiar, at which the pool evaporation rate is larger than Evap,cut. If
tend IS the final time at which Evapcut is exceeded, then the mass evaporated between these two times Meyp iS
calculated. The final observer is released after 99% of this mass has been released®. The release times for
the other pool observers are based on [ne,s”°°-1] equal evaporated-mass segments between the first and last
observers, where the number of pool observers, neps™?, is input to the UDM model; see Figure 13. The
observed pool evaporation data at these times (time, evaporation rate, temperature) are output by PVAP to
the UDM model as part of the linking between the PVAP pool and the UDM cloud. ¢

Pool evaporation rate (kg/s)

Evap,cul ------------------------------------ it bbbttt R, A
0 tsart time () teng
[Ny, P-1] equal-mass segments >
Figure 13. Evaluation of ‘pool observer’ data based on equal-mass pool segments

The figure illustrates the PVAP observer release algorithm for the case of nobs"°'=7 release observers (6
equal mass segments).

¢ D-11035. The 99% is so that there is time for the final observer to pick up some mass before the pool stops (as it will when vaporisation rate drops

below the cut-off)

S IMPROVE. Consider to further improve pool observer release logic:

(I) Need special logic for the end of the spill (where the pool evaporation rate may drop rapidly), as for the elevated with rainout case, i.e. construct
observers in case of a rapid drop of observed total flow rate. Thus, add an additional pool observer when pool evaporation rate reaches its peak.
This will result in more conservative predictions, particularly for flammable releases. The existing logic may be unconservative, and leads to rather
random behaviour for the evaluation of the maximum observed pool evaporation rate (and therefore maximum observed concentrations, like
relevant for short averaging times like relevant for PHMSA LNG validation.

(I1) For long duration spills dispersion results for later pool observers are expected to be very close, since the pool evaporation rate would be approximately
constant. In this case possibly the number of observers may be considered to be reduced (or release observers at earlier times), e.g. use logic like
in Appendix Error! Reference source not found..
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C.3 Elevated release with rainout

1. Therelease times for the release observers (release duration trelease) are evaluated as for the case
without rainout (see Appendix C.1), and calculations are carried out for all release observers until the
point of rainout. For a finite-duration release with rainout two release observes are applied at the start
and end of the release.

2. PVAP pool calculations are carried out and subsequently pool observer release times are evaluated as
described for the case of liquid spill (see Appendix C.2; observer release times between tsiar and tend).

3. Two cases are considered, i.e. the cases where the upwind edge of the pool spreads or spreads not
upwind of the release point. In the text below, modifications applicable for case when the pool spreads
upwind are indicated by red font). Let t,pw be the time at when the pool spreads upwind (tupw = trelease IN
case the pool does not spread upwind).

a. For each release time tops determined for pool observers with tsiar < tops < MiN(tupw,trelease),
release a new ‘release observer’ at the release location and run this observer until rainoutci,
b. For all release observers with observer release time tops<tupw rewind the observer to when it first
crosses the pool, and run to end point (including cloud/pool linking).
c. Trail observer logic
i, If tupw<trelease, S€t time interval Atops=0.05 Min(trelease, tend-tstart). Create two added pool
observers that will reach the release point x=0 and times trelease-Atons/2 and
trelease"'Atobs/ 2
ii. Else, if the pool is still active when the downwind edge of the pool is left behind by the
downwind edge of the original release®, let tresiqua b€ the time when the pool is left
behind and set time interval Atops=0.05 Min(trelease, tend-tstart). Add an additional ‘pool
observer’ at the time tresiquatAtons/2, Which represents the start of the trailing cloud.
d. For all pool observers with observer release times min(tupw,trelease) < tobs < tend; including the
added trail observer), carry out observer calculations until end point.

C.4 Instantaneous release without or with rainout

In the case of an instantaneous release, a single instantaneous ‘release’ observer is released. In case of
rainout additional ‘pool’ observers are released after the upwind edge of the instantaneous cloud passed the
upwind pool edge; see Figure 9. As for the case of the liquid spill (See Appendix C.2), the pool observer
release logic is again based on equal pool mass segments, where pool observers will only be released after
the upwind edge of the instantaneous cloud has passed the upwind pool edge.

Cl This added release observer only applies for continuous releases. For time-varying releases no added release observer is released.

Y This is only applicable when the cloud does NOT spread upwind of the release point, in which case the momentum of the trail observers is often
considerably smaller than those who see the original release. The actual discontinuity occurs when the upwind edge of the cloud passes over the
upwind edge of the pool, but because of the high momentum it would normally be expected that the time for the original cloud to pass between
the upwind and downwind edge of the pool to be relatively small.

Theory | Unified Dispersion Model version 8.5 | Page 102



DNV

= From the calculated value of Nrates (i.€. excluding the tail segment), divide the region spanning tstart and
min(ttai, teutoff, tend) iNto equal mass®’ segments. At the same time, obtain the time-averaged segment
characteristics (i.e. duration, evaporation rate, pool radius and temperature) for each segment.

= Thereafter, obtain the time-averaged segment characteristics for the tail segment (i.e. if
present/applicable).

= Combine adjacent segments with less than 10% difference in segment evaporation rates into single
segments and update the value of Nrates accordingly.

cv By default, the segmentation logic in PVAP divides the non-tail portion of the PVAP results arrays into equal mass segments. However, the routine
permits the division of non-tail segments based on equality in “vaporisation rate load”. “Vaporisation rate load” is defined as the sum of the product
of the vaporisation rate raised to a power “k” and elapsed time over a region of interest in the PVAP results arrays. When k = 1, the “Vaporisation
rate load” equates to the total mass evaporated.
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Appendix D. Cloud shape correction for downwind gravity spreading

D.1  Global cloud formulation (not implemented)

In low wind-speed releases of high-density materials, effects of gravitational spreading are relevant both in the
crosswind and along-wind directions. However the UDM model allows for crosswind gravity spreading only and
not along-wind gravity spreading; see Equation ( 87 ) or ( 154 ). This results in a cloud with too large crosswind
dimensions and too small dimensions in the wind direction. Figure 14 depicts a ‘cloud shape correction’ which
is applied to observer concentrations, to introduce downwind gravity spreading and reduce crosswind gravity
spreading, such that downwind and crosswind gravity spreading are equal. This cloud shape correction is
analogous to the cloud shape correction optionally applied in the HGSYSTEM heavy-gas dispersion program
HEGADAS-T® as described by Witlox™®.

existing UDM: only crosswind gravity-spreading
> “
2
B new UDM: add gravity-shape correction
] / (reduce crosswind gravity spreading,
» . . :
o add downwind gravity spreading)
O >
Downwind x
Figure 14. UDM modelling of crosswind and along-wind gravity spreading
/ Before cloud-shape-correction
> o
© > ) )
£ add gravity-shape correction such as to
% L conserve cloud area: :L W, =L W "
0 (reduce crosswind gravity spreading,
o n . . .
P + add downwind gravity spreading)
(@) = >
h” -
8, Downwind x
=
Llor=L+S
S —
LC
Figure 15. Cloud-shape gravity correction: conserve cloud area

Let L¢ be the calculated cloud length and W, be the calculated cloud width (prior to cloud shape correction),
and let W, be the initial cloud width at the onset of heavy-gas spreading. The corrected cloud length L.°"and
the corrected cloud width W are set in such a way that the amount of spreading S in the downwind direction
of the cloud as a whole equals the amount of spreading S in the downwind direction (see Figure 15).
Conservation of cloud area now requires

LW, = LW, , with L.® =L, +S and W,*°" =W, +S (194)

M n the heavy-gas dispersion model HEGADAS the correction can optionally always be applied. In the UDM it is only optionally applied when heavy-gas
spreading is relevant (after the transition from jet to heavy-gas spreading, i.e. for a grounded dense plume).
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The above quadratic equation in S can be solved for S,

1 (195)

S = _E(Wo + Lc) +%\/(Wo + Lc)2 +4Lc(Wc _Wo)

Introducing dimensionless lengths L'=Ld/W,, W=W/W,, S'=S/W,, the above equations become:

s" = —%(1+ LC*>+%\/(1+ L f +aL (W, -1) (199)

(197)

L /L = (L, +S7)/L, W /W, = (1+S") /W,

In HEGADAS the above gravity cloud shape correction (GSC) is applied to the entire cloud at each required
output time (“global cloud formulation”). However this formulation has the problem for continuous releases that
for increasing times the cloud length L. increases and therefore the cloud shape correction at a given location
reduces, while in reality this is not the case. In reality for ground-level unpressurised releases the cloud shape
correction should be large and stay constant in the near-field, since the cloud centroid height z. is low and
therefore the windspeed ua(zc) is low. The issue of the above correlation is that it depends on the overall cloud
length Lc. As a result a modified GSC is implemented in the UDM based on an incremental cloud formulation®,
which is described in the following section.

D.2 Incremental cloud formulation (implemented in UDM)

Before cloud-shape-correction

N

N
> —
- £
£ = 8 add gravity-shape
(% 3+ correction such as to
n g conserve cloud area
5 a

Downwind x

Ax

Figure 16. Cloud-shape gravity correction: conserve observer interval cloud area

Conservation of cloud area is applied to an incremental part of the cloud with uncorrected length dx = ugq dt
and uncorrected cloud half-width Wes (see Figure 16)

- Uncorrected cloud area = 2Wer(X)AX + [Wer(X+AX)-Wes(X)] AX
- Corrected cloud area = [2We®'(x)+ AS][ Ax+AS]

Equating corrected to uncorrected cloud area results in

il REFINE. Instead of an incremental formulation a more robust differential formulation can be considered.
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|2, (%) + AS [Ax+ AS] = Wi (x) + W, (x+AX) JAX (198)

€l
This square equation in AS can be solved as

1 (199)

5=, o 0 0 020,

The above incremental correction is applied starting from the downwind edge of the pool (ground-level area
source) or downwind of the heavy to jet transition (whichever is most downwind). Thus using the above
equations the following corrections are applied for a given observer to the downwind cloud distance Xqq and the
effective half-width Wes (i=1,2,....):

cor cor cor _ cor (200)
Xadi = Xadia  TMqi tAS;, We i =Wt jg - +AS;

The above correction is applied until the start of the passive transition. No correction is applied otherwise®i,
This ensures that gravity spreading is increased in the downwind direction and reduced in the crosswind
direction such that the same amount of incremental spreading is applied. The above cloud shape correction
applied at a specific location no longer diminishes with increasing overall cloud length L. and it also modifies
results for steady-state releases.

For validation against experimental data for the URA continuous Kit Fox experiments (see UDM verification
manual), the above correction was found to apply a too strong correction. As a result by default a modified GSC
has been implemented in the code, which only fully applies the gravity shape correction in case of ‘excessive’
downwind gravity spreading chosen to be defined by dWer/dx > n Scit. No GSC is applied for dWer/dx < ScridN.
In between a linear blending function fis used to gradually introduce GSC and to avoid a discontinuity. Thus:

Xetdi = Xeidia Mg i +AS;, Wegr i =Wegr i 3™ +AS; if AWgg ;/ AXyyq ;> NSy (201)

cor cor cor __ cor H
Xadi = Xadi-r  t™%gi v Werri =Werrisg +AWegr i 1F AWt i/ AXqg i < Sgrig /N

Xadi o =Xagi o +M&gqi + TAS;, Wt ;7 =Wegr ;4™ + fAS; + (1— f)AW ; , otherwise
with
AWt i/ AXgg i — Serig/N
NSerit —Serit/ N

Here the critical value St = 1 is currently selected, and n=2. Above the pool, upwind of the heavy-gas regime,
and downwind of the start of passive transition currently f is set = 0.

For time-varying releases (or cases with rainout), the above correction is applied for each observer in turn.
Note that the correction is applied prior to the observer mass correction.

Note that the above GSC always moves the observers downwind. Therefore at a given downwind distance it
will typically cause an increased concentration and a reduced cloud width.

Ml REFINE. This implies that cloud area is no longer conserved downwind of passive transition. A refinement of the GSC correction could possibly be
considered upwind of the pool and along the passive transition regime, in order to also partially include here correction of gravity spreading.
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Appendix E. Differential observer-velocity cloud mass correction

The observer-velocity cloud mass correction was described in Section 0. Appendix E.1 describes a time-shifting
algorithm, which is applied prior to the observer mass correction to avoid observers approaching each other too
close. Appendix E.2 describes a more rigorous implementation of the observer-velocity cloud mass correction
for potential future implementation.

E.1  Time shifting for approaching observers

As observers disperse, they can do so at different speeds. Normally this will result in separation and
concentrations will be adjusted downwards to conserve mass. However observers can also approach and this
will lead to increased concentrations. If one observer overtakes another this will lead to infinitely high
concentrations as At - 0.

Therefore after the gravity-spreading correction (if applicable; see Appendix D) and prior to the observer mass
correction being applied, an adjustment is made such that observers cannot approach each other too closely.*

Assume we have two consecutive observers i and i-1. Let At° = the release interval between the two. Let At*
equal the difference in arrival time between the two observers at some distance x. The method can be
represented by the following figure:

Observer | has Largest mass
rate and remains fixed

Distance, x

Observers i-1 and
i approach

Y

A, . .
Time since release, t

Figure 17. Observer time-shifting prior to Observer Mass Correction

As observer i-1 approaches observer i, then the time interval At* reduces below its initial value At°. We
prescribe a minimum fraction f (0 < f < 1; f fixed at 0.75 in Phast) such that At* = f AtC. If this condition does
not hold true for any record at x in observer i-1, then we modify ti;* = t* - fAtC.

The factor f represents the degree of approach permitted: f = 1 implies observers cannot approach each other
at all, whereas f = 0 allows observers to have an identical trajectory. Currently the method specifies a value f =
0.75.

Cix p warning is provided by the model in case time-shifting of observers occurs.

Theory | Unified Dispersion Model version 8.5 | Page 107



DNV

For cases with many observers, the algorithm starts with the observer that has the highest final mass release
rate, say for observer imax. This observer remains unchanged. Each pair of observers released before or after
observer imax are then adjusted using his algorithm (e.g. observers imax and imax-1; observers imax-1 and imax-2;...)

E.2 Rigorous correction to observer variables stepping forward in time (not
implemented)

Instead of the simplistic differential-velocity observer mass correction described in Section 0 (carried out by
post-processing UDM steady-sates data), the method could be implemented by solving all observer equations
simultaneously stepping forward in arc length s (and NOT with time t, which is now treated as a secondary
variable). Here use is made of the additional mass-conservation Equation Error! Reference sourcenot found. f
or the material rate Qi(x), i=1,...N, which is now a secondary variable (as already currently in case of rainout or
pool evaporation). Note that the change in material rate would also affect the thermodynamic data like liquid
fraction and temperature.

Like for the simple observer correction, it would be again an issue if observers would become too close to each
other, and therefore observer intervals would not be allowed to reduce with more than the ratio f = 0.75. Again
a warning would need to be applied in case this would apply. Please note that the time-shifting algorithm and
the observer mass correction may result in added or reduced momentum, which may not be realistic. Thus in
this aspect also further improvement may be considered.

UDM solution algorithm for case of pools and rainout
In case of a pool source, the above correction may be relatively large in case of a large drop of pool evaporation
rate, e.g. at the time when the pool thickness reduces to the minimum thickness and at the end of the spill.

The OMC is applied downwind of the downwind edge x4 of the pool, e.g. by presuming Mi(X)= Mi(Xaw),
i=1,..N]. In case of a pressurised release including rainout, observer calculations are carried out separately to
evaluate the pool. Subsequently all observer calculations are carried out (stepping forward in time) to the
furthest pool distance x4w"°°. Downwind of this again it is presumed that Miot(X)= Miot(Xaw). Thus the algorithmic
steps are as follows:

1. In case of elevated two-phase release, first solve observer equations (stepping forward in s or time t)
to determine rainout data (as currently); then call PVAP to set pool data and furthest distance Xqw°°
of downwind edge of pool

2. Subsequently redo all observer calculations (stepping forward in s or t) accounting for PVAP pool
(including link cloud/pool, but ignoring any resulting modification of rainout data), until downwind
distance x4, and set arrival times ti(Xaw"°®).

3. Carry observer calculations downwind of x4, as indicated above for case of no rainout, and
presuming Miot(X)= Miot(Xdw).
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Appendix F. Guidance on input and output for UDM dispersion model

F.1 Input data

In the UDM generic spreadsheet, the input for the outdoor dispersion model UDM is split into ‘Input data’
(always to be specified by the user; see Figure 18 and ‘Input parameters’ (input data to the changed by expert
users only; see Figure 19). In the spreadsheet for each input parameter a brief description of the meaning of
the parameter is given, its unit (Sl units are used), and its lower and upper limits. The next column contains a
complete list of input data corresponding to the base case. Subsequent columns need to include only those
values that need to be changed to invoke other runs.

DNV MODEL UDM
Description Units Limits Continuous_|Instantaneous IPooIsource ISpiII ITimevarying
Lower Upper
GENERAL INPUT DATA
Case Name Continuous| Instantaneous | Poolsource Spill | Timevarying
Use file <case name>.LTU file for input release data (0=no, 1=yes) 0] 0
Use file <case name>.0BS file for observer data (0= no, 1 = yes) 0 1 0
RELEASEDATA
General inputs
A Flag: release type (instantaneous =1, continuous (old) = 2, time-varying =3) 1] 3| 2 1 3
N Released material name (from material database) PROPANE AMMONIA
7 Released material stream handle 0f 74986
8 Number of observers = number of source term points (time varying only) 2 161 2
Release obser\er arrays
10 State flag (1 - Temp, 7 = liquid fraction)
A Observer release time (time-varying) or duration (cont. old) s 0| 600 60 0,50.0
A flowrate at observer time (non-instantaneous only) kals 1.00E-06 1.00E+05 7 12 10 10.05.0
A |initial mass flowrate of air mixed in (non-instantaneous only) kgls 0|  1.00E+05| 0
A State flag (1 - temperature, 6 = liquid fraction) 1] 7 6 1 6 6,6
A Temperature of release component K 10 900 240 240
A Liquid mass fraction of release component kg/kg 0| 1] 0.8 1 0.8,0.8
A Droplet diameter (SMD) m 0 0.01) 1.00E-03 0.01 1E-31E-3
A Droplet size distribution parameter arr - 0 1 04 04,04
A |Droplet size distribution parameter brr - 0f 6| 35 3535
A Release velocity (non-instnantaneous only) m's 0 500 50 50,50
A Radius for pool source (< 0 not a pool source) m 1000 0 10
Instantaneous only
A |release mass (instantaneous only) kg 100E-04| 1.00E+09| 4200 4200
A mass of air (instantaneous only) kg 0]  1.00E+09 0 0
A Bxpansion energy (instantaneous only) (J/kg) 0 12500 0 0
Release height, angle and impingement
A Release height m 0 1 0 0
A [Release angle [0 = horizontal, pi/2 = vertical upwards; cont.only] radians -1.571] 1571 0
A Impingement flag (0 -horizontal, 1 - angled, 2 - vertical, 3 - along ground, 4 - impinged, 5 - angled from hori 0| g 1
AMBIENT DATA
Pasquill stability class (1-A,2-A/B,3-B,4-B/C,5-C,6-C/D,7-D,8-E,9-F,10-G); 0 = use
A Monin-Obukhov length = 0| 10} 7
A Monin-Obukhov length (stable > 0, unstable < 0, neutral = 1E+5) m -100E+05(  1.00E+05( 1.00E+05
A \Wind speed at reference height m's 0.1 50 5
A Reference height for windspeed m 0.1 100 10
A Temperature at reference height K 200 350 298
A Pressure at reference height N/m2 50000 120000 101325
A Reference height for temperature and pressure m 0| 100 0
A Atmospheric humidity (fraction) 0 1 0.7
SUBSTRATEDATA
A Surface roughness length m 0.0001 3 0.1
A |Dispersing surface type (1-land,2-water) 1 2| 1 2
A Temperature of dispersing surface K 200 500 298
POOL DATA
A [Pool surface type (1-wet soil, 2-dry soil, 3 - concrete, 4 - insulated concrete, 5 - dee] 1 9 2
A Temperature of pool surface K 10} 10000} 298
A Bund diameter (<=0: no bund) m 0| 0
A Bund height (rainout when droplets hit bund & used if bund overspill = yes) m 0| 100 0
AVERAGING TIME
A Averaging time s 1] 3600 18.75
OBSERVER TERMINATION CRITERIA
A Minimum concentration of interest mole fraction 0f 100} 0
A Maximum distance of interest m 0]  1.00E+08| 1000
CLOUD OUTPUT CONTROL
A Required time s 0| 100
A Required downwind distance m 0 1000
A [Position for off-centre concentrations : crosswind distance y m 0 1000 0
A Position for off-centre concentrations : height zabove ground m 0| 1000 0
Rawobserer data
A Output observer off-CL concentr.: 0=no, 1 = at req. distance, -1 = at req. time - -1 1] -1
Processed data after obser\ver calculations (pre- and post-AWD)
Pre & AWD off-centreline results required vs time(<0) or distance x (>0): 0 = none,
A +1=width, + 2= height, £ 3= maxconc, + 4 = maxwidth, + 5= dose = = 5| 0 -5
A Required concentration for width and height calculations mole fraction 0 1 0.001
Figure 18. UDM input data - Part I: input data always to be specified
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The following five cases are include in the example spreadsheet:

e The base case corresponds to a horizontal continuous propane release (80% liquid fraction, 7 kg/s,

jet release speed of 50 m/s) of 600s duration.
e The second case relates to an unpressurised instantaneous propane release of 4200kg.

e The third case refers to a ground-level continuous circular propane pool source with 10 m radius,
source rate 12kg/s and duration 60s.

e The fourth case refers to the ground-level continuous spill of 10 kg/s of liquid propane at its boiling
temperature (600s duration).

e The fifth case refers to a time-varying release of ammonia with two observers released at Os (10

kg/s) and 50s (5 kg/s).Thus a release rate is applied of 0 kg/s before 0s and afer 50s and the release

rate varies linearly between 10kg/s and 5kg/s between 0s and 50s.

Input data always to be specified by the user (see Figure 18)

The first part of the input data (general input data, release data, ambient data, substrate data, pool data,
averaging time, termination criteria, and cloud output control) should always be specified by the user. The
data can be further described as follows:

1. GENERAL INPUT DATA

1.1. Case name. The root name of input files used, or output files generated, by the model.
See the next two input variables for details.

1.2. Use file <case name>.LTU file for input release data (0 = no, 1 = yes).

e |[f setto 1, then the model will use the file <case name>.LTU generated by TVAV to set
release data. Release inputs from the spreadsheet will be disregarded. If no such file
exists an error will result.

e |[f setto 0, then the spreadsheet inputs will be used.

1.3. Use file <case name>.0OBS file for observer data (0 = no, 1 = yes)

e 1: The model will use the file <case name>.obs to load in observer results already
calculated from file and use these for AWD calculations. The observer dispersion
calculations will not be run. If no such file exists then an error will result.®

e 0: The observer dispersion calculations will be run.

RELEASE DATA
2.1. General inputs

2.1.1.Flag:
- instantaneous (1): a single instantaneous release observer is modelled (released
from the source), with subsequent pool observers (released from upwind edge of
pool) in case of rainout.

X The purpose is to speed up calculations when observer dispersion results do not change between cases, but AWD options (such as output distance or

time) do. Then for cases with the same case name the observer calculations need only be run once (setting = 0). This automatically writes a file
<case name>.0OBS which can be used by subsequent cases.
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- continuous (2): only to be used for finite-duration continuous releases, including
continuous pool sources; a single continuous release observer is modelled, with
subsequent pool observers in case of rainout

- time-varying (3): a number of release observers are modelled, with subsequent pool
observers in case of rainout

2.1.2.Released material name (from material database). All properties of the material are
subsequently derived from the property file. The pollutant stream may consist of a pure
component or a mixture. If a mixture is used, then an .xml file containing that mixture
(exported from Phast) should be used.

2.1.3.Number of release observers (time-varying only). There must be a minimum of two
release observers.

2.2. Release observer arrays (these data are not used in case of input data from a .LTU file)

2.2.1.Non-instantaneous releases only:

2.2.1.1. Observer release time (time-varying), or release duration (continuous), s.
In case of time-varying, the first observer release time should be typically time
t=0 (zero observer data are presumed at time t<0), and observer releases times
should increase with subsequent observers (zero observer data are presumed
after the last time).

2.2.1.2. Mass flow rate at observer time, kg/s. Mass release rate of material

2.2.1.3. Initial mass flow rate of air mixed in, kg/s. Mass release rate of air mixed in
with the material. The initial air is assumed to be at the same temperature as
the ambient air. If the air is required to be at the pollutant temperature, the air
should be specified as part of the released pollutant

2.2.2.Initial thermodynamic state (in case of pressurised releases, they data correspond to
post-expansion data, i.e. after depressurisation to ambient pressure)
2.2.2.1. State flag (1 - Temp, 6 = liquid fraction). Indicates how the state of the
material is to be specified. If 1, then the temperature is used, if 6 the liquid
fraction.
2.2.2.2. Temperature of release component, K. Used only if state flag = 1.
Temperature is compared with normal boiling point to determine the phase of
the released material (either pure liquid or vapour)®,
2.2.2.3. Liquid mass fraction of release component. Used only if state flag = 6.
Temperature is set to the normal boiling point, with the specified liquid fraction®,

2.2.3.Droplet size data (initial post-expansion data; ar, brr only relevant for droplet parcels)
2.2.3.1. Droplet diameter (SMD), m

2.2.3.2. Droplet size distribution parameter arr. Rossin-Rammler ‘a’ coefficient for
determining droplet size distribution (see droplet size theory manual for details)
2.2.3.3. Droplet size distribution parameter brr. Rossin-Rammler ‘b’ coefficient for

determining droplet size distribution (see droplet size theory manual for details)
2.2.4. (non-instantaneous only; not used for pool sources) Release velocity (m/s)
2.2.5. Pool source radius, m (> 0 only, otherwise normal release) Pool sources specify
radius instead of velocity; the latter is ignored.

2.3. Instantaneous releases only:

2.3.1.Release mass, kg. Total mass released.

4 Eor MC cases a flash is done at the temperature and atmospheric pressure to determine the phase.

i |MPROVE Use of the MC multiple-aerosol thermodynamics requires specification of temperature rather than liquid fraction. This is due to limitations
on the MA flash algorithm which as yet cannot iterate on temperature to find a given liquid fraction.
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2.3.2.Mass of air, kg. Total mass of mixed-in air released. The initial air is assumed to be
at the same temperature as the ambient air. If the air is required to be at the pollutant
temperature, the air should be specified as part of the released pollutant.

2.3.3.Expansion energy, J/kg. For a user defined catastrophic rupture, the release velocity
(Urel), is translated into an expansion energy (Eexp), Whereby Eexp = 0.5Ure?. The
release velocity has a maximum value of 500 m/s and hence the expansion energy
also has a maximum of 125,000 J/kg. For a modelled case, however, the expansion
energy is provided directly from the discharge models.

2.4. Release height, angle and impingement

2.4.1.Release height, m. The release height is normally advised to be set at least 1 meter.

2.4.2. (non-instantaneous releases only) Release angle 6r [0 = horizontal, pi/2 = vertical
upwards], radians. Releases upwind are not allowed.

2.4.3.Impingement flag:

- 0: horizontal (release angle 6r=0°). This angle overrides the angle given above.
- 1: angled (prescribed 6r)
2. vertical (Br=90°). This angle overrides the angle given above.

- 3: along ground (Br=-90°). This corresponds to a vertical downward jet impinging
onto the ground. By default this model over simplistically resets the elevation
height to zero, modifies the release velocity with either a velocity factor (default
0.25) or reduces it to the velocity cap®™ (if release velocity < cap), and sets the
release direction to horizontal (see also footnote i for a further discussion).

- 4: horizontal impinged (prescribed 8r=0). This is a special case of option 5. This
angle overrides the angle given above.

- 5:  angled from horizontal impinged (prescribed 6r). This option resets the release
velocity as for option 3, but it does not reset the elevation height and release
angle.

Rl Phast, parameters which refer to ‘velocity cap’ or ‘velocity reduction factor’ for impinged cases are disabled — impingement always reduces velocity
by this factor.
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Monin-Obukhov Pasquill-Gifford

Description Time and Weather Wind Speed v Length L Stabllity Class

Very Stable Clear night <3m/s 10m F
Stable 1 2to4m/s 50m E
Neutral Cloudy or Windy any >1100 ml D
Unstable l 2to6m/s -50 m BorC
Very Unstable Sunny <3mfs ~-10m A

(a) Table 3.1 from CCPS guidelines®

Daytime insolation Nighttime Conditions Anytime

Thin overcast or =3/8 Heavy

Speed, m/sec Strong Moderate Slight >4/8lowcloud cloudiness Overcast

Surface wind
<2 A
2-3 A-B
34 B
4-6 Cc
>6 C

A-B B F F D
B C E F D
B-C Cc D E D
C-D D D D D
D D D D D

(b) From Gifford (1976) 0!

Table 9. Selection of stability class
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3. AMBIENT DATA

3.1.

3.2

3.3.

3.4.

Pasquill stability class (1-A,2-A/B,3-B,4-B/C,5-C,6-C/D,7-D,8-E,9-F,10-G). these can be

selected to be A, A/B, B, B/C, C, C/D, D, E, F, G; see Table 9 on recommendations for

selection of the stability class depending on the time (day/night), weather (cloud cover) and

wind speed:

e By night time stable conditions occur (negative vertical temperature gradient) with
stability reducing from F to D (neutral) with increasing cloud cover.

¢ By day time, unstable conditions occur with instability reducing from A to D with reducing
cloud cover.

e For increasing wind speeds more neutral conditions are obtained.

Wind speed at reference height (m) and Reference height for wind speed (m/s). Wind
speed us® and corresponding reference height z.. The vertical wind speed profile is
determined from these data, and the specified surface roughness and stability class.

Temperature Ta° (K) and pressure pa° (Pa) with corresponding reference height zo™ (m)

Atmospheric humidity, fraction. The ambient relative humidity provides the amount of water
in the amount of ambient wet air. A value of 1 corresponds to saturated conditions.

4. SUBSTRATE DATA

4.1.

4.2,

4.3.

Surface roughness length, m. The surface roughness is related to the averaged obstacle
height. A very detailed description of the evaluation of the correct value of the surface
roughness length is provided by Hanna and Britter!?2. Table 10 includes recommended
values by the EPA and the Purple Book.

Substrate type (land or water). In case the user selects water, water vapour pick-up from
the substrate is accounted for.

Substrate temperature, K

5. POOL DATA

5.1.

5.2.
5.3.
5.4,

Pool substrate type (1-wet soil, 2-dry soil, 3 - concrete, 4 - insulated concrete, 5 - deep
open water, 6 - shallow open water, 7 - deep river of channel, 8 - shallow river or channel,9
- user-defined type). In case of a user-defined pool surface, user-defined values are used
for the roughness factor, conductivity, diffusivity, and minimum thickness (as specified in
the parameters).

Temperature of pool substrate, K

Bund diameter, m (=0, if no bund).

Bund height, m. This is the height of the bund wall. Rainout is assumed to occur when the
droplets hit the bund wall. If the parameter ‘bund overspill’ is set to yes (i.e. bund can fail),
the bund is assumed to fail (allowing unlimited spreading) as soon as the pool liquid
height exceeds the bund height.

6. AVERAGING TIME

6.1.

Averaging time, s. Thisis the averaging time used following transition to passive dispersion
to model wind meander. It is also used for the additional time-averaging of concentrations
in case of time-varying concentrations resulting from time-varying releases and/or time-
varying pools; see Section 3.7 for details. ). Recommended values are 18.75 seconds for
flammable materials (no averaging time), and 600 seconds for toxic materials (in line with
TNO Yellow Book®®> and CCPS guidelines®®).

7. OBSERVER TERMINATION CRITERIA
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7.1. Minimum concentration of interest (mole fraction) and Maximum distance of interest (m).
Observers will generally®™" disperse until both these conditions have been met (i.e. centre-
line concentration < minimum concentration cmin and downwind distance > maximum
distance xmax. A value of zero for either condition will mean that the condition is ignored.
We recommend for AWD calculations that a maximum distance of interest is used to
prevent low mass observers terminating early, and concentration evaluations are only
guaranteed be fully accurate up to a distance ¥ or 1/3" that distance. Alternatively,
observers should be run to an order of magnitude lower concentration than is required for
height or width calculations. See the detailed description of the termination criterion under
the UDM parameter section below for full details on the termination criterion.

8. CLOUD OUTPUT CONTROL

Concentrations are output at a given off-centreline location (crosswind distance yint, height above
ground zint). The output data are as follows:

- Optional output of raw observer off centre-line concentration data (pre-AWD data before
interpolation) either at a given distance of interest xint Or at a given time of interest tin.

- Output of pre-AWD and post-AWD concentrations both versus time (t at a given distance
of interest Xint) and versus distance x (at at given time of interest tin).

- Optional additional off-centreline result which may include cloud width and height to a
given concentration of interest cint, maximum concentrations and widths and (in case of
toxics) toxic loads (doses).

Further details of the input data are as follows:

8.1. Required time and location

8.1.1.Required time, s. Time of interest, tint. The spreadsheet reports off-centreline (at yint,
Zint) concentrations at the time tint as a function of distance x downwind, typically with
the upwind and downwind edges of the cloud defined by the concentration of interest
cint for width and height.

8.1.2.Required distance, m. Distance of interest, xint. The spreadsheet reports off-centreline
concentrations (at yint, Zint) at this distance xint downwind as a function of time t, typically
with the leading and trailing edges of the cloud defined by the concentration of interest
cint for width and height.

8.1.3.Position for off-centre concentration: crosswind distance y, m. Crosswind distance of
interest, yint

8.1.4.Position for off-centre concentration: vertical height z above ground, m. Vertical height
of interest, Zint

8.2. Output raw observer concentration:
- 0 =none. No output of observer concentrations
- 1= atrequired distance. Output of observer concentrations at distance Xin,
- -1 =atrequired time.. Output of observer concentrations at tim tint,

8.3. Output processed data after observer calculations (pre- and post-AWD)

8.3.1.Pre & AWD off-centreline results required vs time (<0) or distance x (>0): 0 = none, +
1 = width, £ 2 = height, £ 3 = max conc, + 4 = max width, + 5 = dose. This controls
optional additional output of off-centreline results for a specified output variable both
before and after inclusion of along-wind diffusion effects. In case of a specified positive
value the variable is given as function of downwind distance, while in case of a
negative value it is given as a function of time. The following variables can currently
be output:

¢4V pepending on parameter settings.
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e +1 =width: cloud half-width to specified concentration cint at specified height zint

e + 2 =height: cloud height to specified conc. cint at specified crosswind distance Yint

e 3 = maximum concentration over all times versus X at given VYint, Zint

e -3 = unused® maximum concentration (until time t) versus time t at given
Xint, Yint, Zint

e 4 = maximum half-width to specified concentration cint over all times versus

distance x at given zint
e -5 =toxicload (received until time t) versus timet at given Xint,Yint, Zint
e 5 =accumulated toxic load versus distance at given Vint,Zint.

8.3.2.Required concentration for width and height calculations, mole fraction. Concentration
of interest cint for width and height calculations. In general concentrations below this
will not be reported, nor included in dose calculations. Te ensure accurate AWD and
dose calculations, the user should ensure that the minimum concentration of interest

Cmin is significantly smaller than cint (in the order of a factor of 10)

Zg(m) Typical Terrain
1% 107 Calm open sea or snow-covered flat or
rolling ground
N ] . Large expanse of water or
1 107 Off-sea wind in coastal areas desert,
2 %107 Matural snow over farmland
3% 107 Frenchmen's Flats, NV test site
Sk 107 Cut grass {=30cm)
. ] Fairly level grassy plains
1= 107 Few trees, winter
2.5 % 107 Uncut grass, isolated trees Aldrport runways
5% 1072 Few trees, summer
8 x 107 Many hedges Farmland
3% 107 EPA rural cases
2% 10t Many trees, hedges, few buildings
4% 107 Otskirts of town Fairly level wooded country
5% 107 Centers of small rowns
1.0 Centers of large towns, cities.
EPA urban cases. Forests
Processing plants (Peterson, 1990)
1.5-3.0 Centers of cities with very tall Very hilly and mountainous
buildings
(@) values recommended by EPA®
Class Short description of terrain Zo (M)
1 open water, at least 5 km 0.0002
2 mud flats, snow; no vegetation, no obstacles 0.005
3 open flat terrain; grass, few isolated objects 0.03
4 low crops; occasional large obstacles, x/h > 20 ® 0.10
5 high crops; scattered large obstacles, 15 < x/h <20 @ 0.25
6 parkland, bushes; numerous obstacles, x/h < 15 ¥ 0.5
7 regular large obstacle coverage (suburb, forest) (1.0) @
8 city centre with high- and low-rise buildings (3.0) @

exv Logically this would return the maximum concentration at a given time t over all x. This has not been implemented.
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@ x is a typical upwind obstacle distance and h the height of the corresponding major
obstacles.
@ Values are rough indications. The use of an aerodynamic roughness length, zo, does
not account for the effects of large obstacles.
(b) values recommended by Purple Book™

Table 10. Recommended values for surface roughness

Input parameters (input data to be changed by expert users only; see Figure 19)

For the parameters, we include here only a guide to those parameters directly relevant to the AWD
cases, or those that are not disabled in this version of the model. A fuller description of remaining
parameters can be found in the UDM Theory Manual.

1. MODEL CONTROL FLAGS

1.1. General flags

1.1.1.Impingement method (0 - use factor, 1 - use cap). This flag is relevant for impinged
releases only, where either the velocity is reduced with a factor of 0.25 or a velocity
cap is used.

1.1.2.Pressurised instantaneous expansion model (0-Purple book, 1 - advanced). This
defines the method adopted for modelling the intial phase of pressurised
instantaneous expansion as described in Section 6. The advanced (default) option is
always recommended for pure vapour pressurised instantaneous releases because it
results in good agreement with experimental data. For two-phase pressurised
instantaneous releases, no experimental data appear to exist, and there is a general
feeling that the default method may produce sometimes too little rainout. However the
underlying physics is felt to be overall better (except for the initial droplet size value
and the initial droplet trajectory angle) than the over-simplified Purple Book method.

1.1.3.Jet model flag: 1 — Ricou-Spalding (Emerson), 2 — Morton et al. See Section 3.4.1 for
details.

1.1.4.Mixing height flag (1 - yes, cloud rise is restrained by mixing layer, 2 - no, cloud rise is
not restrained by mixing layer),

1.2. Thermodynamic / droplet flags (see UDM thermodynamic theory manual for further details)
1.2.1.Thermodynamic model flag: -1 (no rainout, equilibrium), 1 (rainout, equilibrium), 2
(rainout, non-equilibrium). No droplet equations are adopted for options -1 and droplet

trajectories are calculated only for option 1.

1.2.2.Multicomponent flag (0 - PC, 1 - Single aerosol, 2 - Multiple aerosol)®:

- 0: pseudo-component method (PC): mixture approximated by pure component
with averaged properties like boiling point and vapour pressure) with same
composition of mixture liquid and mixture vapour. Use can be made of the
non-equilibrium model including droplet modelling and rainout

- 1,2: more rigorous multi-component method (MC): different composition of vapour
and liquid (more volatile components in mixture evaporate more fast). Use is
always made of the equilibrium two-phase model excluding droplet modelling
and rainout. Single aerosol assumes that all components form simple droplet.
More advanced multiple-aerosol algorithm presumes possible separate
droplets for separate components, but presently this algorithm provides a
numerical solution only for either one 2-component single aerosol or multiple
one-component aerosols.

1.2.3.Number of droplet parcels (0 - use SMD as specified). If the value 0 is chosen, the
specified value of SMD (Sauter Mean Diameter; always used for Phast) is adopted

©M EUTURE. An additional recommended option could be applied.
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and droplet trajectories are calculated associated with this SMD. If a positive value is
chosen, a range of droplet sizes is modeled.*i

1.2.4. Flag for heat/water vapour transfer from substrate: 1 — none, 2 — heat only, 3 — heat
and water. If ‘3’ is selected, the UDM model will include effects of heat transfer when
the cloud moves over land and the effects of heat and water vapour transfer if the
cloud moves over water.

1.2.5.Use DIPPR for ambient properties (1 - yes, 2 - no). See Appendix A to the UDM
thermodynamics theory manual for details.®Vi

1.3. Pool modelling flags:
1.3.1.Method for cloud spreading over pool (1 - Van Ulden, 2 - Force to pool width, 3 - mass
average (cloud mass), 4 - mass averaging (comp. mass)) [in product this is hard-
coded as 4; option 2 is currently disabled in code]

1.4. Observer data post-processing flags
These input data control the optional post-processing following the observer calculations
as described in Section 0:

1.4.1.Downwind gravity shape correction (1- no, 2 - yes). This correction is relevant for
heavy-gas dispersion in case the crosswind gravity velocity is not significantly smaller
than the ambient velocity. See Appendix D for details.

1.4.2.Differential observer-velocity mass-correction flag (1 - no, 2 - yes). This correction is
relevant when observers move with significant different velocities, i.e. curves for
observer downwind distance versus time are significantly different. This is particularly
relevant for highly time-varying pressurised jet releases, and not for ground-level
heavy-gas releases.

1.4.3.Along-wind diffusion modelling (0 - none, 1 - Ql, 2 - FDC, 3 - AWD).

e Option 0 will mean that no QI transition is permitted and no AWD modelling is
carried out. ‘AWD’ results will be interpolated purely from observer data.

e Option 1 is as option 0 except that the QI transition is enabled (transition from
continuous to instantaneous releases). This transition can only be enabled for
continuous finite-duration releases without rainout.

e Option 2 uses the Finite Duration Correction method. No AWD results are
generated. The FDC option can only be enabled for continuous cases
without rainout (not for time-varying releases and instantaneous releases, but
including pool sources). FDC is expected to produce more accurate results than
QI in case of ground-level non-pressurised releases (with no rainout). For this
case it produces results consistent with AWD. However it produces predictions
of maximum concentrations only (no cloud width), and can therefore not be used
in conjunction with risk calculations.

e Option 3 gives full AWD modelling.

1.4.4.Time averaging for time-dependent concentrations (1 - no, 2 - yes). Option 2 should
be selected in case the user wishes to carry out time averaging using specified
averaging time over time-dependent concentrations, with time-dependency resulting
from either time-varying release of time-varying pool. See Section 3.7.2 for details.

2. MODEL ACCURACY, LIMITS, OUTPUT CONTROL
2.1. Model accuracy and stepping

2.1.1.Solver tolerance for integration. Reducing this numerical tolerance will increase CPU
time and produce more accurate values. However it may lead more often to non-

o™i EUTURE. Version does not fully work for multiple parcels; do not use, always use default = 0.
CMI b 1PPR not selected as default to avoid use of property system and therefore minimise CPU time
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convergence since the required tolerance cannot be achieved. Caution should be
exercised when modifying this value.
2.1.2.Initial step size for cloud integration, s. This is the initially reported step size for release
observers, unless an earlier transition occurs. For pool observers this value is
multiplied by 10.
2.1.3.Maximum allowed step size for cloud integration, s. Decreasing this will reduce the
maximum gap between observer output steps, and thereby give improved interpolation
in the far-field. However run times will be longer. Caution should be exercised when
modifying this value.
2.1.4.Maximum number of release observers — not yet implemented
2.1.5.Maximum number of pool observers.
Two cases are considered:
- In case no release observers are present (e.g. pool source or direct spill), this is
the number of pool observers released from the pool..
- In case release observers are present (e.g. elevated release), this there can be
fewer or more depending on the type of case (see Section 0).
2.1.6.Control of output distances.
2.1.6.1. Maximum number of fixed output steps
2.1.6.2. Multiplier for output step sizes
The above data are applied for all observers. Ideally step sizes would only be
increased after the observer has left the pool behind, and the user may wish to adapt
the above data accordingly such that this applies for all observers.®™

2.2. Limits

- Minimum temperature and Maximum temperature. These are used as lower and
upper limits for the iterative solution of the temperature in the THRM thermodynamic
calculations.

- Minimum velocity (non-instantaneous and instantaneous). This value will overwrite
the user-specified value in case the latter value is below this minimum value.

- Maximum duration for a release. This value will overwrite the user-specified value
in case the latter value is above this maximum value.

2.3. Termination criterion

This includes termination parameters in addition to the termination input data described
above (minimum concentration Cmin and maximum distance Xmax):

2.3.1. Input variables for stop criterion:

- Absolute maximum distance xma@s . The distance at which dispersion will stop,
regardless of minimum concentration of interest or maximum distance of
interest. This should be at least as large as the maximum distance of interest.
If an observer stops due to this distance being exceeded before a requested
minimum concentration is reached, then a warning (UDMA 1117) is reported.
In this case AWD concentrations around the concentration of interest may
underpredict.

- Absolute maximum height hma@ for dispersion. As with the absolute
maximum distance, warning UDMA 1117 can be triggered.

- Minimum probability of death pmin®*.

2.3.2.Stop flag for UDM run:

XX REFINE. As part of further work it may be considered to only increase the step size once an observer has become detached AND the maximum
number of fixed output step sizes has been achieved.

C®T0DO. Not currently used — see footnote below.
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-1: Risk-based run. This option should be specified for continuous and/or
instantaneous releases only; it can not be used for observer logic. Termination
is based on material/result type:

o if flammable, run stops when the maximum concentration at a downwind
distance falls below the minimum concentration Cmin

o if toxic, run stops when the maximum concentration falls below the
concentration corresponding to the minimum probability of death pmin. For
toxic mixtures, the toxic calculation method specifies whether to use the
probit functions provided for the mixture, to use the most toxic component,
or to combine doses from components. This calculation is also dependent
on the parameter ‘maximum release duration’.

o if both flammable and toxic, the run stops after both the minimum
concentration cmin and the minimum probability of death pmin have passed

o ifinert, risk-based run is not allowed

- 2. Concentration and distance based run: run stops when both concentration is
below cmin and maximum distance xmax have passed

- 3: Distance-based run: run stops when maximum distance xmax has passed

- 4. Concentration based run: run stops when concentration is below Cmin

Note that the run will be terminated earlier in case either the absolute maximum
distance xma®® has been passed, or the maximum centre-line height hma?®s has
been achieved. The results will not be reported to the spreadsheet (see
Spreadsheet output control below) after the maximum number of output steps Nmax
has been achieved.

2.3.3.Toxic calculation flag (used for toxic-load calculations for mixtures only). Applies only

to termination of dispersion calculations. For AWD dose calculations the ‘Most toxic

material’ (option 2) is always used.

e 1 - mixture probits. Probit coefficients for the entire mixture are used, and must
be specified by the user

e 2 - mosttoxic material probits, The concentrations and probits of the most toxic
component in the mixture are used.

e 3 - product of each toxic material. The probability of death is determined from the
individual component lethalities, Plieath i.€. Pdeath = 1 - M(1-Pldeath)

2.3.4.User selected flammable/toxic flag. Used to determine stop criterion for risk based

runs:
e 1 — Flammabile risk only considered for terminating dispersion (material must be
flammable)

e 0 - Flammable and toxic risk both considered for terminating dispersion (material
must be both)

e -1 - Toxic risk only considered for terminating dispersion results required

e -2 —Inert™,

2.3.5.Probit Methodology. Method of calculating probability of death, Pgeath:

o 1 - Prefer probit. Toxic probits are used to calculate a Pdeath between 0 and 1. If
no probit coefficients exist for the material, the Dose method is used.

o 2 - Prefer Dose, The toxic dose is compared against the dangerous toxic load (DTL)
for the material, and if exceeded Pdeath = 1, otherwise Pdeath = 0. If no DTL exists
for the material the probit method is used

e 3 - Use Probit, As ‘Prefer probit’, but if the required data does not exist the model
will not run

e 4 - Use Dose. As ‘Prefer dose’, but if the required data does not exist the model
will not run

o CHECK. How this affect stop criterion.
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3. AMBIENT DATA:
These parameters affect the ambient data as described in Appendix A:

- Wind profile flag for vertical wind profile ua(z) [1 - constant, 2 - power-law fit of
logarithmic profile]

- Cut-off height for power-law wind profile

- vertical temperature/pressure profile (1 - constant, 2 - linear, 3 - log)

- Specific heat of dry air (J/kg/K) and atmospheric molecular weight (kg/kmol)

- height of mixing layer (comma separated list of heights for all stability classes)

4. PHYSICAL MODEL PARAMETERS (see also Section 7 for an overview of UDM model
coefficients):

4.1. Source and expansion zone:

- Expansion length \ source diameter. This is the ratio of the length Lex Of the
expansion zone to the post-expansion release diameter Dex as derived from the post-
expansion release data as input to the UDM (continuous releases only). The UDM
calculations are started from x = cos a Lexp, Wwhere a = release angle. Note that Lex is
typically very small, and this would therefore hardly affect the results.

- Velocity multiplication factor for impinging releases

- Velocity cap for impinging releases

4.2. Jet dispersion:
- Jet entrainment coefficient ai; see Section 3.4.1 for details
- Cross-wind entrainment coefficient a.: see Section 3.4.2 for details.
- Plume/air drag coefficient Cpa: see Section 3.5.1 for details.

4.3. Heavy gas dispersion:
- Dense cloud edge-entrainment coefficient y (continuous or instantaneous); see
Equation ( 63 ) for details.
- Dense cloud spreading parameter Ce (continuous or instantaneous); see Section
3.6.2 for details.

4.4. Passive dispersion:

- Near-field passive entrainment parameter epas; see Section 3.4.3 for details.

- Ratio of instantaneous to continuous oy and g,. Values of oy and o for
instantaneous releases are different from those for continuous releases. Insufficient
data are available to derive good correlations for all stability classes over a wide
range of distances, including the dependence on surface roughness. These ratio
parameters are provided so that the values of oy and o for continuous releases may
be scaled up or down in magnitude to provide values for instantaneous releases.

4.5, L|qU|d component (droplet/ralnout/pool)
Ratio drop to expansion velocity for instantaneous release. For pressurised
releases during the initial instantaneous expansion phase, droplet velocities are
set to be this fraction of cloud expansion velocity.

- Expansion energy for maximum droplet angle. This is the expansion energy
above which the initial droplet trajectory for pressurised instantaneous releases
is a maximum. See Section 6.2.2 for details.

- Critical droplet diameter for rainout. Droplet diameter below which droplets are
assumed to remain s uspended in the cloud and not rain out.
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5. TRANSITION CONTROL

5.1. Transition to passive. See Section 3.3 for a detailed description of the transition from near-
field dispersion to far-field passive dispersion. This is expressed in terms of the following
input parameters:

- Maximum cloud/ambient velocity difference, rw®s. |Ucd/Ua(zZc) - 1]< ruPs

- Maximum non-passive entrainment fraction, reP. [1-Epas"/Eiwor< reP® ] (for
elevated plume, modified formulas otherwise: see Section 3.3)

- Maximum Richardson number Ri<": Ri< Ri*" (used for ground-level plume only)

- Maximum cloud/ambient density difference, rp”®S;  |pcia/pa(Zcid) - 1|< rpP2s

- Distance multiple for phasing in full passive entrainment, ryPa

5.2. Pool re-evaporation:

- Cut-off for evaporation rate. The PVAP calculation (after UDM rainout) will be
terminated at the time when the evaporation rate reduces below this cut-off.

5.3. Other transitions:

- Quasi-instantaneous transition parameter, rquasi. The transition from continuous to
instantaneous will take place if the ratio of the cloud width to the cloud length
exceeds rquasi. Increasing the value of rquasi Will delay this transition. No along-wind
diffusion effects are taken into account before the transition. This input parameter
is only applicable when the QI transition criterion has been selected for finite-
duration releases. See Section 4.1 for further details.

- Richardson number for lift-off criterion (default = -20). See Equation ( 79 ) for
details.

6. POOL-MODEL PARAMETERS

These are additional parameters required by the pool model PVAP. See the PVAP theory
manual for further details.

- Solar radiation flux Qrad

- data used if user-defined bund surface type (type = 9): thermal conductivity ks,
minimum pool thickness Hmin, surface roughness factor xs, thermal diffusivity as

- bund overspill switch: 0 (off), 1 (on). Allows bunds to ‘fail’ when liquid pool volume
exceeds bund volume; for further details see description of input variable bund height.

7. SPREADSHEET OUTPUT CONTROL

7.1. File output level. This option controls the files that may be generated. In all cases the file
name root is the case name specified in 1.1. Higher levels 3 and 4 generate many files and
will be of interest only to expert users. Allowable levels are as follows:

- 0 - No files generated. As observer files are not written this option cannot be used to
provide observer data for another run (See See 1.3).

- (default) 1 — Writes observer (.obs) and commentary (_comm.txt) files

- 2 - Writes observer (.obs) and enhanced commentary (_comm.csv) files.

- 3 - Writes Level 1 files and .csv containing cloud primary (_prim.csv), cloud secondary
(_sec.csv), droplet (__drop.csv) and pool (_pool.csv) variables.

- 4 - Writes Level 1 files and additional files previously generated by the Phast 6.7 UDM
version (.UDX, .UDM,. .ENT, etc.)
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7.2. Component of interest (not yet implemented; now always entire mixture concentrations
input). If the component of interest = ‘Default’, the entire mixture concentration/dose is
output. Otherwise, concentration and dose results are produced for the component of

7.3.

7.4,
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A complete list of file types which may be generated is given in the table below:

Name Contents

.obs Observer files contain data as function of time (Xcuq, t, Ccia, Ry, Rz, m, n, 6, zcq) for
each observer.

_comm.txt Commentary files contain a record of what transitions and when were made by each
observer or the pool

_comm.csv Extended commentary files contain a record of primary cloud variables as well as
transitions made

_prim.csv Cloud primary files contain the primary variables (cloud & droplet) + transition flags
for each observer

SEec.csv Cloud secondary files contain the secondary cloud variables

_pool.csv Pool files contain pool primary and secondary variables

_drop.csv Droplet files contain droplet primary and secondary variables. Mainly of interest for
cases using droplet parcel logic

.ENT Pre-AWD entrainment contributions for each observer

.UDM Binary file used by Phast

.UDX Text equivalent of .UDM file. Contains pre-AWD observer data. Superseded by
Cloud primary and secondary files.

.obst / .obsx Pre-AWD observer data calculated at a particular time (.obst) or distance (.0bsx).

interest. An error is given if the component of interest is not present in the database.

Mass (=1) or mole (=0) for component of interest (not yet implemented).

User-selected outputs. (user output 1- 4). This allows selection of three additional outputs
on the spreadsheet. A large number of variables can be output and the list below includes

only the most commonly-used variables :
Cloud variables (<1000):

4. effective cloud height Hes, m

8: effective cloud widthWes, m

10: cloud centroid height zc, m

14: cloud mass (air + material) Mg, kg/s (non-inst.) or kg (inst.)
5: cloud-profile horizontal exponent m

17: cloud-profile vertical exponent n

18: Richardson number Ri, -

19: angle to horizontal 6, radians

28: ambient windspeed at centroid height, ua, m/s

29: air density pair, kg/m?

30: cloud area Acd, m? (Nnon-instantaneous releases)

34: cloud density pci, kg/m?®

38: heat from substrate Qgna, J (inst.) or J/s (non-inst.)(

39: cloud volume Ve, m® (instantaneous release)

75: wet air mass added to cloud, Mwa, kg (inst.) or kg/s (non-inst.)
9: half-width of cloud touching down the ground, Wgng, m (non-inst. release)
1: area of cloud touching down the ground Agnd, m? (inst. release)
3: touchdown fraction hqa (O — grounded, 1 — elevated)

Droplet variables (>1000,<2000):
e 1004: droplet mass mg, m
e 1001: droplet vertical velocity udgz, m/s
e 1005: droplet velocity uz, m/s
e 1006: droplet diameter Dqg, m
e 1007: droplet temperature Tq, K
Pool variables (>2000):
e 2004: mass dissolved in water Mdis, kg
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2001: total mass spilt, kg

2011: pool effective radius Rest (net area of evaporating pool; Refi<Ractual ), M
2012: pool depth, m

2013: pool temperature Tpool, K

2014: Qnet — net heat input into pool, W

2024: velocity of evaporating vapour, u;**®, m/s

2026: bubble point Tou, K

2039: pool actual radius Ractal (total area covered by pool including ‘blobs’), m

7.5. Cloud half-width of interest (see Appendix C of UDM validation manual for details)
o 1 - Wet (UDM effective half-width; see Section 3.1 for details) This is the half-
width of an equivalent top-hat profile with as top-hat concentration adopted the
maximum centre-line concentration:

=—mC X,V,z)d
eff C(X,O,Z)£ (x,y,2)dy

o 2 — W (Hanna's definition). This is the lateral distance at which the cloud
concentration has fallen to a factor e?® times the centreline concentration.
o 3 — b (SMEDIS definition) with b determined from:
T2
[y*c(x,y, z)dy
P =

Ic(x, y,2)dy

7.6. Number of output steps for AWD. The number of output points in concentration and dose
‘transects’. This also includes the number of points calculated along the concentration
versus time curve used to calculate doses, so reducing this significantly while reducing run
time will reduce the accuracy of dose calculations
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Continuous |Instantaneous [Poolsource |Spill Timevarying

IMODELCONTROLFLAGS | |

L)

ESN N wo oN

oWk e
o

MODEL ACCURACY, LIMITS, OUTPUT CONTROL [ N

1.00E-03
0.01
1000
10

18.75

[ZNENN)

1004
28.9505
1300,1080,920,880,840,820,800,400,100,100

(a) First part of UDM input parameters
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Continuous |Instantaneous |Poolsource [Spill Timevarying

PHYSICALMODELPARAMETERS | | | |

0.01
0.25

0.17

TRANSITIONCONTROL |

01

[POOL-MODELPARAMETERS | | |

SPREADSHEET OUTPUT CONTROL I R

(b) Second part of UDM input parameters

Figure 19. UDM input data - Part Il: input parameters
This second part of the input data correspond to the values of the input parameters, which should be
changed by expert users only
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F.2 Model run and output data

Following initialisation of data, dispersion calculations are carried out. The output data are listed in Figure 20.

Continuous |Instantaneous |Poolsource |Spill Timevarying
Ambient Conditions [ R
0433358131 | 0.433358131 | 0433358131 | 0.433358131 | 0433358131
017280417 | 0.17280417 | 017280417 | 0.17280417 | 017280417
298 208 298 298 298
Transitions /| ]
Undefined Undefined Und d [ Undefined | Undefined
Undefined Undefined Undefined | Undefined | Undefined
Undefined Undefined L Undefined | Undefined
Miscellaneoys | | ]
Undefined Undefined Undefined | Undefined | Undefined
1 1 0 1 1
0 0 0 0 0
Raw Observer data I
0 0 0 0 0
Dispersion data [ R
415 353 60 259 445
Figure 20. UDM output data
The above output data are derived from the generic spreadsheet for the UDM. The values of the runs
in columns correspond to the input values included in Figure 18 and Figure 19. Output data for the
dispersion array data are not included in this figure.
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AMBIENT CONDITIONS, TRANSITIONS, MISCELLANEOUS

These output data are related to:

- Ambient data (see Appendix A for details)
e friction velocity u- (m/s)
e exponent p in vertical wind-speed power-law profile ua(z)
e ground-level temperature Ta(z=0)

- Transitions:
e QI transition for continuous finite-duration releases: time (s) and downwind distance
(m) to transition
e End time of initial phase of instantaneous energetic expansion for pressurised
instantaneous releases

- Miscellaneous
e Droplet lag distance (instantaneous cases only)
e Rainout flag (0 - no rainout, 1 — rainout)
e Bund status flag (0 — no bund, 1 — not hit, 2 — hit, 3 — hit and overspilled)

RAW OBSERVER DATA

This includes scalar raw (non-interpolated) data for each observer i:

- Number of observers. This is the total number of observers, including both release
observers and pool observers.
- Observer rainout data:
e Observer rainout mass fraction nr (kg/kg)
e Downwind distance xr' to observer rainout (m)
- Optional output:
e Observer time t to user-specified downwind distance Xint, oOr observer distance x to
user-specified time tint
e Observer off-centreline concentration C (at yint, Zint; at specified time tint Or distance Xint)

DISPERSION DATA

1. Observer data. Data are reported successively for each observer. For each observer,
dispersion data (Outputs 9 through 24) are reported as function of time (Output 8) with
successive rows including data. A blank row is included between data of two successive
observers. Of most interest are the following dispersion data: time t (8), downwind distance x
(9), component mass mc (12), and centreline concentration (13). A discontinuity will occur in
observer data at the point of rainout. Further information on the observer data is as follows:
1.1. Time from start of release, t (S)

1.2. Cloud position and speed
1.2.1.Downwind distance, x (m)
1.2.2.Centreline height, zqq (M)
1.2.3.Centroid velocity, ucq (M/s); for sufficiently elevated release the centroid height zc
will equal the centre-line height zcia , but otherwise it will be higher than the centre-
line height (see Section 3.1 for details on evaluation of the centroid height)
1.3. Mass and concentration
1.3.1.Component mass, m. (instantaneous, kg) or component flow rate (else, kg/s)
1.3.2.Cloud centre-line molar (volume) concentration (mole fraction). This includes effects
of time-averaging because of wind-meander, and excludes FDC/AWD effects and
any other effects of time averaging.
1.3.3.Liquid mass fraction, ne (kg of liquid component / kg of total component)
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1.3.4.Wet air entrainment rate [instantaneous dmy,/dt (kg /s), or continuous dmua./ds,
kg/s/m]
1.4. Profile and geometry
1.4.1.Cloud cross-wind radius Ry, m. This includes effects of time-averaging because of
wind-meander, and excludes FDC/AWD effects and any other effects of time
averaging.
1.4.2.Cloud vertical radius Rz, m
1.5. Cloud state
1.5.1.Touchdown flag: 1 (elevated or lifted off), 2 (touching down or lifting off), 3
(grounded; centre-line height zcs=0), 10 (capped)
1.5.2.Dispersion phase:1 (initial phase of pressurised instantaneous expansion), 2 (jet
dispersion), 3 (heavy-gas dispersion), 4 (passive dispersion)
1.5.3.Instantaneous / continuous flag: 2 (continuous), 1 (instantaneous). The flag will
change from 2 to 1 following a QI transition
1.5.4.0ver pool? : 0 - upwind pool or no pool, 1 - above pool, 2 - downwind of pool
1.6. Cloud vapour temperature, K
1.7. Droplet height, m. It is noted that the downwind droplet distance does not match the
observer downwind distance in case of a pressurised instantaneous release (lag)™i.

2. Pool data. Data (Output 9, Output 25 through Output 28) are reported at successive times
(Output 8). Of most interest are ‘spill rate’ (Output 25) and ‘pool evaporation rate’ (Output 28).
Output 9 is the ‘downwind distance of the pool centre’.

3. Optional outputs. These are additional four user-selected outputs as defined in the
‘Spreadsheet output control’ parameters.

4. Short duration results

4.1. FDC concentrations (Output 33) are only calculated for continuous releases without
rainout, when the AWD modelling flag is set = 2.

4.2. The short duration results (other than FDC) combine observer results into a time-
dependent representation of the cloud. They include 3 types of results:

4.2.1.Concentration at specified distance xint as a function of time . Uses the specified
required AWD output distance Xint (& user-supplied input) to calculate concentration
at that distance as a function of time t:
4.2.1.1. AWD output times. The times at which the concentrations are reported.
The start and end times are chosen by the model such that the concentration
equals the user-specified concentration of interest cint for height and width
calculations.
4.2.1.2. Pre-AWD off-centreline concentration at distance as a function of time.
Concentrations derived purely from interpolating observer concentrations. No
AWD effects included.
4.2.1.3. AWD off-centreline concentration at distance as a function of time. AWD
concentrations, based on Gaussian integration over distance of pre-AWD
concentrations.
4.2.2.Concentration at specified time tint as a function of distance. Uses the specified
required AWD output time tint (2 user-supplied input) to calculate concentration at
that time as a function of distance x.
4.2.2.1. AWD output distances. The distances at which the concentrations are
reported. The upwind and downwind distances are chosen by the model such
that the concentration equals the user-specified concentration of interest cint for
height and width calculations.
4.2.2.2. Pre-AWD off-centreline concentration at time as a function of distance.
Concentrations derived purely from interpolating observer concentrations. No
AWD effects included.
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4.2.2.3. AWD off-centreline concentration at time as a function of distance. AWD
concentrations, based on Gaussian integration over distance of pre-AWD
concentrations.

4.2.3.0Optional additional off-centreline result. Depending on the user-specified cloud
output control flag, this either specifies the additional off-centreline result at either a
specified distance xint @s a function of time, or at a specified time tint as function of
distance. The additional result can be width or height to concentration of interest Cint,
maximum concentration, maximum width or dose.

4.2.3.1. AWD output time or distance for off-centreline result

4.2.3.2. Pre-AWD off-centreline result at time(distance) as a function of
distance(time)

4.2.3.3. AWD off-centreline result at time(distance) as a function of distance(time)
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F.3 Detailed information on UDM errors and warnings

Below information on errors/warnings/messages are given, which can currently be produced by the UDM
model. Other errors and warnings can occur, but these are either self-explanatory or no general guidance
can be given on correcting them.

Error messages

| lUDM Errors (UDM Version 3) |

UDM3 39 Initial dilution of the cloud is not allowed when using Hydrogen Fluoride
thermodynamics

The UDM is provided with an estimate for the initial dilution of the cloud for such
discharge scenarios as vent from vapor spaces or in-building releases. The complex HF
thermodynamics algorithm cannot handle the presence of an initial mass of air in the
plume. As a result the UDM does not allow for HF releases that are in buildings.

UDM3 42 Pool sources and spills are not allowed when using Hydrogen Fluoride
thermodynamics
As for UDM3 39 above — pool source require initial dilution with air.

UDM3 122 (|[Unable to converge on consistent state for cloud

UDM3 127 ||Failed to calculate a convergent centroid height

The UDM technical reference manual provides full details of the equations governing the
calculation of the plume dimensions. These calculations are straightforward when the
cloud is elevated or grounded, but involves an iterative technique during cloud
touchdown due to the interdependence of the cloud vertical radius (Rz) and the
touchdown fraction parameter (hg). Under extreme circumstances the iterative technique
may not converge.

UDM3 164 (|Failed during solver step

The solution has run into numerical problems. Often this is caused by low momentum,
vertical or near vertical cases, in which case reducing the release angle (or increasing the
release height) can be effective. Alternatively increasing the relative tolerance (2.1.1) to
0.01 (or even 0.1) can sometimes remove this error.

UDM3 160 (|Illegal primary variable for the cloud

UDM3 170 ||[Exception caught during call to IDASolve
This usually indicates the model solver has failed unexpectedly. Try the approaches
described for UDMA 164.

UDM3 180 (|Case has rained out but only for one observer. Rerun this case with more
observers

For non-instantaneous releases the model requires at least two observers to rain out, so
that a spill term for the pool can be determined. If this error is encountered, try using
more source observers, or use a continuous release

UDM3 187 ||Gravity spreading: incremental areas not matched
The application of the gravity spreading correction (GSC) to this case has failed. Try re-
running the case with GSC switched off. See Appendix D.
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Warning Messages

lUDM Warnings (model UDM3)

UDM3
1015

Cloud centre has hit the ground while liquid remains. Strongly consider

running this case under pseudo-component logic

MC cases cannot rainout, and furthermore are run using equilibrium thermodynamics (where
droplet will evaporate quickly). This suggests that if liquid exists when the cloud centreline
hits the ground, then in reality significant rainout could have occurred. It might be advisable

in such cases to run under PC logic which will allow rainout.

UDM3
1107

Solid formation is likely, but not handled. Results will be inaccurate, and case

may fail due to convergence or thermodynamic problems

In the UDM version 6.54 there are no extensions to handle solid phase. The model has detected
that solid effects are likely in this case, and therefore thermodynamic calculations (e.g.
temperature and liquid fraction) will be inaccurate, as may other dependent cloud properties.
Note that for mixtures this warning is never issued as there is no simple way to determine
whether solid formation is likely

UDMS3
1122 of
1124

Case has rained out but only for one observer. Pool calculations won't be

carried out
Non-instantaneous releases require at least 2 observers to rain out before an input to the pool
model can be defined. If this occurs you can try rerunning the case with more observers

UDM3
1135

Minimum duration of <Time> applied for a continuous release. Release rate
lowered to ensure mass conserved. Consider using a catastrophic rupture

scenario.
Dispersing observers can move relative to each other, and where these observers are initially
close together this can magnify mass conservation problems.

UDM3
1136

Evaporated mass from the pool not accounted for is significant (<fraction> of

the dispersing mass). Consider reducing the pool evaporation cut-off rate.
Evaporated mass from the pool below the cut-off rate is not added back to the dispersing
cloud. However in this case that mass is significant when compared to the mass in the cloud.
Consider reducing the cut-off rate. Mainly this will be a problem for very small, flammable
only releases where almost everything rains out.

UDM3
1139

Dispersion stopped at <Distance> downwind. Results beyond this should not
be used, and far-field concentrations upwind of this may be under-estimated.
Dispersion calculations have terminated early due to either maximum distance or height
being exceeded. Far-field concentrations - especially beyond this distance - will be under-
estimated. Try increasing the limits in dispersion parameters.

Post-Processing Warnings (CVIEW)

CVIEW
1019

Finite Duration Correction selected but disabled for time varying releases and

continuous releases with rainout, switching to AWD mode
FDC can only be used for finite duration releases that do not rain out. AWD is now the
preferred method and does not suffer from the same limitations as FDC.
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Appendix G. SUNDIALS Differential-Algebraic Solver Licensing

The UDM dispersion equations are solved using the package IDA, part of the Sundials!® suite of solvers

developed at Lawrence Livermore National Laboratory.

Copyright (c) 2002, The Regents of the University of California.
Produced at the Lawrence Livermore National Laboratory.
Written by S.D. Cohen, A.C. Hindmarsh, R. Serban, D. Shumaker, and A.G. Taylor.

UCRL-CODE-155951 (CVODE)
UCRL-CODE-155950 (CVODES)
UCRL-CODE-155952 (IDA)

UCRL-CODE-155953  (KINSOL)

All rights reserved.
This file is part of SUNDIALS.

Redistribution and use in source and binary forms, with or without
modification, are permitted provided that the following conditions
are met:

1. Redistributions of source code must retain the above copyright
notice, this list of conditions and the disclaimer below.

2. Redistributions in binary form must reproduce the above copyright
notice, this list of conditions and the disclaimer (as noted below)

in the documentation and/or other materials provided with the
distribution.

3. Neither the name of the UC/LLNL nor the names of its contributors
may be used to endorse or promote products derived from this software
without specific prior written permission.

THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS "AS IS" AND
ANY EXPRESS OR IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED
WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE ARE
DISCLAIMED. IN NO EVENT SHALL THE REGENTS OF THE UNIVERSITY OF CALIFORNIA, THE U.S.
DEPARTMENT OF ENERGY OR CONTRIBUTORS BE LIABLE FOR ANY DIRECT, INDIRECT,
INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT
LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR
PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,

WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR OTHERWISE)

ARISING. IN ANY WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF THE
POSSIBILITY OF SUCH DAMAGE.
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Figure 21. UDM plume geometry for continuous release (notation, stages of dispersion)

Cartesian co-ordinates [horizontal, cross-wind, vertical distances x,y,z] and plume co-ordinates [plume arclength s, perpendicular distance  to plume centre-line]
Plume position: centre-line height z=z.q(s) of plume and angle 6=6(s) to horizontal plane [z = zc +  c0s6]
Plume cross-section: (Y/Ry)™(E/R2)"=1 with cross-wind radius Ry=Ry(s) and {-radius R;=Rz(S)

circular during jet dispersion, truncated circle during touching down, semi-elliptical during ground-level dense and passive dispersion

Theory | Unified Dispersion Model version 8.5 | Page 135



DNV

spherical
cloud sem 1-ellipsoid

(R-R~-R) clou
X i &3

®,>R)

Z
A
y
X
RN e ".{llll)per doud
EI?E:NGSI'&?"‘- \'\'\ _______ : envelope
PHASE . A 0 e B e
A S e e T e
i lower cloud
i envelope ’ .
1 : > x
| |
| |
ELEVATED i TOUCHING i GROUND-LEVEL
y DISPERSION ! DOWN ! DISPERSION
Figure 22. UDM cloud geometry for instantaneous release (notation, stages of dispersion)

Cartesian co-ordinates [horizontal, cross-wind, vertical distances x,y,z] and plume co-ordinates [plume arclength s, vertical distance ( to cloud centre-line]

Cloud position: height zcu= zca (S) of cloud centre and angle 6=6(s) to horizontal plane [z = zca +(]

Cloud profile { [(x/Rx)*+(y/Ry))]™ +(¢/R2)"=1 with down-wind, cross-wind and vertical radii Rx=Ry(s), Ry=Ry(s) and R=R(Ss)

Cloud shape at core averaging time ta**"® (Rx=Ry is assumed): spherical during jet dispersion, truncation by ground during touching down, semi-ellipsoid during ground-level dense and passive
dispersion. After onset of touching down, the cloud ground surface area is circular.

Increasing averaging time increases effects of wind meander. This leads to increasing Ry downwind of passive transition [more wide (elliptic) cloud].
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Figure 23. Steady-state source
Source assumed to be located at ground level at x=0; (a) centre-line ground-level concentration, (b) cloud foot print
as function of downwind distance x
cross-wind distance y (m)
o (kg/m?®)

» X (m)

>
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Figure 24. Instantaneous source
Source assumed to be present at ground level at x=0; location of UDM cloud at successive times ti, t2, t3; (a)
centre-line ground-level concentration c, (b)cloud foot print (circular) as function of downwind distance x
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, cross-wind distance y (m)

t1 P

, downwind distance x (m)

steady-state envelope

(a) Quasi-instantaneous model
[replace steady plume with circular instantaneous cloud, if width/length ratio becomes large]

centre-line concentration (kg/m3)

Teey

steady-state envelope

........................... J/ after finite-duration correction

%, downwind distance x (m)

(b) Finite-duration correction
[adjustment to steady-state centre-line ground-level concentration]

Figure 25 UDM models for finite-duration release

Source assumed to be present at ground level at x=0; location of UDM cloud at successive
times ty, t2, t3
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Figure 26. Vertical and horizontal concentration profiles
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Figure 27. Correlation for the exponent m used in the horizontal profile
120r . Peid — P
The adopted correlation is: Mm=2.0+| —— |, with r = Fdd e
£40.25r-05 Pa
r

Theory | Unified Dispersion Model version 8.5 |

Page 140



DNV

24 \
2 1 Stablity
\ \\\
2 S~ FG
B
\
‘ \ E
\\
16 —
e
AD
14
12
1
0 02 04 06 08 1 12 14 16 18 2
H eff / |L|
Figure 28. Correlation for the exponent n used in the vertical profile

H
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The adopted correlation is:  N=MaX| Ny, — —LH,l.O
1.0+9.0—"

where npase = 2 for stability classes A-D, 2.25 for stability class E, and 2.5 for F,G.
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(c) jet/plume become passive after touch down
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Figure 30.

Phases in UDM cloud dispersion for range of scenarios

Figures include scenarios: (a) no touching down, (b) touching down only, (c) full touchdown, (d) lift-off, (e) capping
by mixing layer. The figures indicate for each phase the type of spreading (circular jet, heavy or passive) and the
mechanism of entrainment (Ejet = jet; Ecross = Cross-wind; Epas™ = near-field elevated passive , Eny = ground-level
heavy, Epas" = far-field passive). Along the transition zone the near-field spread/entrainment are phased out and the
far-field spread/entrainment are phased in.
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data McQuaid (1976)**, Kantha et al. (1977)*" and Lofquist (1960)>°. The figure also includes the DEGADIS fit Utop/us = 0.4/(0.88
+0.099 Ris %)

Figure 31. Normalised entrainment velocities
[The figure plots the normalised entrainment velocity utwp/u-against the Richardson number Ri+]
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Figure 32. The development of a quasi-instantaneous release
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Figure 33. Finite-duration source

Source is assumed to be to be present at ground level at x=0); location of cloud at successive times ti, tz, t3; (a)
centre-line ground-level concentration c, (b) cloud foot print as function of downwind distance x
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Figure 34. Monin-Obukhov length

The figure plots the modulus of the inverse of the Monin-Obukhov Length as a function of surface roughness length for the different stability
classes. The Monin-Obukhov length is negative for stability classes A to C, and positive for stability classes E to G (see section A.1 for further
details).
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Figure 35.

Wind power-law exponent

The figure plots the average exponent in the wind power law from 10 to 100m as a function of surface roughness length

and stability class. The curves are from Irwin (1979)8°,
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NOMENCLATURE

Acid cross sectional area of continuous cloud, m?

Aside effective side area of instantaneous plume, m?

Atop effective top area of instantaneous plume, m?

c concentration, kg of component /m?3

Co centre-line concentration, kg of component / m3

Coa drag coefficient of plume in air (-)

Ce parameter in gravity-spreading law (-)

Cpod vapour heat capacity of cloud mixture, J/kg/K

Cm conversion factor between cloud half-widths, C = Wer/Ry

Cn conversion factor between cloud half-depths, Cn = Her/R;

Dac diffusivity of the released material (component) into the surrounding air, m?/s
Ecross cross-wind entrainment rate, kg/s or kg/m/s

Envy dense gas entrainment rate, kg/s or kg/m/s

Ejet jet (high-momentum) entrainment rate, kg/s or kg/m/s

Epas” near-field passive dispersion entrainment rate, kg/s or kg/m/s
Epas’ far-field passive dispersion entrainment rate, kg/s or kg/m/s
Etot total dispersion entrainment rate, kg/s or kg/m/s

Faag®  airborne drag force, N/m or N

Farag?™"™ ground drag force, N/m or N

Fn(X) horizontal distribution function for concentration (-)

Fu(©) vertical distribution function for concentration (-)

g gravitational acceleration m/s?

hg fraction of bottom half of cloud which is above ground (-)
Hest effective height of cloud after full touchdown, m

[height prior to full touchdown = Hes(1+hg)]
I plume momentum [I=Mgq Uaa=(1? + 12)*?], kg m/s or kg/m/s?

I downwind horizontal plume momentum in excess to ambient momentum
[lx2= Ix — Maqua], kg m/s or kg/m/s?

Ix downwind component of plume momentum [l,= Mgquy], kg m/s or kg/m/s?

I, vertical component of plume momentum, kg m/s or kg/m/s?

L Monin-Obukhov length, m

m exponent of horizontal distribution function for concentration (-)

mc component released mass (instantaneous release, kg) or mass rate continuous release, kg/s)
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Meid mass in plume (instantaneous release, kg) or mass rate in plume (continuous release, kg/s)

My, 9™ water-vapour added from the substrate, kg or kg/s

n exponent of vertical distribution function for concentration (-)
p exponent in power-law for wind-speed profile

Pa atmospheric pressure, Pa

Pabov perimeter length of jet, m

Py(T) saturated vapour pressure as function of temperature T (K) for compound o, Pa
[a = ¢ (released component), w (water)]

Jgnd heat transfer rate from ground to cloud, J or J/s

Ry term in cross-wind concentration profile, m
[Ry = Ry(X) = 2¥%5(x)]

R, term in vertical concentration profile, m
[Rz = Ry(X) 2Y26,(X)]

Rix layer Richardson number, (-)

S arclength along centre-line of the plume, m

Sgnd footprint area for instantaneous plume, m?

t time since onset of release, s

tav averaging time, s

tacor® averaging time for which UDM core calculations are being carried out, s
Ta ambient temperature, K

Tgnd substrate temperature, K

Tvap temperature of vapour phase of the cloud, K

Us friction velocity for cloud, m/s

Ua ambient wind-speed, Ua = Ua(z), Mm/s

Ucld total cloud speed, m/s

Uref value of ambient windspeed u, at reference height z = z.f, m/s
Uside entrainment velocity through sides of plume, m/s

Utop entrainment velocity through top of plume, m/s

Uy, U3 horizontal and vertical component of cloud speed ugig, M/s
Vel volume of cloud, m3

West effective half width of plume, m

Wind footprint half-width for continuous plume, m

X horizontal downwind distance, m

Xeld horizontal downwind position of center of cloud, m

y crosswind distance, m
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z vertical height above ground, m

Zo surface roughness length, m

Zc height above ground of cloud centroid, m

Zeld height abouve ground of cloud centre-line, m
Zr release height above ground, m

Zref reference height above ground, m

Greek letters

o, o2 ‘jet’ and cross-wind entrainment coefficients (-)

Y heavy-gas side-entrainment coefficient (-)

NeL liquid mass fraction of released component in the cloud

r Gamma function (-)

0 angle to horizontal of plume, rad; 6 = 0 corresponds to a horizontal plume (in downwind x-direction), while 6 = n/2

corresponds to a vertical upwards plume (in z-direction)

g distance from plume centre-line, m

K Von Karman constant, k = 0.4 (-)

Mac dynamic vapour viscosity of material in air, kg/m/s

Pcid density of plume, kg/m?3

Pa density of ambient air, kg/m?3

oy standard deviation of horizontal profile of cloud concentration, m

o standard deviation of vertical profile of cloud concentration, m

Oya standard empirical correlation for passive crosswind dispersion coefficient, m

[used to calculate oy in passive regime]

Cza standard empirical correlation for vertical crosswind dispersion coefficient, m
[used to calculate o, in passive regime]
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