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ABSTRACT

This report documents an improved formulation in the Phast Unified Dispersion Model UDM for pressurised
instantaneous releases. This includes both the initial INEX phase of pressurised instantaneous expansion,
and the subsequent post-INEX stage. This complements the description in the UDM theory manual on the
new generalised UDM model accounting of along-wind diffusion for time-varying dispersion (including
potential rainout. The report includes a description of the theory, solution algorithm, model verificaton against
analytical solutions, and model validation against experimental data.

The old INEX model did not take into account gravity effects and assumed a single droplet size moving along
a fixed upward angle resulting in too little rainout. The new INEX model is based on sounder phyisical
principles. It includes gravity effects, and assumes the liquid to move radially away from the cloud centre. In
case of a INEX cloud touching down the ground, this results in time-varying rainout.

The correctness of the new INEX numerical predictions has been verified against analytical solutions for
ground-level vapor or two-phase releases and elevated non-evaporating liquid releases.

The new INEX model has been validated against experiments for ground-level presurised releases for
nitrogen vapour and flashing liquid propylene, and elevated flashing liquid releases for Freon 11, Freon 12,
propane and butane. Overall the new INEX model tends to underpredict the cloud radius and cloud speed
versus time, while the new model provides larger predictions and more closely agrees against experimental
data. In addition, the new model predicts a larger amount of rainout which is again more in line with the
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 again is
more in line with the experimental data.

Experiments identified so far derive the cloud radius and cloud speed from the visible cloud front. This results
in added uncertainty since the visible cloud expansion velocity depends amongst others on humidity, and this
may e.g. explain some of the discrepancy in results shown in this paper between the experiments by Schmidli
and Pettitt for the measured fraction fkinetic of total energy converted to kinetic energy. Therefore additional
experimental work to measure concentrations is strongly recommended to provide a sounder basis for model
validation. In addition experimental data including additional measurements of droplet sizes and rainout would
be useful. This may assist in developing improved droplet size correlations applicable for instantaneous
releases.
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1 INTRODUCTION

Background

The Phast model DISC includes a sub-model for modelling catastrophic vessel ruptures (instantaneous release from a
vessel). This model describes the expansion of the pollutant from the initial stagnation pressure to the atmospheric
pressure. During this phase it is assumed that no air is entrained. The Phast dispersion module UDM (Unified Dispersion
Model) calculates the subsequent dispersion of the instantaneous cloud, which includes the initial INEX stage of
instantaneous energetic expansion (where entrainment due to radial expansion is dominant). When the source is no longer
dominated by radial momentum, the output from the ‘INEX’ stage provides input to the subsequent calculations (post-
INEX stage) in the UDM dispersion model.

The theory governing the Phast atmospheric dispersion model UDM (Unified Dispersion Model) is described by the UDM
theory manual', for continuous, finite-duration, time-varying and instantaneous releases. The UDM invokes for its
thermodynamic calculations (mixing of air with released pollutant) the sub-module THRM and for the pool

spreading/evaporating calculations the sub-module PVAP; see the THRM and PVAP theory manuals™".

The UDM theory was extended by Witlox and Harper", to account for rigorous inclusion of along-wind diffusion including
rainout as part of work sponsored by RIVM and TOTAL. This work was formulated using the so-called observer concept.
For instantaneous releases, this involved an ‘instantaneous observer’. After rainout this instantaneous observer was also
accounting for added vapour from the pool, until the upwind edge of the instantaneous cloud had passed the upwind edge
of the pool, i.e. Xci--Wgnd > Xpool-Rpool. Here Xqq is the downwind distance of the centre-line of the instantaneous cloud, Xpeol
the downwind distance of the pool centre, Rpoo the pool radius and Wgng the cloud footprint radius. Afterwards, additional
non-instantaneous observers are released from the upwind edge of the pool, to account for pool evaporation after the
cloud has left the pool behind.

The Phase | report by Witlox" did include a literature survey and some suggestions for INEX model development. The
INEX model is currently based on an empirical formula for the cloud radius R(t) versus time t, from which the air
entrainment is derived. The INEX stage currently simplistically assumes the cloud to move horizontally and the droplets
to move under a positive fixed angle often leading to insufficient rainout.

Partly based on recommendations from the Phase | work, the Phase Il report by David Webber" includes a modified
method to resolve the above issues in the original INEX model. This report proposed a different method for determining
the cloud radius R(t) and associated air entrainment, and allows the droplets to move radially in all directions effectively
resulting in time-varying rainout while the cloud is touching down the ground. Furthermore the cloud no longer moves
horizontally during the INEX stage, but the UDM momentum equation is applied for both horizontal and vertical directions.
This report also discusses possible future validation against experimental data.

New INEX model — theory, solution algorithm, model verification and validation

As part of the Phase Il work, the current document describes a further integration (and partial modification/extension) of
the new INEX model to allow a more seamless integration within the overall UDM. This includes extending the new INEX
model developed by David Webber where necessary. This includes a modification of the immediate rainout formulation,
and an extension of the cloud thermodynamics adopted by David Webber to account for multi-component mixtures and
non-equilibrium effects (as for the UDM). It includes addition of linking between the cloud and the pool (as for the overall
UDM), to account for pool vapour added back to the cloud, and the inclusion of heat transfer and water-vapour transfer
from the substrate.

The current document includes an overall description of the overall instantaneous model (INEX and post-INEX stages),
where only the modelling of the instantaneous observer is described. No changes have been applied to modelling for the
subsequent non-instantaneous observers.

The adopted formulation and notation is chosen to be as close as possible to the new UDM AWD formulation as described
in the UDM theory manual?, to facilitate UDM model implementation, to minimise code changes, and to ensure maximum
consistency between INEX and the remaining UDM model. This includes a formulation of the theory in terms of mass (e.g.
pollutant mass, mass-specific enthalpies) rather than moles (e.g. number of pollutant moles, molar-specific enthalpies).
The current report could be considered to be further embedded in the future in the overall UDM theory manual (to ensure
remaining consistency between INEX/UDM models etc.).

Phase Il work included implementation of the new INEX model into the UDM. This phase also included verification and

validation of the new model against the dataset identified in Phase Il. Results of this work are also included in the current
report.

Plan of report
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The plan of this report is as follows.

Chapter 2 describes the cloud geometry, which is adopted for the overall UDM model (unchanged), and the new UDM
sub-model INEX.

Chapter 3 describes the key equations underlying the modelling of INEX energetic cloud expansion. It also includes a
description of the UDM THRM thermodynamics equations (unchanged) for mixing of the air with the pollution.

Chapter 4 includes a description of the top-level algorithm, including both the previous (now out-of-date) algorithm
including the AWD extension as well as the new modified algorithm based on the new improved INEX methodology.

Chapter 5 includes a detailed algorithm for the solution of the equations for the instantaneous observer (INEX and post-
INEX stage). First a list of primary variables is presented, including a description of the initialisation of these variables.
Subsequently modelling of rainout is described, and finally the equations for the primary variables are presented.

Chapter 6 describes the model verification and model validation. This includes verification of the numerical INEX model
against an analytical solution applicable for a ground-level hemispheric cloud for both cases of vapour or two-phase
releases. Furthermore, it includes model validation for ground-level pressurised instantaneous releases against
experiments by Landis (nitrogen vapour) and Maurer (flashing propylene liquid). Finally, it includes validation for elevated
releases against experiments by Pettitt (Freon-11 without rainout) and Schmidli (Freon 12, propane and butane with
rainout).

Validation | UDM model for pressurised instantaneous releases | Page 5
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2 CLOUD GEOMETRY

2.1 UDM cloud geometry (unchanged)

This section summarises the UDM cloud geometry as depicted by Figure 1. For full details see Section 3.1.2 of the UDM
theory manual.

Concentration profile

The concentration profile ¢ (kg/m?) is expressed as function of Cartesian coordinates x (downwind distance), y (cross-
wind distance) and z (vertical height above the ground), in terms of cloud horizontal radius Ry=Ry, a cloud vertical radius
R;, concentration profile exponents n,m, cloud centre-line position (downwind distance x4 and cloud elevation height zgq):

cx,y,&i)=co(MF (S)Fn(X,y) (1)

n(x) X (t) 2 y
L Fn(%y)= ep - ( —Xdld J+
" R (t) Ry (®)
Effective cloud

The instantaneous cloud is modelled as an equivalent effective cloud with effective circular cross-section Ae= nWer? and
height Hewt(1+hg). Here Wer is the effective radius, Her the effective height; hq =0 for ground-level plume (z4¢=0) and hq=1
for an aloft plume. Thus the cloud volume Vyq is defined by

with C =z — Zqq9 and

,m/2 (2)
¢
R,(X)

FV(C)ZEXD -

Voo = 7Wg Her (I+hg) (3)
with
! 1 (4)
H ert ox, O)Ic(xyg)dg— IF(g)dg [ ﬁj R,
(7 = on| r ) _ 2 2
A = C(de 0.0 LLC(X,yxg)dxdy = 27rz|).e><p —l:R—y] rdr =z R, F(1+Ej (s)

2
Werp = \/A\eff = F( +EJ Ry

n 6
hg=P e [—dej ‘e
n{R,
Cloud touchdown

An elevated cloud is modelled in the UDM as a sphere of radius Ry = R, Onset of touching down is defined by zqq4 = R;
and final touchdown z¢¢=0. Ry=R, presumed before the regimes of heavy and passive dispersion; Rx = Ry is always
assumed, i.e. circular horizontal cross-section. Thus after touchdown a capped ellipsoid, and after full touchdown we have
a semi-ellipsoid.

Consider the ellipsoid (I/Ry)™ + ({/R,)" = 1 with ellipsoid semi-axes Ry, R, corresponding to the contour level e™c(t) and
with the radius r = [(X-Xqa)?+y?]¥2. The surface area Sanove (M?) of this ellipsoid above the ground is set approximately as
function of Ry and R [Equation (34) in UDM theory manual], while the area of cloud touching down the ground [Equation
(35)], is set as Sgnd = M Wna? With

1/m ( 7 )

n
Wgg = R,{1- (ZﬂJ , for 0 <z <R,

z

= 0 |, for z4q =2 R,
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Figure 1. UDM instantaneous cloud geometry (notation, stages of dispersion)

Cartesian co-ordinates: horizontal, cross-wind, vertical distances x,y,z

Plume co-ordinates: plume arc-length s, vertical distance ¢ to cloud centre-line

Cloud position: centre-line height zcs= zcia(s), angle 6=6(s) to horizontal plane [z = Zcd +(]
Cloud profile: [(x/Rx)?+(y/Ry)?]™? +(¢/R;)"=1, with radii R«=Ry(s), Ry=Ry(s) and R;=R(S)
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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2.2 INEX cloud geometry

The old INEX uses Vg = (4/3) ©R3, i.e. presuming a elevated spherical cloud of radius R (regardless whether the cloud is
touching down the ground or not), where an empirical formula is derived for the cloud radius R(t), and from this the added
mass of wet air mya is derived. Note that R differs from R=R,=R..

A -

cmeea
N
/i
\ /
: v
=
»
>

(a) Elevated cloud (b) cloud in contact with ground

Figure 2. INEX cloud geometry

Figure 2 depicts the geometry proposed for the new INEX model by David Webber (see Section 3.1 of INEX Phase I
report¥ for details), with the cloud being modelled by a sphere while elevated, by a capped sphere while touching down,
and by a hemisphere after full touchdown. In this figure V = Vgq and Z = zqq, R is the cloud radius, and A is the cloud area
above the ground. Furthermore David denotes the footprint area by Asgotrint = © L2, where L is the footprint radius. Relevant
equations are as follows:

4 3 2 - (8)
Vc|d=§7fR y,A=47zR°,L=0 , if zyy 2R (cloud elevated)

1 [ .
VC|d :gﬂ'(R'F de)z(ZR—de), A= 27ZR(R+ZC|d), L= R2 —chdz y if 0< de <R

Ve =§7rR3 ,A=27R% L=R , if z44 =0 (cloud grounded)

The radius R can be derived as a secondary variable from zqq and Vg from Equation ( 8 ). This involves solution of a
cubic equation for R during touching down, with solution as given in the report by David Webber.

Although both the INEX cloud (Figure 2) and UDM cloud (Figure 1) are spherical, it is noted that the definition of the INEX
radius R differs from the definition of the UDM radius Rx=Ry=R;. Likewise, A differs from the UDM area Sanove above the
ground, Asotprint differs from the UDM footprint area Sgng, and L differs from the UDM footprint radius W gng.*

1 For UDM transitions (such as touchdown) not the INEX cloud geometry but the UDM geometry is applied as explained in Section 2.1. This further guarantees
continuity between INEX and post-INEX phases.
Validation | UDM model for pressurised instantaneous releases | Page 8
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3 CLOUD THERMODYNAMICS OF MIXING AIR WITH POLLUTANT

3.1 UDM THRM thermodynamics (unchanged)

Full details of this are given in the UDM thermodynamics theory manual®. This section includes a brief summary only.
THRM includes isenthalpic mixing of the released pollutant (mass m¢, at post-expansion temperature T; and post-
expansion liquid fraction ncs), entrained air (wet-air mass my, at ambient temperature T, and relative humidity ry), and
water-vapour pick-up from water substrate (mass my, 9™ at ground temperature Tgnq). The model also accounts for heat
Jgnd (J) added from the substrate to the cloud.

From the above it follows that the total cloud mass mqq is given by

gnd (9)

My = M+m,+m , m=m +m,

Here mj, is the mass of dry air, my, the total mass of water, and my,? the mass for water from the entrained wet air.

The enthalpy of the total cloud Hgq is the sum of the enthalpies of the component before mixing and the heat transferred from
the substrate,

Hag = He+Hya + Hgnd + Qgnd (10)

where the pollutant enthalpy Hc, the wet-air enthalpy Hwa, and the enthalpy Hgna Of the water-vapour added from the ground
are given by

He = [L=mcs Ime hey (Te) + 716 Mpol he (To) (11)
Hwa =My ha(Ta) + mwvahwv(ra)

_ gnd
Hgnd =My, hwv (Tgnd)

Here hey, het, ha, hwa are the specific enthalpies (J/kg) for pollutant vapour, pollutant liquid, dry air and water vapour, respectively.
The temperature T is set using conservation of enthalpy,

Hcld :maha(r)"'mwvhvwo—)+mwnhwn(T)+mcvhcvo—)+mcLth(rd) (12)

Where the droplet temperature Tq = T in case of HEM, and Ty is set from the droplet energy balance in case of the non-
equilibrium model. THRM also accounts for solid effects (water ice, and CO, pollutant currently only), and multi-
component releases (assuming Raoult’s law). In the above equation myy is the mass of water vapour, my, the mass of
water non-vapour (either liquid or ice).

The thermodynamics model is invoked while incrementally solving the dispersion equations in the downwind direction. In
case of the non-equilibrium model, input data supplied by the dispersion model include the liquid pollutant mass and the
liquid pollutant (droplet) temperature. After each incremental step, the UDM uses the thermodynamic model to calculate
the cloud temperature T, the cloud density pcd, and the cloud volume Vq. These calculations are done as follows by the
thermodynamics model:

1. Set total cloud enthalpy Hca (sum of enthalpies of individual components before mixing) from Equation ( 10 )

2. Set mass and mole fractions of dry air, water and pollutant

3. Use Brent root solver to solve enthalpy equation ( 12 ) for temperature T, and determine phase distribution

4. Set specific volumes (m¥kg) for liquid viq, vapour wap and cloud veig:

Viig = Nws /Pice + Mwt/pwt + NeL / per (Td) (13)
Viap = [(Ma + Mw)/(PaTa/ Tvap)] + Mev /ppot( Tvap)]
Veld = Vvap T Viig

5. Set cloud density (kg/m®): peia = 1/ Vaia

6. Set cloud volume Vg = vad * Meg

Validation | UDM model for pressurised instantaneous releases | Page 9
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3.2 INEX energetic cloud expansion

By means of differentiating Equation ( 8 ) for Vuq, the following differential equation can be derived for the total INEX cloud
expansion velocity U = dR/dt,

dv, . : (14)
d_ctld = AU , if z,4 > R(cloud elevated) or if z,4 =0 (cloud grounded)

=AU +Af00tprimd(21% , if 0< zy4 <R (cloudtouching down)

Here A is the surface area of the cloud above the ground (UDM equivalent Sapove), and Asooprin= Tt (R?-Zcig%) the cloud footprint
area; see Equation ( 8).

3.2.1 Formulation excluding air-displacement velocity (Ug=0)

This option is currently available in the product only. It assumes that the INEX cloud expansion velocity U equals the air
entrainment velocity Ug, and the air displacement velocity Up is ignored. and the following equations apply:

dmwa — chId (15)
dt ?dt
drR (16)
U=—=U ,Uy=0
dt E D

3.2.2 Formulation including air-displacement velocity (Ug>0)

This option is currently available via the UDM spreadsheet only. Based on a proposed formulation by David
Webber¥, it assumes that the INEX cloud expansion velocity U equals the sum of the air entrainment velocity Ug and the
air displacement velocity Up with which the air is displaced by the cloud:

dm,, . . (17)
e P, AU if 744 2 R(cloud elevated) or if z,4 =0 (cloud grounded)

=p, {AUE +Af00tprim%} , if 0< zyyq <R (cloudtouching down)

drR (18)
U=—=U; +U
dt E D

The cloud volume Vg4 as determined by THRM (see Section 3.1) can be considered to be a function of the following primary
variables: pollutant mass m, wet-air mass mya, water pick-up my,2", substrate heat pickup g™ pollutant enthalpy Hc, and (in
case of non-equilibrium model) droplet temperature T4 and droplet mass mg:

chId _ aVcld dmwa + aVcld dmc + aVcld dmWvgnd + aVcld dqgnd (19)
dt  om,, dt om, dt om0  dt oq9  dt
4 Ngg dH, +8Vcld di+avc|d dmy
oH, dt 0Ty dt  dmy dt

Using Equation ( 17 ) into Equation ( 19 ), Ue can be derived as a secondary variable by,

Validation | UDM model for pressurised instantaneous releases | Page 10
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dVgg  NVgg dm; Vg dm one T dg Ny dHy Vg ATy Vg dmy (20)

[ WV [ [ — [
U dt om, dt om0 dt o dt oH, dt oT, dt  om, dt
o Ap avdd
" om,,
dz
- (Afootprint / A) d_ctld

where dVgd/dt is determined from Equation ( 14 ). Ignoring rainout and effects of heat and water vapour transfer from the
substrate and using HEM, this reduces to 23

U (21)
Ug = v for z,4 > R (elevated) or z,4 =0 (grounded)

cld

Pa om,,
dzgy
U+ (Afootprint/A) d dz
- T = (Arotgrint/ A d_ctld for 0<zyy <R (touchingdown)
C
® oM,
Subsequently the displacement velocity is set as

Equations will be formulated in Section 5.3 for the time derivatives of the primary variables mya, Mc, My, g, He, Ta, Mg and
thus these results are available without the need of substantial additional code. Running THRM at values my, and at an
incremental larger mass mya+dmwa (While keeping all other input data constant) leads to an approximation of the partial
derivative dVaa/dmuwa, and likewise all other partial derivatives in Equation ( 19 ) can be determined®.

The above implies a generalisation of the theory developed by David WebberY to multi-component non-equilibrium
thermodynamics, and it also facilitates the implementation maximising use of existing THRM logic.

2 JUSTIFY. CODE currently applies Equation ( 21 ) instead of ( 20 ) In case a large amount of liquid is present, this may not be appropriate, since dm¢/dt is very

large.

3 ERROR. The code currently erroneously omits the term (Arooprin/A) dzc/dt in Equation (21 ) (relevant during touching down only). This has not been corrected, since
the option Us>0 has not been made available in the product.

* IMPROVE. The partial derivative 8Vea/dmuais currently approximately determined via differencing [from values of cloud volume Veg at Mua - 10° min(Mua,Muc) and

Mya+ 10°min(Mua,Muc). Alternatively, Veq can be made into an additional primary variable (INEX stage only), with equation dVew/dt = A U, and its partial derivatives to the

primary variables could then be derived more precisely from the Jacobian as provided by the UDM numerical solver.
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4 TOP-LEVEL ALGORITHM

4.1

Previous algorithm including AWD extension

The phases in the dispersion for an instantaneous release for the current model (old UDM model including AWD) are
depicted by Figure 3.

1.

Set observer release location and observer release times

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.

Carry out UDM dispersion calculations for each observer (instantaneous calculations for initial observer for
instantaneous release; steady-state calculations for all observers released from upwind edge of the pool). 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.

Inclusion of gravity spreading correction and along-wind diffusion as before. For an instantaneous release gravity
spreading and along-wind diffusion has already been applied to the initial instantaneous observer, and therefore
downwind gravity spreading and along-wind diffusion are only applied to the ‘non-instantaneous’ observers released
from the upwind edge of the pool. Afterwards the instantaneous concentration is added to obtain the overall
concentration.

For purpose of calculating the correct pool data, the calculations for all observers are carried out simultaneously with the
pool calculations.
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Constant angle
droplet trajectory
during initial
energetic expansion

C/L touchdown

Tnitial energetic expangion

< »

(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 paal observers af upwind edge of poal

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

/

(d) Dispersion directly from pool, with original instantaneous cloud moving away from pool
Figure 3. Phases in dispersion for two-phase instantaneous release (old UDM AWD model INEX)
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4.2 Modifications using new improved INEX methodology

The phases in the dispersion for an instantaneous release for the new INEX are depicted by Figure 4. The following key
differences apply between the new and old INEX sub-models for the initial dispersion stage of energetic expansion in the
UDM AWD model:

1. Radial expansion and air entrainment

o Old INEX: empirical formula for cloud radius R versus time, from which (using THRM) the amount of air
entrainment is derived

o New INEX: added differential equations are derived for added primary variables, i.e. wet-air mass mys,, rained
out mass my, and radial momentum I, = mgq dR/dt, where the cloud expansion speed dR/dt is set from an
added differential equation for cloud volume V.

2. Momentum equations:

o Horizontal: both models apply standard UDM horizontal momentum equation; uy = dxcia/dt
o Vertical:
=  Old INEX: simplistically assumed cloud to move horizontally, u, = 0, Zcq = zr
= New INEX: include UDM standard vertical momentum (added primary variable |,); u; = dzgqd/dt.

3. Droplet equations and rainout

o Old INEX:
= One single droplet is modelled only, with the starting position assumed at the edge of the
instantaneous cloud, i.e. Xq(t=0) = Xqd(t=0) + West. The droplet is moving with a known fixed angle.
The droplet position and speed was thus provided by an analytical expression, and the standard
UDM differential equations are solved to determine the droplet temperature and the droplet mass
(non-equilibrium model to allow the cloud vapour temperature to be different to the droplet
temperature).
= Rainout
(@) no rainout occurs during the INEX stage
(b) possible instantaneous rainout during the post-INEX stage.

o New INEX:
= The droplets are assumed to move in all directions.
= Rainout

(@) The INEX rainout rate is calculated analytically with time-varying rainout presumed
because of radial expansion only for 0<z.q<R. No momentum equations are solved
numerically for droplet trajectories. In case of non-equilibrium, droplet equations are
solved for droplet mass and droplet temperature.

(b) Thus no INEX rainout occurs after full touchdown. In case of liquid remaining at the end
of the INEX stage, immediate instantaneous rainout occurs in case the cloud is grounded
at the end of the INEX stage, and otherwise instantaneous rainout may occur later on
during the post-INEX stage in case the droplets hit the ground.

=  Two repeated calculations are carried out for the instantaneous observer, the first set to determine
the rainout (without linking with the pool) and the second set to include linking with the pool.

4 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

—

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 —

Afootprint

Figure 4. Phases in dispersion for two-phase instantaneous release (new UDM AWD model INEX)
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5 DETAILED ALGORITHM

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. This section only deals with the instantaneous
observer, since the formulation for the subsequent pool observers has not been modified. In this section a single droplet
size (SMD) is presumed.

5.1 Primary variables and initialisation of variables
For the instantaneous observer, differential equations are formulated for the unknown primary variables listed in Table 1.

Variables listed in italic are added primary variables compared to the original 6.54 UDM formulation.

UDM PRIMARY VARIABLE SYMBOL UNIT INITIAL VALUE When?

(f = post-exp. data) (TD = touchdown)
downwind distance of pool centre® Xpool m 0 after initial rainout
PVAP POOL PRIMARY VARIABLES various; see PVAP theory manual - after initial rainout
UDM PRIMARY VARIABLES®
component mass rained out Mro kg Nimmediate_rainout MCR during rainout
compon. mass evaporated from pool mc'2P kg 0 cloud above pool
component enthalpy rained out Hc° J Mo heL(Pa, Tr) during rainout
comp. enth. evaporated from pool Hc' J 0 cloud above pool
mass of wet air in the cloud Mwa kg 0 always
radial momentum Ir = MegU = (McMuatmuw ") dR/dt kg m/s Mc (2Eexp/Mcr)%® INEX
excess downwind momentum lxe=lx-MeidUa(Zc)= MeidUx - MeidUa(Ze) = Ix- | kg m/s -McUa(zZr) always

MecidUw = MecldUx = MeidUw
vertical momentum Iz = Mqid Uz =Med Uz [ kg mis 0 before full TD
downwind position Xeld m 0 always
vertical position Zeld m release height zr before full TD
heat conduction from substrate Qgnd J 0 after start TD
water evaporated from substrate My 89 Kg 0 after start TD if
above water
cross-wind dispersion coefficient” Ry= 2Y%%c, =225, [ m - post-INEX, heavy &
passive regime
DROPLET PRIMARY VARIABLES Before droplets
evaporated
droplet downwind position Xd m 0 post-INEX
droplet vertical position Zd m Zr post-INEX
droplet horizontal velocity Udx m/s 0 post-INEX
droplet vertical velocity Udz m/s 0 post-INEX
droplet mass M kg/drop 4pL(Pa, T)n(SMDy)%/3 if non-equilibrium
droplet temperature Ta K Tt if non-equilibrium

Table 1. List of UDM primary plume variables for instantaneous observer

In addition to the above differential equations for the UDM primary variables, a number of expressions are formulated for
a range of UDM secondary variables.®

The differential equations for the above primary variables are solved while stepping forward in the time t. Thus the PVAP
pool equations and the observer UDM equations are all solved simultaneously enabling a rigorous solution while the
instantaneous observer moves over the pool.

Initialisation of primary variables

Table 1 also indicates the initial values of the primary variables and at which stages of the dispersion differential equation
are solved for each of the primary variables. The initialisation of the variables at time t=0 is carried out by means of the
following successive steps:

® FUTURE CODE. This is not currently implemented. Instead first instantaneous observer calculations are carried out until rainout is finished (without pool/cloud
linking). These observer results are then used to find the time t: at which 50% of final rainout has occurred. This time is then used to set the rainout temperature Ta(tro)
and the downwind rainout distance x(t.). Subsequently instantaneous PVAP calculations are carried out presuming that the UDM total overall rainout occurs
instantaneously at time t,, and downwind distance X(t.o) with a rainout temperature Tq(t:o) with pool evaporation commencing at time t,.. Subsequently the
instantaneous observer calculations are rerun to account for the pool vapour added back to the instantaneous cloud. Actual implementation of time-varying rainout,
would also require extension of PVAP to allow time-varying spill rates simultaneously with instantaneous rainout; also note inconsistency of PVAP results between
short-duration spills and instantaneous spills.
6 Component mass Mc = Mer-MrotMe"" and component enthalpy He = mer he(TrNewr)-He*+He"" are secondary variables, with mwo, mc™, He'®, He™ treated as primary
variables

7 A differential equation is not used for the INEX phase and jet phase (circular jet assumed), but for the heavy and passive phase only.
8 Primary variables may be added for variables currently involving iterations for nonlinear equations (e.g. for cloud thermodynamics and cloud geometry).
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- The initial centre-line of the cloud corresponds to the location of the centre of the vessel, i.e. X¢q=0 and zciq = zg.

- The post-expansion data (liquid mass fraction nc.s, liquid temperature T, Sauter Mean Diameter SMDx, expansion
energy® Eexp = finetic {Nc(Pst, Tst Newst) — Ne(Pa, Tr; Newr)} are derived as UDM input from output of the Phast discharge
model DISC using isentropic expansion. Here fiineic is the fraction of total energy converted to kinetic energy,
and the specific pollutant enthalpy hc is determined in DISC using the property system. The initial value of the
radial expansion speed U = dR/dt is derived from Eey, = %2 (dR/dt).

- No rainout occurs during the DISC expansion, and it is assumed that the substrate does not affect the DISC
expansion, even if the vessel is at ground-level. In case nc>0, an initial provisional value of cloud radius Ry is
calculated presuming a spherical cloud regardless whether the initial cloud (at time t=0) touches the ground or
not, i.e. from

4 (23)
gﬂR = M pc(Pa7Tf;77ch)

pr

If Rp<zcid, the cloud is indeed elevated, R=Rp;, and no immediate rainout occurs. If Rp>zqq, the cloud is not
elevated after the DISC expansion and prior to the INEX expansion, and immediate rainout is presumed to occur.
The initial pool mass and the mass of pollutant in the cloud are set as follows,

M pool(t = O) = nimmediate_ rainout mcR (24)
m, (t=0) =mg - Mpoo,(t =0)

Here mcr is the entire vessel inventory (kg) and the immediate-rainout mass fraction'® is defined by!*

4 (25)
gﬂRpr3 - Vcld (chd ' Rpr)

Mimmediate_rainout = 2 3 MeLs
— ﬂRpr
3

and with the centre of the pool initialised as Xpooi=0. Here Vcia(zcid, Rpr) is set from Equation ( 8 ). The above implies
that in case the cloud is ‘elevated’ (zc¢>Rpr) at time t=0 no rainout occurs, while in case of a grounded plume
(zc1g=0) at t=0, 50% of the liquid rains out.

The initial liquid fraction is reset accordingly:

26
el — Mimmediate_rainout (26)
7o (t=0)=
1- Tlimmediate_rainout
- The pollutant enthalpy equals
Hc = mc hc(Pava ;77CL) = mc {[1_770L]hcv(Pa'Tf)+77cLth(Pava ) } ( 27)

with the vapour and liquid specific enthalpies hc, and he. set from the Phast property system.

- The initial droplet temperature equals the post-expansion temperature T;. The droplet mass is derived from the
product of the initial liquid density p.(Pa,Tr) and the droplet volume of droplet with droplet diameter equal to the
post-expansion droplet size (Sauter Mean Diameter) SMDy. Here P, is the ambient pressure.

- The “cloud geometry” section in the UDM theory manual (see also Section 2.1 in current report) includes a
formula for the exponent m as function of pqq, an expression for n as function of Het, Hert @s function of n and R,
and hy as function of z¢q, Rz, 8 and n. By insertion of these expressions into the formula for V¢4, a non-linear
equation for R, can be formulated, which is solved iteratively for R,.

- Set centroid height z; from the thus found values for R;, hg, Herr, @and n, and subsequently set excess downwind
momentum Iy, from the Equation included in Table 1

- The radial momentum is set as |, = m¢ (dR/dt)

9 This is a modification of original formula (used prior to 8.0) for expansion energy (J/kg) in DISC; see report by David Webber" for a detailed discussion. In case of
input funeic>0, DISC calculates the total expansion energy using the formala: Eexgp = funeic {he(Pst Tst; Netst) — he(Pa, Tr; New)}; Eexp iS input to the UDM.

10 Equation (24 ) could also be used to apply the Purple Book formula (and Flanders method), where a modified definition of Nimmediate_rainout is Used.
11 Equation ( 25 ) is applicable in case of the absence of bunds. See Equation ( 102 ) in case of presence of bunds.
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- All remaining primary variables are initialised as indicated in Table 1.

5.2 Rainout
5.2.1  Time-varying rainout (INEX stage)

A. EVALUATE RAINOUT RATE AND DOWNWIND DISTANCE OF POOL CENTRE (INEX stage)!?

For the purpose of pool spill and pool vapour pick-up calculations, the time-varying rainout mass dm,/dt (PVAP spill rate;
kg/s) and downwind distance Xpool Of pool centre are evaluated.

During the INEX stage, the (‘averaged’) droplet position is taken equal to the cloud centre-line position, i.e. X4 = Xcid, Zd =
Zeld, Udx = Uy, Ugz = dZgg/dt, and rainout is assumed to occur for the radially expanding cloud assuming droplets moving in
all directions, and assuming those droplets to rain out which either touch the ground or who hit the bund wall (if bund
present)*3. During the INEX stage, rainout will start to occur when the cloud starts touching down and will stop when the
cloud has become fully grounded (or cloud lifts off again). Droplet mass and droplet temperature are determined using the
existing THRM model and droplet mass and droplet temperature equations.

Following possibly initial immediate instantaneous rainout according to Equation ( 24 ), subsequent time-varying rainout
is set during the INEX stage as follows415:

implemented : (28)
—dm”’(t) =0, z44 > R (‘elevated' plume) or z,4 =0 ('grounded' plume)
a0 Zad p aa=0(9 P
m Z4q AR dz
=max 1 Kp =% Acyororing| 2% — — —44 | 0t else
{ DVcId fOOth’Im|: R dt dt
alternative (more consistent with UDM geometry — not recommended)
—dm(;i(t) =0, zy4q > R, (elevated' plume) or z 4= 0 (' grounded' plume)

m z dR dz .
=Kp & Sy -2 ———¢d | (during TD
P V4 9”"{ R dt dt } (during TD)

In the derivation of the above equationitis presumed that the radial cloud velocity u(r) linearly increases, u(r) = (r/R)(dR/dt),
and thus the vertical downward component at the footprint equals (zc/R) dR/dt; the maximum value of the parameter
Ko=1, which presumes that all liquid hitting the ground will rainout. The first term in the right-hand side of the equation
represents the rainout due to the cloud expansion and this term is proportional to the INEX cloud expansion speed dR/dt.
The second term represents the rainout due to the cloud centre-line height zcis reducing and this term is proportional to
the vertical cloud centre-line speed dzcd/dt.

In the case of the presence of a bund and as long rainout occurs inside the bund, Xpo0l iS Subject to the additional condition
Xpool(t) = min |_Xpool (t)1 Rbund - Rpool(t)J ( 29)

However as soon as rainout occurs outside the bund, bund effects from that time on will be ignored for the pool calculations
and consequently the above condition is no longer applied. Accounting for a rainout rate m.(t) and applying conservation
of mass centroid, this leads to the differential equation (now using new INEX model, similar logic as continuous releases):

(30)

12 Steps A, B, C, D have also been referred to in the description of the UDM algorithm in Section 5.3.2 of the UDM theory manual; step B is not applicable for

instantaneous releases.

13 |MPROVE. In the presence of a cylindrical bund (bund radius Ruund), it is currently simplistically assumed that immediate instantaneous rainout occurs of all
remaining liquid when the cloud centre-line (a4, Zcid) hits the bund. See Appendix D for potential further improvement of this logic.

14 An alternative not-implemented formulation is proposed, which may be more in line with the remaining UDM formulation. E.g. UDM uses a different criterion for
touchdown as well as a modified definition for the cloud footprint and the cloud area above the ground.

15Eor instantaneous releases during INEX stage (driven by radial momentum), the minimum droplet size criterion (default UDM parameter 10um is applied i.e.
droplets do not rainout below the minimum droplet size.
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5.2.2 Instantaneous rainout (post-INEX stage)

C. APPLY OBSERVER RAINOUT AT RAINOUT TIME (POST-INEX STAGE)

After the INEX stage, rainout is assumed to occur using existing UDM droplet equations. This means that instantaneous
cloud rainout will occur immediately if the cloud is grounded at INEX transition'®, and possibly at a later stage if the cloud
is elevated at INEX transition.!” This is only applicable for the instantaneous observer for the post-INEX stage, if the
droplets have not yet been fully evaporated after the end of the INEX stage.

Instantaneous 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 my(t)] to obtain primary and secondary variables for the “residual” cloud:

1. Reset centre of pool to maintain conversation of mass centroid

S S . 31
X i(t i) _ M pooll(trol) Xpooll(trol) + mro(trol) X4 ( )
pool \*ro / — i i i
M poolI (trol) + Mg (trol)
2. Reset residual component mass m. and residual enthalpy H¢ by removing rained-out liquid
(32)

mci (troi ) = mci (troi ) —My, (troi )! H ci (troi ) =H ci (troi ) —Myg (troi) th (Td ,roi )

3. The following primary variables are presumed to be unchanged: Mya, Xcid, Zeid, Agnd, Mw ™. Also the cloud speed (u,
Uz) is assumed to be unchanged. The remaining primary variables are set as follows:

3.1. Set residual total cloud mass (secondary variable)

i i i gndi (33)
Myg = My, +HM, +my,

3.2. Set cloud geometry

3.2.1. Carry out THRM calculations to set residual cloud density pcq; set residual cloud volume Veig = Med/Peig.
Set exponent m from new pPcig.

3.2.2. 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 Cr, from m and set cloud radius Ry = Weg /
Cm.

3.2.3. The “cloud geometry” section in the UDM theory manual includes an expression for n as function of Heg,
Hesr as function of n and R, and hq as function of z¢q4, Rz, 8 and n. By insertion of these expressions into
formulas for Vg (instantaneous) or Agq (continuous), a non-linear equation for R, can be formulated, which
is solved iteratively for R,.

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

3.3. Residual cloud momentum (assuming ux and u, remain unchanged at rainout as indicated above):
— _ 34
Ixz_mcld[ux_ua]1 Iz =MyqU,, (34)

4. Reset other secondary variables accordingly

16 MPROVE CODE. This may be un-conservative resulting in too much rainout. More conservative is to presume the UDM droplet height at the end of the INEX
phase to be equal to the INEX cloud centroid height z.*. Using Equation ( 115 ) and presuming that INEX liquid is uniformly distributed along the INEX cloud,
it can be derived that z;" = zgg + 0.75 (R- Zia)/(2R- Ze), if O < zaa < R (ground-level or touching down) and z.™™ = zcq, if zea > R (elevated).

17 This discontinuity in rainout is not entirely satisfactory. However after radial expansion usually a significant entrainment has already taken place, and for
superheated liquids most liquid will have already been evaporated. For sub-cooled releases with virtually no evaporation, almost immediate 100% rainout will
occur anyway, and therefore this may be the best approach. The discontinuity could be removed (or reduced) using an approach similar to the droplet parcel
approach, i.e. assuming a range of droplets at different heights but this would make things more complex. In the UDM code, the above time-varying rainout
rate is currently calculated by the UDM. However the UDM PVAP pool calculations simplistically presume instantaneous rainout modelled at the 50% rainout
fraction; see footnote 5 for details.

18 cHECK. Perhaps it would be more convenient to apply Wert as a primary variable instead of Ry
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5.3 UDM equations for primary variables

D. CARRY OUT UDM OBSERVER DISPERSION EQUATIONS

The equations for the initial instantaneous observer distinguish between the initial INEX stage (entrainment dominated by
cloud radial expansion, with possibly time-varying rainout as described in above step A) and the post-INEX stage (standard
UDM equations, with possibly instantaneous rainout as described in above step C if observer droplet hits the ground or
the bund wall).

Two repeated calculations are carried out for the instantaneous observer:

- The first set of calculations serves to determine the rainout. The calculations are carried until rainout is finished,
and these calculations do not include linking with the pool. These observer results are then used to find the
time t,, at which 50% of final rainout has occurred. This time is then used to set the rainout temperature Tq(tro)
and the downwind rainout distance x(t,0). Subsequently instantaneous PVAP calculations are carried out
presuming that the UDM total overall rainout occurs instantaneously at time t,, and downwind distance X(tro)
with a rainout temperature Tq(to) With pool evaporation commencing at time tyo.

- Finally the instantaneous observer calculations are rerun to account for the pool vapour added back to the
instantaneous cloud.

Y,

(Xipvyip)
¥

Instantaneous Observer
downwind distance
C/L instantaneous cloud

Figure 5. Vapour pick-up from pool while observer is moving over the pool
Vapour from pool area TTRpo0-Apol is added back to instantaneous cloud; Wgng is radius of
instantaneous cloud touching the ground; area of cross-section of pool and instantaneous cloud
ground area is Ainsapoo=Acia®*9+Apoo™]

As soon as the upwind edge of the original instantaneous cloud reaches the upwind edge of the pool, i.e. as soon as Xc(t)
— Wiynd(t) > Xpool - Rpoal(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. 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 Xad(t) — Wgna(t) = Xpool + Rpool(t). After this time, the original instantaneous plume moves away from the pool and no
vapour is picked up from the pool*®2°,

The UDM observer dispersion equations are as follows:

19 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 = Xu(t) — Wer(t) of the
instantaneous cloud reaches the downwind edge of the evaporating pool, i.e. when Xaa(t) — Weii(t) = Xd"°+Rpooi(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 PCLP plume is located at the downwind edge of the pool (=upwind edge of instantaneous plume).

20 ¢ zaa-Rz>1 (i.e. as the residual cloud appears to lift off) while vapour is being added back to the plume, then the model issues a warning (UDM 1017). In future Wgng
= 0 might be adopted as another criterion for leaving the pool behind.
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e Conservation of pool mass centroid for downwind distance of pool centre, Xpool

Equation ( 30 ) is solved during the time-varying rainout during the initial INEX stage. Following this stage Xpool IS
constant, and is reset according to Equation ( 31) in case instantaneous rainout occurs during the post-INEX stage.

e Mass balance for observer component mass mc; enthalpy balance for observer component enthalpy Hc

Prior to rainout and after the instantaneous observer has left the pool behind, the secondary 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 = Xad-Wgnd. The vapour upwind of this part will be added back to
subsequent non-instantaneous observers. Also during the INEX stage, there may be time-varying rainout causing
spillage into the pool. Thus the following equations are applied for the primary varable mc' (component mass
evaporated from the pool, kg), and the secondary variable m¢ (component mass in cloud, kg)

vap R t b AP (¢ (35)
dn:;t t) = ”[ pjjl[(R)] (t)]z v me pOOI(t) v Mg =Meg — Mg+ mcvap
pool

Here AP°°!(1) is the area of that part of the pool for which vapour is not added back to the instantaneous cloud??,
and mcPl(t) is the pool evaporation rate (kg/s).

For Xcd —Wgnd < Xpool-Rpool , the upwind edge of the instantaneous cloud is upwind of the upwind edge of the pool
and Apool = 0. For Xcd-Wgnd> Xpool*+Rpool, the upwind edge of the instantaneous cloud is downwind of the downwind
edge of the pool and Apool = 7Rpoo’?. Otherwise, for Xpool-Rpool < Xcid ~Wgnd < Xpoo+Rpool, We define (see Figure 5),
I'oool = Rpool SiN(Gbool), Xpool — (Xcld-Wgnd) = Rpool COS(6hool) With the angle Ghool (0<hooi<7),

X, =X, =W (36)
9p00| = arccos pool ( cld gnd)
Rpool
It can be derived that AP°°\(t) is given by
— 2 1 37
Apool(t) - Rpool ‘9pool - [Xpool - (Xcld _Wgnd)]rpoo (t) ( )

= Rpool2 [‘9pool _COS(‘gpool)Sin(‘gpool)]

R2
= %"' [23p00| —sin(23poo| )]

Conservation of instantaneous observer enthalpy yields the following equations for primary variables Hc'*°,Hc"™
and secondary variable H.':

My - {% <t>} T P2) . 0= M) 7, p,), o
He' = Mg e (T, 7 ) — H™' + H Yo
. Conservation of observer mass of wet-air in cloud, mwa' (kg)
dm,,' . . (39)
. pa AU if z,4 2 R(cloud elevated) or if z,4 =0 (cloud grounded) [INEX]
=P {AUE+Afootpride%} , if 0<zy4 <R (cloudtouching down) [INEX]
= Eyp [post— INEX]

2L 1hisis 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 x.(t)-We(t) reaches the downwind edge of the evaporating pool. In the current
formulation we have used the more appropriate choice of W g instead of Wei(t), since pool vapour pick-up should be affected by the ground.
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Here Ug is evaluation from either equation ( 16 ) or ( 21 ), and Eyf is the total wet air entrainment rate as defined in
01.1.1Appendix A Appendix A (kg/s).

. Conservation of radial momentum Ir (kg m/s) — INEX stage only
i 40)
di,! » dm (
- = —Kp,AUp"——"U
dt Pa 0 " gt
dmI‘O

= —K p5 Sabove UD2 - TU , more UDM consistent?

Here A (INEX geometry) and Sanove (UDM geometry), is the surface area of the cloud above the ground.

The first term in the above equation represents a drag term, where K is the drag coefficient. The second term in the
above equation represents the loss of radial momentum due to rainout and this term is proportional to the rainout rate
dm/dt.

. Conservation of observer excess horizontal and vertical component of momentum
The horizontal momentum equation for excess downwind momentum Iy, = Ix— MeigUa(Zc) = MedUx— MeidUa(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 an instantaneous observer??, [cloud volume Vg = Mag / peid],

41
% |sin 0 sin 9 -
t _ i . dl =
d, | Firg | _ cosg SN0 |+ Fimpac coso |
: |sin 0]
dt
1 0
d
nggzun +Viq (pcld —Pa )g +
0 -1
dmcI (t)_dmm' (t) _ua(zc) n dmroI (t) UX _ua(zc)
dt dt u ! dt Z
. Observer horizontal and vertical position:
The equation for horizontal position is unchanged,
dx (42)
— 0= 4y = Ugg COS &

dt

The equation for vertical position is modified to account for addition of evaporated pool mass at ground level z=0
instead at the C/L height zqq (conservation of mass centroid height)?3,

dz Zyg dm,"* . Zyq dm,* (43)
dd = _ Zod Mo _ = sing— Zod Me

dt ¢ my, dt Myg  dt

22 CHECK. Following discussions with David Webber, the ground impact force may be considered to be modified to point vertically upwards [0,1] instead of perpendicular to
the cloud [-siné, cos#@].

23 This equation is appropriate for continuous observer logic as well as instantaneous post-INEX observer logic, for which it is associated with conservation of mass
centroid height (loosing or gaining mass at z=0 because of evaporation). This equation adopts the term dmc""/dt instead of dmc/dt. In case the latter term would
have been used, rainout would increase the C/L height while evaporation reduces the C/L height. However, during the INEX phase significant rainout may occur,
which may result in an erroneous upward movement of the cloud; therefore, the term dm."*/dt has been used instead of dmc/dt with dm:"**/dt, in order to avoid
erroneous plume rise because of rainout.

Validation | UDM model for pressurised instantaneous releases | Page 21




DNV

. 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 Tpool @nd not at the substrate temperature Tgnda. 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 (44)
-1 = +
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 ( 45 )
T = and,TpoolAins&pool
, in W, instantaneous
dq gnd,gnd i
dt - and,Tgnd {Sgnd - Ains&pool }

Here Ainsgpool, iS that part of the ground surface area of the instantaneous cloud which covers the pool (red-coloured

area in Figure 5).
The point (xip, Yip) as depicted in Figure 5 is given by

2 2 46
(Xcld - Xpool)2 + RpOOl _Wgnd ( )

2(Xcld - Xpool)

yip = \/Rpool2 - (Xpool - Xip

X = Xpool +

Equation ( 37 ) includes a formula for the pool-circle area segment Ayoo defined by the angle Opool (Xpool-Rpooi<X<Xcld-Wgnd).
In case the instantaneous cloud partly covers the pool, one can similarly calculate the area Ainsgpool aS the sum of area
Apoo®®® for the pool-circle area segment define by angle @poo (Xip<X<Xpoo+Rpool) in Figure 5 and the area Aqq**¢ for the

cloud-circle area segment defined by angle @cig (Xcid-Wgnd<X< Xip) in Figure 5, where

R2 | W2 g (47)
Se 00 - se n -
Apool v = p2 [2(/7pool _Sln(2¢pool )] ) Acld ¢ = 92 [2(/70Id _Sln(2¢cld )]
Thus:
Ansg pool = 0, (no intersection) (48)
=7 Rpool’ (entire pool covered)
= TWgna, (entire cloud above pool)

= Ap00|seg + '%Idseg- (else)

The angles @poal and ¢ca in Figure 5b can be calculated as follows with the use of Equation ( 46 )

2 2 (49)
_ -1 Xip B Xpool -1 Rpool + (Xcld B Xpool)2 _Wgnd
®Ppool = €OS 7| ————— | =C0S
pool 2Rpool(xcld - Xpool)
Xeid = X W24 + (Xgq = Xoo0 F — RZ
_ -1| “cld ip | -1| "Ygnd cld pool pool
@ = C0S | —— |=2c0s
Wgnd 2Wgnd (Xcld - Xpool)
. Water-vapour transfer from the substrate
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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
dqgondend/dt instead dq9n¥/dt, i.e.

dqgnd,gnd ( 50)

dmv%\r)d B 5[ PvW(Tgnd)' va(Tvap) ] dt

dt - ded Tgnd Pa

' Tgnd > Tvap
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, dm,,#%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).

The heavy-gas spread rate is applied until the passive transition (Ce = 1.15). In case of the absence of
a pool, the heavy gas spread rate can be written as

9{ rraxlO, Pad = PalZ=2qq )J} Herr L+hy) (51)
Peld

dRy _Fee
dt  Cn

, with Feg =CE\/

For an incremental step At of an instantaneous observer with the presence of a pool, 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 Amc (kg),
52

C AR, = m, Feg At+Am, Cp, rTax[O, Mool —Wgna with W _ (52)

2
ﬂRpooI _Apool
meny m, + Am, pool

T

Here rpo"?(t) is equivalent radius for the area of the part of the pool of which the vapour is added back
to the instantaneous cloud (i.e. downwind of the upwind edge of the instantaneous cloud), while W gnq is
the radius of the instantaneous cloud area at the ground (Figure 5). The above equation reduces in
differential form to:

ORy_Fee, 1 dm (53)

uw
dt cC m, dt X (0. Fpoor  ~Wona
m c

Thus in case the equivalent ‘pool’ radius rpeo"™(t) is larger than Wgng, the above equation applies mass
averaging over the cloud mass mqq (kg) and the mass flow added from the pool dm¢/dt (kg/s).

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, sdo (54)
d—,[y[at X] = C_{[rpool(s)_weff]m_w}+ux205Tya[at X=X%,]

m C

5.4 Transition between INEX and post-INEX stages

The old INEX model carried out a transition from INEX to the UDM if the cloud expansion speed U=dR/dt reduced to the
rather arbitrary value of 1 m/s.

In the new model it is proposed to carry out the transition if the INEX entrainment rate p.AUe reduces to the UDM
entrainment rate Ei; see Equation ( 39 ). This will avoid a discontinuity in the air entrainment at the transition, and is
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expected to provide a smoothest transition. This transition criterion is applied for both elevated, partially elevated and
grounded plumes.

For a grounded plume an earlier transition is made if the spread rate reduces to the gravity-spreading rate defined by
either Equation (51 ) or (53 )?. For further details of the evaluation of the spread rate during the INEX stage, see Appendix
B.

During the INEX stage the averaged droplet position is assumed to be identical to the cloud centre-line, and the droplet
vertical velocity or droplet momentum equal to that of the cloud. In case liquid is still present at the INEX transition, droplet
trajectory equations will be solved in the post-INEX stage in addition to the conservation equations for droplet mass and
droplet energy. This also implies that immediate rainout occurs of all remaining liquid (above critical droplet size) if the
cloud is fully ground at the INEX transition.

5.5 Selection of model parameters
A selection of these values has also been discussed by David Webber and is partly repeated here:

The model has one or two of free constants — unknown coefficients of order 1 — which must be determined by fits to data.
The new model parameters are as follows:

e K aresistance coefficient determining air resistance to radial expansion [Eq.( 40 )].
This value is only relevant in case the air-displacement velocity Up is included in evaluating the overall
air entrainment (option available in UDM spreadsheet only). However, this term was found to have
minimal effect for the validation against the Landis/Maurer experiments. Suggest to use default value
of K=1.

o Kp a coefficient in the rainout equation ( 28) .
The maximum value Kp=1 (all droplets raining out as soon as they reach the ground) was shown to result in the
best overall agreement against the rainout data of Schmidli et al.® (see Table 10). Thus the default value Kp=1
is selected.

¢ funetic fraction of the available enthalpy which transforms into radial kinetic energy.
This will affect the initial expansion rate compared with the data of Landis et al (1994), Maurer et al (1977) and
Pettitt (1990). A default value of 0.04 is selected following the recommendation of Pattison¥i, and this value was
also found to result in good agreement against the experimental data as shown in Chapter 6.

In addition, the following model parameters have been retained with unchanged default values; see UDM theory manual
for details and default values). This for example includes the drag coefficient Cpa of plume in air (momentum equation;
always to be set equal to zero), the jet-entrainment parameters a1, a2, and the heavy-gas side entrainment parameter vy; see
Appendix A for details.

24 Check for partially grounded plumes
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6 MODEL VERIFICATION AND VALIDATION

This chapter first describes an approximate analytical solution of the INEX cloud radius R and INEX cloud speed U to the
numerical INEX equations, which is applicable for a ground-level hemispheric cloud.

Subsequently the INEX model is applied for validation against experiments involving ground-level pressurised
instantaneous releases by Landis (nitrogen vapour) and Maurer (flashing propylene liquid). This validation was carried out
previously by David Webber'il using the old INEX model. The current chapter provides an updated description and reports
results from the latest UDM INEX model. For both sets of experiments, the correctness of the numerical INEX equations
has been verified against the above analytical solution.

Finally, the INEX model is applied for validation against experiments involving elevated pressurised instantaneous two-
phase releases by Pettitt (Freon 11 without rainout) and Schmidli (Freon 12, propane and butane with rainout).

6.1 Ground-level releases
6.1.1 Analytical solution to INEX equations for ground-level release (Up<<UE)

An analytical solution is derived below for the new INEX model in the case of a ground-level cloud. Here the following is
assumed:

- The displacement velocity Up is much smaller than the entrainment velocity Ug, i.e. it is assumed that the cloud
expansion speed U = dR/dt = Ug + Up =~ Ug.

- Up is sufficiently small such that it can be assumed that the radial momentum I, = mgqg U = mgqg dR/dt is constant
[see Eq. (40)].

- In case of atwo-phase or liquid release, it is assumed that during the INEX stage the mass evaporating from the
pool m¢@ can be ignored, i.e. mc"@ << m,. Here mo = mer-Myo(t=0) is the released vessel mass after immediate
rainout. Thus mgg = Mo + M + Mya = Mo + Mya.

According to Eq. ( 8) the following applies for the geometry of a ground-level hemispherical cloud: cloud centre-line z¢4=0,
cloud volume Vq4=(2/3)nR3, cloud surface area A=2rnR?2.

It follows from Equations ( 14 ) and ( 17 ) that

dm dVdd 27[ ( 55 )

_ 3
Twa_ Pa AUg = p, AU=paT = mwa=pa(vcld _V0)=pa?(R3_ro )

where my, is the added air entrained into the cloud (kg), pa is the ambient density (kg/m?), and Vo = Veie(t=0) and r,=R(t=0)
are the initial volume and initial radius after expansion to atmospheric pressure, after immediate rainout (if applicable) and
prior to air entrainment.

By presuming constant radial momentum and ignoring mass evaporating from the pool (if applicable) it can now be derived
that [m, = released vessel mass after immediate rainout (if applicable)]:

dr 27 dR (56)
|r = mouo = mddU =~ [m0+mwa]a: l:m0+pa ?(R3_r03):|a

Here u,=U(t=0) the initial velocity after expansion to atmospheric pressure and prior to air entrainment. Furthermore, m,
= (2/3)n R® po, Where p, is the initial cloud density after expansion to ambient pressure and after immediate rainout (if
applicable). Separation of variables R and t in Equation ( 68 ), and subsequent integration leads to

R
Upt= J‘{1+&2?ﬂ(r3—r03)} dr = R-r, +[ pasj(%R4—r03R+%ro4)

' Mgy Polo

o]

(57)

Thus the time t can be expressed as function of the radius R as
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Uo Po | A1 Uy | 4] 5

which for large values of R/r, simplifies to

1/4 (59)
R ~ 4(&Jro3uot
Pa

By means of differentiation of Equation ( 58 ), the following expression can be derived for the cloud expansion speed U
as function of the cloud radius R:

U, (60)
1+ {pa}
Po

Thus the cloud radius U can be analytically evaluated as function of time t by first evaluating radius R as function of time
t using Equation ( 58 ) and subsequently evaluating U as function of R using Equation ( 60 ).

Using Equations (59 ) and ( 60), it can be derived that for R>>r,, the expansion speed varies as follows with time

(61)
uO

AER 2] [ ]

Po [\ T

0

Thus presuming Up is sufficiently small, it follows from the above equations that the cloud radius R and the cloud speed
U for a ground-level cloud are independent of the parameters K, Kp. The expansion energy Eex, is defined to be linearly
proportional to the parameter fuineiic, Which equals the fraction of overall released energy converted to kinetic energy.
Since U, = [2Eex]? is proportional to fiin*?, it follows from Equations ( 59 ) and ( 61 ) that both the cloud radius R and
the cloud expansion speed U are proportional to fyin/®.

6.1.2  Experiments by Landis et al. (nitrogen vapour)

Description of experiments

Landis et al* released various quantities of mixtures of nitrogen and fumed silica from a container. The experiments
considered two initial stagnation temperatures (273 or 303K) and four different initial stagnation pressures (4.2, 8.2, 21.5
or 71.7 bara). The container was a cylinder of length L=12" and radius r=2" with a hemispherical end cap. Accordingly,
its volume is Viessel = Tr?L +2mr/3 = 0.00275 m3.

Landis et al are not clear about the precise nature of the fumed silica, which they refer to as a "tracer”. Following the
discussions in the previous report by David Webber, the silica is indeed presumed to be just a tracer, and therefore for
modelling purposes the mixture of nitrogen and silica is approximated by pure nitrogen.

Evaluation and verification of vessel mass, expansion energy and initial expansion velocity

In his original calculations David Webber derived the released mass M using the ideal-gas law for the nitrogen vapour
density p, i.e. p = MwPs/(RTst) where My = 28.01 kg/kmol is the nitrogen molecular weight, Ps; equals the absolute
stagnation pressure, Tg the stagnation temperature and R = 8314 J/K/kmol the gas constant. In the current new
calculations Phast has been used to derive the density p.

Table 2 includes a comparison between the ideal-gas calculations and the new calculations:

- yellow cells indicate spreadsheet input data: stagnation temperature Tg, Stagnation pressure Ps;, ambient
pressure Pa

- orange cells indicate results from Phast property calculations: stagnation vapour density p(Pst, Ts), specific
stagnation vapour enthalpy h(Ps,Tst), final post-expansion enthalpy h(Pa,T)
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blue cells indicate results from the Phast discharge model DISC based on Phast property calculations: post-
expansion temperature T, old value of expansion energy Eex®? = h(Pst, Tst) - h(Pa, Tr) — (Pst-Pa)/ p(Pst, Tst)

white cells indicate results from the Excel spreadsheet. These include the vessel mass M = p(Ps;, Tst) Vyessel and
the old value of expansion energy, J/kg).

The following can be concluded from the table:

As expected, difference in results between ideal-gas and Phast ‘real’ gas calculations are seen to be very small
for the lower pressures with increasing difference in results with increasing pressure.

The value of the ‘old’ expansion energy Eex°“ calculated by the spreadsheet (based on Phast property
calculations) was confirmed to match identically those calculated by the old DISC spreadsheet.

The calculated values based on Phast property calculations of new expansion energy Eexp™" =fuineic [N(Pst, Tst) -
h(P4,T)] and initial INEX velocity u, = U(t=0) = (2 Eexp)®®, were confirmed to match identically those calculated
by the new DISC and new UDM INEX code. Note that the value of uo_old is the value of the initial velocity as
reported by the current Phast 6.7/7.1 version of the discharge model DISC. This value however differs from the
actual velocity U(t=0) presumed by the old INEX model, which is in fact significantly smaller.

Vessel radius = 2 inches = 0.0508 m Yellow cell - input data (user)

Vessel length : 12 inches = 0.3048 m Orange cell - from PROP spreadsheet

Vessel volume 167.55 inch**3 = 0.00275 m**3 Blue cell - from DISC spreadsheet

f_kinetic 0.04 |= (vessel volume) * p I

Stagnation data Fi@LData/ Vapour enthalpies 0ld UDM - expansion energ{New exp.en.|Initial velocity

- (Pb_asrta ) Pt MassM (o Pa [P SLT ) NP aT ) fn sth f|(PstPa) |Eexpd Erlg”g i (hsteh) EI:_ZEC EZ!VH':‘WD(

(kg/m®) |(kg) (bara) | (3/kg) (I/kg) Okg) ipsy  Mold | Pr ms) ()

Ideal gas law for densities: Mw p/(RT)
273 42 518| 0014] 181.64| 1.01325) -27297| -121733| 94435.3[ 61483| 32952 32991 3777 257 87
273 82| 1012 0.028] 149.69| 1.01325 28374 -155152| 126778 71020] 55758 55835 5071 334 101
273| 215| 2653 0.073] 112.70| 1.01325 -31867| -194043| 162176 77214| 84962 85108 6487 413 114
273| 717 8848 0.243 77.41| 1.01325 -43722| -231669| 187947 79887| 108059 107704 7518 464 123]
303 42 467 0013] 201.69| 1.01325) 4179 -100785| 104964] 68240| 36724 36685 4199 271 92
303 8.2 9.12 0.025| 166.33| 1.01325 3377| -137732| 141108 78824| 62284 62186 5644 353 106
303] 215 2391 0.066] 125.51| 1.01325 789| -180538| 181327 85699 95628 95287 7253 437 120
303| 717 T79.72 0.219 86.92| 1.01325) -7860| -221438| 213577 88666 124911 123080 8543 496 131]

Phast density from PROP DIPPR spreadsheet
273 4.2 519 0014 181.64| 1.01325 -27297| -121733| 944353 61444 32901 32991 3777 257 87
273 82| 10.13 0.028] 149.69| 1.01325 -28374| -155152| 126778 70943| 55835 55835 5071 334 101
273| 215 26.58| 0.073] 112.70| 1.01325 -31867| -194043| 162176] 77068| 85108 85108 6487 413 114}
273 71.7( 88.09 0.242, 77.41| 1.01325 -43722| -231669| 187947 [ 80242| 107704| 107704 7518 464 123]
303 42 4.67( 0013] 201.69| 1.01325 4179| -100785 104964| 68279 36685 36685 4199 271 92
303 8.2 9.11 0.025| 166.33| 1.01325 3377 -137732| 141108 [ 78923| 62186 62186 5644 353 106
303| 215 23.81 0.065| 12551 1.01325 789| -180538| 181327] 86040| 95287 95287 7253 437 120
303 717[ 7812] 0.214] 86.92( 1.01325) -7860| -221438| 213577 [ 90488 123089| 123089 8543 496 131

Table 2. Landis experiments — evaluation of released mass and expansion energy
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Figure 6. Landis N2 experiments - Validation of Landis model of cloud volume versus time
The figure is taken from Figure 5 in paper by Landis et al.”. It plots dimensionless volume versus dimensionless
time.

Cloud radius versus time - analytical solution of equations (Landis model)

The analytical solution to the INEX equations described in Section 6.1 presumes a hemispheric cloud. However, the
release for the Landis experiments is from a cylindrically shaped vessel with ‘frontal capture’. For a ground-level cloud
Landis et al. set Vqq= anR® with the shape factor a=2/3 (consistent with a hemispherical cloud and not a cylindrical vessel
volume!). Furthermore, they assume frontal capture, i.e. air entrainment only at the frontal part with area nR? dVga/dt =
nR2U. This assumption differs from the INEX assumption dVqd/dt = 3anR?U=2rR2U. Thus they derive the following
equation for the radius [(EqQ. (14) in Landis paper]

1/4 1/4
4

R = _(& Jr03uot = 2(&}03%‘[ , Landis paper - hemisphere
3a\ p, Pa

Or equivalently (for R>>ro):

R 3 4 ) 3/4 ) 3/4
(—] = —[&)ul = 2(&}”& , Landis(frontal capture; hemisphere)
I 3al p, ) Iy Pa )y

3 3/4
[EJ = {4(& Ju—"t } UDM new INEX (hemisphere)

fo Pa) o

(62)

(63)

The ratio of the above predictions equals: (2/4)%4=0.595. Figure 6 is taken from Landis paper and shows a smaller value
for a=2/3 than a=4/3, which seems to be incorrect.

Cloud radius versus time — verification of INEX numerical against INEX analytical predictions; validation against
experimental data

In line with Figure 6 (from Landis), Figure 7 plots the dimensionless volume (R/ro)® versus the dimensionless time
[(PoUot)/(palo)]* for two selected tests (Ts=273K, Ps= 4.2 or 71.7 bara). The figure includes the following curves?S:

- Experimental data (given by markers; data at 4.2, 8.2, 21.5 and 71.7 bara)

- Red curves: predictions by Landis model [see Eq. ( 62 )] for shape factors a = 2/3 (hemisphere) and a = 4/3
(sphere). The experimental data are seen to agree fairly well with the Landis curves.

- Predictions of old INEX model; this model is seen to under-predict the experimental data.

25 poc. Consider extending Figure 7 to include all 8 tests.
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- Analytical predictions of the new INEX model (Up=0) [see Eq. (58)]
- Numerical INEX predictions

@)

o

Figure 7b includes numerical results for fiineic =0.04 only (Up=0 or Up>0), while Figure 7a includes also
numerical results for fynetic = 0.01 (Up>0). Since the radius R is proportional to fiin*’® the dimensionless
volume is proportional to fii*® and the numerical new INEX results in Figure 7b reconfirm that indeed
the dimensionless volume increases with fyin.

It is confirmed that the analytical predictions are very close to the numerical predictions. This is with the
exception of the very near-field for the large pressure Ps=71.7bar, where there are very limited effects
of Up (which are included by the numerical INEX model, but have been ignored by the above analytical
approximation).

The numerically predicted cloud radius versus time was also confirmed to be independent of the other
parameters Kp and K (as long as KUp? is sufficiently smalll, i.e. radial momentum can assumed to remain
to be constant; and presuming an INEX ground-level cloud). Thus it it seen that there is very little
difference between the Up=0 and Up>0 formulations.

The new INEX model is seen to slightly over-predict the experimental data.

The above results are also expected to apply for the other experiments, as along as radial momentum can presumed to
be constant. Thus overall the old INEX considerably under-predicts the dimensionless cloud radius versus dimensionless
time, and the new INEX slightly over-predicts. Thus the new INEX predicts a slightly too rapid air entrainment and therefore
slightly under-predicts concentrations (slightly un-conservative), while the old INEX produces considerable conservative
concentrations. This is subject to an accurate prediction of the initial velocity U(t=0), which will depend on the appropriate

selection of fyinetic.

In summary, there are the following issues with Landis experiments?®:

- Not pure nitrogen, also includes silica
- Not hemispherical vessel, but cylindrically shaped
- Landis model assumes isentropic expansion to evaluate uo; this differs from new INEX approach (with term fyinetic

<1).

- Landis paper does not seem to give actually adopted values for u,, ro, pPo, Pa for deriving Figure 5. It also does
not include values of non-dimonsionless radius versus time.
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26 pscuss. Suggest to discuss these conclusions possibly also with Air Products e.g. on availability of data for uo, ro, po, Pa and non-dimensionless radius versus

time.
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(b) Tst = 273K, Ps; = 71.7 bara
Figure 7. Landis N2 experiments - INEX validation of cloud volume versus time
The figure plots dimensionless volume versus dimensionless time.

Old UDM model?”

For the new INEX model R3~t¥* applies, while for the old INEX model R3~t*8. Figure 8 plots the scaled volume (R/ro)3
versus scaled time (uot/r,)¥* for the pure nitrogen releases at the four pressures and the two temperatures, where the blue
curves correspond to the UDM results and the pink curves with the 3/8 UDM power law. In is seen that the UDM power
law applies after a very short time.

The power laws to which the UDM results are asymptotic are of the form

31471312

3
r — k pouot

fo Palo

with the extracted constant k varying between 0.0235 and 0.037; k tends to decrease with increasing temperature and
pressure.

Figure 9 includes the (dimensionless) volume versus time plot of Landis et al with the region of UDM power law predictions
for pure nitrogen superimposed. It is seen that the UDM results do not follow the trend of the data, but do come into
agreement with it at larger times.

27 poc. Description of old UDM model retained for now, to demonstrate improvement for new INEX model. Consider to remove at a later stage.
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Figure 8. Landis N2 experiments - Old INEX verification of cloud volume versus time

The graphs plot scaled cloud volume (r/ro)® versus scaled time (Uot/ro)®"®. The graphs verify UDM results (blue
curve) against the 3/8 UDM power law (pink curve).

Validation | UDM model for pressurised instantaneous releases | Page 31



1000

100

PHluown Feoior

6l

o= L R . '
- L 4 X TOLAD barg, x=0.70 i
19 ==X 0 20.52 barg, 1042 = 3
T Fo—=r= s 7.7 barg, xe0.22 :
A = 5 3,22 barg, x=0.22 '_
> ' : Modal (shape [acior=4/3} :
; e = = Model Ishapa laglor=273) $-
R T AT
1 ' B et A S o —— Pt
t 100, 100!
(&)
S

Figure 9.

Landis N2 experiments - Old INEX validation of cloud volume versus time

The graph plots the scaled cloud volume (r/ro)® versus scaled time [ooUot/(ato)]**. The graph validates old UDM
results (given by red region) against experimental data (approximated by black trend line).

Validation | UDM model for pressurised instantaneous releases |

Page 32



DNV

6.1.3  Experiments by Maurer et al. (flashing propylene liquid)

Description of experiments

Maurer et a*¥ released various guantities of heated propylene instantaneously from cylindrical tanks. The initial state
is liquid at a pressure of 60barg and in the temperature range 323K to 353K.

Reid and Prausnitz give the properties of propylene as:

Molecular weight: My = 42.08 g/mol
Boiling point: Tp = 225.5K (-47.7C)
Critical point: T.=364.9K, p.=46.0bar, v;=181 cm3mol.

Thus the release temperature is well above the normal boiling point, and in fact the release pressure is well above the
saturated vapour pressure at the release temperature. The above data My, Ts, Tc, pc are identical to those reported by the
DIPPR database in Phast. The critical specific volume at T, p; is reported by Phast as 216 cm3mol.

Let M be the propylene mass in the tank which forms a hemispherical vapour cloud; 2M is the mass in the equivalent full
spherical cloud.

The most relevant output for comparison is a graph of expansion velocity dR/dt against (normalised) time. The expansion
velocity is that of the visible edge of the cloud due to droplet condensation. The normalised time used is t/Lg (s/m) where
L is the cube root of the volume (V) of twice the released mass (2M) of propylene in the gaseous phase at 0 Celsius
and lbar, i.e.

13 (64)
2M

—y M3 _
ko ¢ Pyap (Lbara,0C)

Table 3 includes for each of the 6 different size tanks, the associated values of the tank dimensions, the propylene mass
Mg, the propylene volume Vg and the scale factor Lg. As indicated by the table, for four of these tank sizes INEX
simulations have been carried at each of the two different initial temperatures 323K and 353K spanning the temperature
range quoted.

Tank Tank Wall Tank Propylene 2M (kg) | Ve=M/p Le=Ve!R INEX run?
diameter D length L thicknesst | volume mass M (m3) (m)
(mm) (mm) (mm) (litre) (kg)
40 180 0.3 0.23 0.124 0.248 0.131 0.509 | X
60 270 0.5 0.76 0.42 0.84 0.445 0.764
100 450 0.75 3.53 1.95 3.9 2.068 1.274 | X
150 675 1.25 11.93 6.55 13.1 6.946 1.908
200 900 1.5 28.27 15.6 31.2 16.543 2548 | X
700 2800 5 1077.57 452 904 479.321 7.826 | X
Table 3. Maurer experiments —tank dimensions, propylene mass and volume

Evaluation of expansion energy and initial expansion velocity

Table 4 includes results of evaluation of expansion energy and initial expansion velocity:

- yellow cells indicate spreadsheet input data: stagnation temperature Ts, Stagnation pressure Ps;, ambient
pressure Pa

- orange cells indicate results from Phast property calculations: stagnation vapour density p(Pst, Tst), specific
stagnation vapour enthalpy h(Ps,Ts), specific vapour and liquid enthalpy at final pressure P, and final
temperature Ty, vessel mass M

- blue cells indicate results from the Phast discharge model DISC (always based on Phast property calculations):
post-expansion temperature Ty and liquid fraction ny, old value of expansion energy Eex®® = h(Pst, Tst) - h(Pa, Tr;
an) - (Pst'Pa)/ p(Pst,Tst)

- white cells indicate results from the Excel spreadsheet: value of old expansion energy, values of new expansion
energy Eex™" =fineic [N(Pst, Tst) - (P4, Tr)], old and new values of initial INEX velocity U, = U(t=0) = (2 Eexp)°®.
These results were verified to exactly match those values obtained from the numerical DISC and UDM INEX
codes.
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RHO(OC,1bar  1.886 kg/m3[propylene vapour density from Phast at 0C,1bara)] Yellow cell - input data (user)
f_kinetic 0.04 Orange cell - from PROP spreadsheet
Blue cell - from DISC spreadsheet

Stagnation data Final Data Enthalpies Old UDM - exp. energy New exp.en/Initial velocity

Tst|pst |IOMid |Mass final [p_a [NOMid_[liquid - hapour ;Itn;ua,h o h_st-h_f |(Pstpa) |E=XP  |From . 0DI:jsc INEX
® |wara) [P M TR (o |warg [PPSETSY [hPaTh IhCaT oo | S0 = |ody [UOM [DIsC fiin (hsthd) | " o new

kgim?) |(<9) Okg)  |ake)  |Oka) | e old |(UDMold) ) (ms)
323 61.0133 454.1( 0.124] 2255| 0.57| 1.0133] -304658| -548028( -104949| -357030| 52371| 13214 39157 39157 2095 279.8 64.7
323| 61.0133| 4541| 195 2255| 0.57| 1.0133] -304658| -548028| -104949( -357030( 52371| 13214 39157 39157 2095| 279.8 64.7
323 61.0133 4541 15.6 2255| 0.57| 1.0133] -304658| -548028( -104949| -357030| 52371| 13214 39157 39157 2095| 279.8 64.7
323| 61.0133|  4541| 452] 2255| 0.57| 1.0133] -304658| -548028| -104949( -357030( 52371| 13214 39157 39157 2095| 279.8 64.7
353| 61.0133|  367.1| 0.124] 2255| 0.42| 1.0133] -205919| -548028| -104949( -291212( 85292| 16344 68948 68948 3412| 3713 82.6
353| 61.0133|  367.1| 195 2255| 0.42| 1.0133] -205919| -548028| -104949( -291212( 85292| 16344 68948 68948 3412| 3713 82.6
353| 61.0133| 367.1| 156] 2255| 0.42| 1.0133] -205919| -548028| -104949( -291212( 85292| 16344 68948 68948 3412| 3713 82.6
353 61.0133 367.1 452) 225.5| 0.42| 1.0133 -205919| -548028| -104949| -291212| 85292| 16344| 68948 68948 3412 3713 82.6
Table 4. Maurer experiments — expansion energy and initial velocity

Cloud speed versus time — verification of INEX numerical against INEX analytical predictions; validation against
experimental data

Figure 13 includes results of experimental data of the cloud expansion speed U (m/s) versus the dimensionless time t/Lg,
obtained from the paper by Maurer. Likewise, Figure 10 plots U versus t/L¢ and includes the following results:

- Experimental data given by the markers. The INEX model starts from time t=0 after the initial ATEX isentropic
expansion to atmospheric pressure, and (by comparing experimental radii with initial INEX radius) this is
approximately 0.04s after the start of the release. Therefore, we have shown in the plot experimental data both
with and without a time shift of 0.04s.

- Numerical predictions from the old INEX model

- Numerical predictions from the new INEX model, corresponding to the value fiineic=0.04 (recommended by
Pattison)

The following is concluded from Figure 10:

- Predictions from both the old and new INEX models lie within the range of experimental data.

- The plots of U versus scaled time, is very similar for all the different type of releases.

- Therecommended value fiineic=0.04 results in good agreement for the new INEX predictions. A further reduction
of this value would further improve the performance for the new model. It was also reconfirmed that for R>>r, the
numerical INEX predictions for U are indeed proportional to fyn.

- The value of K does not affect the results significantly. Only for relative very large values of K (e.g. K=10) is there
a slight noticeable decay of radial momentum during the INEX phase. Thus Figure 10a,d show virtual identical
results between the Up=0 and Up>0 new INEX formulations.

- Thevalue of Kp is not relevant, since immediate rainout applies only during the INEX phase (ground-level release)

For the case of released mass M=452kg and initial temperature of 323K, Figure 10d also includes results from the
analytical equation according to Equation ( 60 )/( 58 ), which is confirmed to very closely match the numerical INEX
solution for all times. Thus this verifies that the numerical INEX model correctly solves the INEX differential equations.
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Figure 10. Maurer experiments - INEX validation of cloud speed versus time

The figure plots cloud expansion speed U versus dimensionless time t/Lg.
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Cloud radius versus time —validation against experimental data (M = 452kg, 323K or 353K)

Figure 11 includes results of validation of the new INEX model against experimental data (both before and after time
shifting, with time shift of 0.04s as above) of cloud radius versus time for the case of M = 452kg. Figure 11a includes
experimental data up to the ignition time of 0.5s (323K or 353K), and it indicates a linear logarithmic fit to the cloud radius
versus time. Figure 11b compares results of model predictions by the new INEX model (fin=0.04) and old INEX model
against the experimental data. It is seen that using fxi»=0.04 the new model slightly over-predicts the cloud radius, while
the old model slightly under-predicts the cloud radius. Note that this comparison was also carried out by Coldrick¥ using
the ACE instantaneous model, where the over-prediction by ACE was larger compared to the new INEX model.
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(b) Validation of new INEX model against experimental data
Figure 11. Maurer experiments (M=452kg) - INEX validation of cloud radius versus time

Old UDM model?®

28 poc. Description of old UDM model retained for now. Consider to remove at a later stage.
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The R, radius was plotted against t/Ls and checked against the 3/8 power law adopted by the UDM. In fact, the strict
square root law is verified in the output during the pressurised expansion phase, except for very small time (where a
displacement in the zero of time is used to allow for a finite initial radius).
We can write the behaviour (after the very short initial time) with a proportionality constant K as

R/ LG = K.(t/LG)3/8
or in a somewhat more dimensionally meaningful way as

RiLs = (Ut/Lg)¥

where U = K83 is a constant velocity which we extract from the UDM results. While this law holds, the expansion velocity
is

W = dR//dt = 3/8K (t/Lg ) >®= 3/8 U (Ut/Lg ) 58
Figure 12 depicts the graphs of R/Lg against (t/Lg)*® for the 8 runs performed.

The 3/8 power law gives U=13.4 m/s (or K=2.65 (m/s)%8) for all the runs at 323K and U=15.6 m/s (or K=2.80 (m/s)38)
for all the runs at 353K.

Thus a preliminary conclusion is that the results scale with size using the parameter Lg in exactly the way Maurer et al
suggest of their data. The UDM results do indicate a dependence on release temperature but this is very small in the
temperature band quoted by Maurer et al.

We can now compare W as a function of t/L¢ as obtained from the UDM power law with the quoted results of Maurer et
al. Figure 13 includes the results (on the graph of Maurer et al scanned from a less than perfect copy):

- The UDM cloud (shown in the red line of shallower slope) lies close to the data. The trend doesn't look entirely
convincing though: the UDM cloud starts at early time by spreading more slowly than the experiment measures,
but its spreading rate decreases more slowly than the data.

- The blue line of steeper slope is drawn through the data to guide the eye and has a power law behaviour W ~
(/L) which, perhaps interestingly, would imply R~In(t/Lg).

Thus the following conclusions can be drawn:
e The old UDM results scale with size in the way indicated by the data of Maurer et al.
e The old UDM results agree in magnitude with the spreading rate observed by Maurer et al. (NB we are identifying
the visible radius in the experiments with the radius R,=Ry in the model — but the model cloud is sharp-edged at

this stage and so other radius parameters are not really an option.)

e The trend in the old UDM data looks wrong, leaving doubts about the physical correctness of the model.
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Figure 12. Maurer experiments - Old INEX verification of cloud radius versus time

The graphs plot scaled cloud radius R/Ls versus scaled time (t/Ls)*®. The graphs verify UDM results (blue curve)
against the 3/8 power law (pink curve).
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Figure 13.

Maurer experiments - Old INEX validation of cloud expansion speed versus time?®

The graphs plot the cloud expansion speed W = dR/dt (m/s) versus scaled time t/Lc (s/m). The graph validates

UDM results (pink line) against experimental data (approximated by blue trend line).

29 poc. Ideally to obtain a better copy of this figure from the original paper
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6.2 Elevated releases
6.2.1  Experiments by Pettitt (flashing Freon 11 liquid)

Description of experiments

PhD studies were carried out at South Bank University (London) involving experimental work for rupture of spherical flasks
containing superheated refrigerant liquid (Freon). Initial work was carried out by Bettis (1987)™* and Hardy (1990)
using Freon-11. They used a spherical vessel of 3.2x10® m® held together as two hemispheres under pressure. The
vessel fill volume and internal pressure were varied. Catastrophic failure was simulated by pulling the hemispheres apart
resulting in an almost planar radial jet, perpendicular to the direction of the movement of the vessel halves. Hardy* also
carried out experiments using a smaller vessel (volume 0.4x10-*m?3) and using Freon-114 instead of Freon-11.

Subsequent work was carried out by Pettitt (1990) using complete catastrophic failure. Two methods of vessel failure
were employed, namely by mechanical impact (smaller fragments) and explosive dissemination (larger energy input,
isentropic expansion). The flask fill volume, internal pressure and release substance (Freon-11, Freon 114 and Freon-113
— different boiling points and therefore superheat) were varied. A copper vapour laser photographic system was employed
to measure the droplet sizes. The following main conclusions were drawn:

The aerosol cloud increases in size as a ‘sphere’, with cloud size increasing with initial mass and initial pressure.

e The expansion speed reaches its maximum value instantaneously and subsequently rapidly reduces as the cloud
expands. By increasing the internal pressure in a 10 m? vessel containing 0.5x102 m? of Freon-11 from 206kPa to
410kPa, the exit speed of the aerosol cloud increased from 26 m/s to 66 m/s. The vessel fill level was found not to
have a significant effect on the expansion speed.

o Droplet sizes follow a log-normal distribution, and a relationship for droplet size was established as function of initial
internal pressure and liquid surface tension [droplet size increasing with lower pressures (superheats)]

o Droplet speeds were shown to be independent of droplet size immediately following the release and dependent on
the droplet size in the later stages of the release (almost increasing linearly with droplet size).

o Droplets are initially propelled radially in straight trajectories in all directions away from the vessel. Turbulent effects
from air entrainment become soon apparent causing the droplets to swirl. The smaller droplets are affected more
than the larger ones, because they have a large surface area to mass ratio.

e As the internal pressure is increased, the amount of residual liquid rained out below the vessel decreases, until all
the liquid is entrained in the aerosol cloud. For a 50% fill-level of Freon-11 in a 10-3m3 vessel, the point at which all
the liquid was entrained into the aerosol cloud corresponded to a superheat of about 45C, when the initial flash
fraction was about 20%. For the laboratory work, the fill level was varied at a high pressure so that no residual liquid
was produced.

e  For non-full spherical glass vessels it was observed that following mechanical impact initial vessel failure was from
the part of the vessels surrounding the vapour phase. This resulted at higher initial pressure in a larger proportion of
the release being directed upwards and the cloud moved at higher speeds vertically than horizontally outwards.

An overview of the above PhD work (including key results) is given by Nolan et al. (1991)i,

DISC Verification and validation for post-expansion velocity (50% fill level)

Table 5 includes data for experiments by Pettitt for saturated Freon-11%° liquid spherical releases from a 10 m?® vessel
(50% fill) for 9 different internal pressures P,. The left part of the table is taken directly from Table 1 in a paper by Melhem
et aP* , while the right part includes added DISC predictions.

According to Nolan'’s paper, the values of the pressure P, in Table 5 appear to correspond with gauge pressures. However
Melhem** appear to have accidentally assumed that they are absolute instead of gauge pressures, and therefore
accordingly also adopts a too low value for the saturated temperature T,. Therefore the theoretical value Uweory reported
by him are higher, and they were confirmed to be consistent with DISC 6.54 predictions [using incorrect absolute values
for P, and To; labelled by usn in table below]. Other date reported by Melhem in the table below are: pyo pio Stagnation
vapour and liquid densities; Ys,, Ys,1 are the vapour mole fraction in the surrounding medium before and after expansion
to P??

Table 5 shows that the DISC 6.54 (=DISC 7.1) post-expansion speed [indicated by usy in the table] associated with the
correct ‘gauge’ value of P, and corresponding saturated temperature Ton was found to be close to the theoretical value
UNolan reported by Nolan et al*'.

It was found by Melhem that using his predictions only an average fraction of 62% was converted into kinetic energy.
Using the ‘corrected’ DISC 6.54 predictions (based on saturated liquid) is found that an average fraction of 36% was
converted into kinetic energy and therefore the UDM value of Usleads to an average of 73% overestimate of the velocity
term; see Table 5. The boiling temperature of Freon-11 equals 297K, thus superheats in Table 5 (based on correct
saturated liquid temperature) vary between 27°C and 67.1°C (superheated).

30Freon-11 is labelled as trichlorofluoromethane in DIPPR
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DISC 6.54 predictions
Ty P, Puo oo Ugerual Ag Hiheory Um Ton Uy Unolan
X (kPa) (kg/m’) (kg/m’) Yso (m/s) (I/kg) Ys, m/s) | lmis) () (mss)  |mis)
306.0 140 7.87 1458 0.0054 11 132 0.050 16.2 15.7 324.0 452 42.0
312.5 172 9.59 1442 0.0066 19 378 0.082 27.4 265 3283 525 [506
318.3 206 11.35 1428 0.0078 26 703 0.110 37.4 36.4 3326 595 60.6
326.7 264 14.32 1407 0.0100 44 1347 0.151 519 |ls0s 3390 704|718
330.8 296 15.97 1396 0.81;3 2‘; 1734 31;]7 233 573 3423 755  |78.9
336.4 345 18.47 1381 0.0131 2343 5 y 66.6 3469 830 (867
343.0 410 21.80 1364 0.0157 66 3175 0.230 90 117s 3504 921|967
348.5 471 24,90 1349 0.0180 72 3961 0.255 8.0 |11 e ws  |ioas
356.5 570 30.04 1326 0.0220 78 5260 0.293 102.5 oo Tor2 ;s s
Table 5. Pettitt experiments - expansion velocities (from Melhem and old DISC)
Data correspond to 9 experiments by Nolan et al. This left part of this table is taken directly from Table 1 in the paper
by Melhem et al, while the right part includes added DISC predictions (old expansion energy).
Table 6 includes results of evaluation of expansion energy and initial expansion velocity:

- Yellow cells indicate spreadsheet input data: flask volume, fill level, stagnation stagnation pressure P

- Orange cells indicate results from Phast property calculations: stagnation liquid density p(Ps:,Tst), specific
stagnation liquid enthalpy h(Ps, Tst), specific vapour and liquid enthalpy at final pressure P, and final temperature
Tt

- Blue cells indicate results from the Phast discharge model DISC (based on Phast property calculations): post-
expansion temperature Tt and liquid fraction n.y, old value of expansion energy Eex®® = h(Ps;, Tst) - h(Pa, Ts; Nur) —
(Pst-Pa)/ p(Pst, Tst)

- White cells indicate results from the Excel spreadsheet: value of old expansion energy, values of new expansion
energy Eexp™" =fiineic [N(Pst, Tst) - (P4, T1)], old and new values of initial INEX velocity u, = U(t=0) = (2 Eexp)°®.
These results were verified to exactly match those values obtained from the numerical DISC and UDM INEX
codes. According to the theory for the old INEX model, at the initial time t=0, U(t=0) = (3/8)*R(t=0)/t, which is
significantly smaller than the value (2Eex°'%)%® reported by DISC! On the other hand, for the new INEX model,
U(t=0) = (2Eex"")%5. This results in initial smaller rather than larger velocities for the old INEX model versus the
new INEX model!

- Thetable also includes the observed exit speed. This speed was not directly measured but determined by Pettitt
by extrapolation back on the graphs of aerosol cloud front speed versus distance from the vessel. It is seen that
this exit speed is smaller than the old INEX speed and larger than the new INEX speed (based on fiineiic=0.05).
For the experimental exit speed, it is seen that in fact fxineic appears to increase with pressure from 0.05 at 11m/s
till around 0.45 at larger pressures. Pettitt points out that the observed exit speed by earlier Bettis results were
about 7m/s at 310kPag, which is significantly lower than the speed of 51m/s observed by Pettitt at 296kPag. He
also points out that the speed depended on the fill level, with a maximum initial speed at 50 percent fill level. The
DISC old velocity over-predicts the experimental exit speed with about 30 m/s. Note that Pettitt adopts the old
DISC formula for expansion energy to derive the theoretical velocity, while Schmidli adopts the new formula.

volume flask 0.001 m3 Yellow cell - input data (user)
fill level 0.5 fraction Orange cell - from PROP spreadsheet
f_kinetic 0.04 fraction Blue cell - from DISC spreadsheet
New
Stagnation data Final Data Enthalpies 0Old UDM - expansion energy |exp.en. |Initial velocity |Experiment
p st Mass M Jiuid \apour final h_f From uo_old Uo_new exit fraction of
T_st(K) |P_st - (kg) final |h(P_st,T_st) atP_a, [h_st-h_f Eexp DISC fkin (hst-{from  from enthalpy
“Tsat |(garg) | [lignore [T=F® liigir. |@ikg; liquigy |PP-2T-[PCAT It ot [arka) [F54PD P9 | iomoid |uom [ pisc Nex |59 change
i) |\erour] 0ke) |0 0K9) | i) old) ms) @) [ ™ wsthn
324.0 1.40 1414  0.707| 296.8( 0.874 -161761| -185951 -2257| -162882 1121 99.0( 1022.33| 1022.3| 44.855| 45.2 9.5 11 0.054
328.3 172 1402| 0.701] 296.8( 0.855 -157757| -185951| -2257| -159256 1499 122.7| 1376.38| 1376.4| 59.9616] 52.5 11.0 19 0.120
3326 2.06) 1391] 0.696] 296.8( 0.836 -153843| -185951 -2257| -155760 1916 148.1( 1768.31| 1768.3| 76.6559] 59.5 12.4 26 0.176)
339.0 2.64 1374  0.687| 296.8 0.807 -147800| -185951 -2257| -150451 2651 192.2( 2458.79| 2458.8| 106.038] 70.1 14.6 44 0.365
3423 2.96 1365 0.682| 296.8(0.792 -144741| -185951 -2257| -147804 3063 216.9| 2846.31| 2846.3| 122.527| 75.4 15.7 51 0.425
346.9 3.45 1352 0.676| 296.8| 0.772| -140361| -185951 -2257| -144059 3699 255.1| 3443.77| 3443.8| 147.956| 83.0 17.2] 60 0.487
3524 4.10 1337 0.668| 296.8(0.747 -135016| -185951 -2257| -139561 4545 306.7| 4238.12 4238.1| 181.795| 92.1 19.1 66 0.479
357.2 4.71 1323 0.661| 296.8| 0.727| -130392| -185951 -2257| -135729| 5337 356.0( 4981.11| 4981.1| 213.485| 99.8 20.7| 72 0.486
364.1 5.70 1303| 0.651] 296.8| 0.696 -123520| -185951 -2257| -130133 6613 437.6| 6175.74| 6175.7| 264.534] 111.1 23.0] 78 0.460)
Table 6. Pettitt experiments (1 litre, 50% fill, Freon11) — expansion energy and initial velocity

INEX validation of expansion speed U (50% fill level)

Figure 14a plots observed mean aerosol cloud front speed versus distance from the vessel for each of the different
stagnation pressures. Here it was not specified by Pettitt whether the ‘distance from the vessel’, refers to the distance s

from the
that the

vessel wall or the distance R (cloud radius) from the centre of the vessel; note that s=R-0.062m. It is assumed
plotted distance refers to the cloud radius R. Furthermore the initial value of the cloud radius R corresponds to

the post-expansion volume = M/ p(Ts,Pa; nur), which will increase with the stagnation pressure.
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Figure 14b includes old INEX predictions and predictions using the new INEX model (Up=0 and Up>0 produce very close
results; Up=0 plotted) presuming f«in=0.04. The experimental cloud speeds are larger than those predicted by both the old
and new INEX (except for the lower pressures) with the new INEX results considerably closer to the experimental data.
More close agreement with the experimental data would be obtained by increasing fiin such that the initial radius R(t=0)
equals the experimental observed speed.
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Pettitt experiments (Freon 11, 50% fill) - INEX cloud speed validation

Figure 14.
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INEX validation of cloud radius R and expansion speed U (100% fill level)

The case is considered of a 1 liter vessel with a 100% fill level and a stagnation pressure of 4.1 barg (410kPa).

Figure 15a plots the observed aerosol cloud front speed (minimum, mean and maximum values) versus distance from the
vessel (figure taken from Figure V.16 in Phd of Pettitt). Again it is presumed that this distance equals the radius R of the
vessel.

Figure 15b plots the cloud speed U versus the cloud radius R. The initial INEX value of the cloud radius R (after isentropic
expansion to atmospheric pressure) corresponds to the post-expansion volume = M/ p(T,Pa; nis), where M is the vessel
mass, p the material density, T; the post-expansion temperature, P, the ambient pressure, and ns the post-expansion
liquid fraction.

Figure 15b includes old INEX predictions and predictions using the new INEX model presuming either fi»=0.04 or fi,=0.15,
where the latter value results in the initial INEX speed approximately to be equal of the observed mean exit speed at the
initial post-expansion radius. It is seen that the old INEX model significantly under-predicts, while the new INEX model
(fin=0.04) slightly under-predicts. It is seen than fin=0.15 results in improved agreement against the experimental data.
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Figure 15. Pettitt experiment (Freon 11, 100% fill, 410kPa) - INEX cloud speed validation3*

31 poc. For clarity digitize data from Figure 15a and include these data in Figure 15b
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DISC validation for post-expansion velocity and SMD

For internal pressure of 4.60 barg, DISC6.54 predicts a SMD of 210 um using the CCPS droplet-size correlation. Figure
16 (taken from Nolan’s paper) shows a measured SMD of 225 pm closest to the vessel and a subsequent decay of droplet
size with distance from the vessel. Thus for this pressure Phast appears to over predict the initial cloud speed with about
39% and to under-predict the SMD with about 7%. Thus the SMD is in very close agreement.

i (tni )
- i 1 litre
250 Size ole : jun
Mode of Failure = t
Fibolovel = 2@&
4 ternal Pressime = kPa

Arithmetic Mean

50+
0.2 03 04
Distance from Vessel (m)
Figure 16. Pettitt experiment (Freon 11, 50% fill, 460kPa) - Measured SMD versus distance

[Figure taken from Figure 13 in the paper by Nolan et al*Vii]

Nolan’s paper includes figures of droplet size versus distance, fill rate and pressure, and also droplet speed versus time
(for different downwind distances, fill levels and pressures). Finally it plots droplet speed versus droplet diameter
illustrating a linear increase of droplet speed with droplet diameter. 32

32 FUTURE. These figures could be used for further droplet size validation.
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6.2.2  Experiments by Schmidli (Freon 12, propane or butane flashing liquid with
rainout)

Description of experiments (experimental setup |)

In the above experiments by South Bank University all the liquid appeared to be caught in the cloud and vaporised.
However, at lower flash fractions and for liquids with different thermodynamic properties (such as higher surface tension)
some portions of the liquid may be expected to fall to the ground and form a pool.

As a result, Schmidli et al.* (Institute of Energy Technology, Switzerland) carried out experiments in early 1989 on
vapour/aerosol and pool formation on rupture of spherical glass vessels containing superheated Freon 114 liquid [also
known as 1,2-dichlorotetrafluoroethane; CASID 76142]. Parameters varied in the experiments were flask size (50 or 100
ml), release height (ground or 5 diameters elevation), flask filling degree (full or half full) and superheat (6.5C, 14.5C or
21.5C)%. It was confirmed that spherical clouds were obtained for elevated releases and hemispherical clouds for ground-
level releases.

i hY

L J
50 or 100 ml flask 3 £ 7 3 7z &
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Smoke curtain Rl oo \-‘ﬁ'E.E.
o EES S teEf EESE
Liquid pool 22EE 2REE ERES

1.0

Zz

7 Aerosol
7 2 7

Cold tray I

Fraction

7 77
Pool

AR | 100 mt, filled
AN

T

AN

7

o
[

7

N MITRY vapour

14.5 21.3
[ Balance
Superheat (°C)

(a) (b)

Figure 17. Schmidli experiments (setup | - R-114)
[Figure taken from Figures 1 and 3 in paper by Schmidli et al*] Figure (a) is a schematic figure of the
experimental setup; figure (b) includes post-exansion vapour fraction based on isentropic expansion,
the measured rain-out liquid fraction in the pool and the remaining evaporating liquid in the aerosol.

4
7

33

2!

2

0 5

The vapour-cloud formed, the release expansion velocities and the droplet sizes were measured with high-speed videos.
The vapour cloud front was made visible using a smoke curtain. Pool formation was measured by collecting the liquid on
a cold tray (to slow down evaporation and allow good measurement of amount of rainout). See Figure 17 for a schematic
of the experimental apparatus.

The following was observed/concluded by Schmidli et al.:

1. Droplets appear to form when the volume fraction is about 50%. Sizes of the largest droplets are predicted by a
Weber number uq4?dg p/o =~ 20, with observed values in the range 15-30. Measured droplet sizes were in the range
2800-3500 pm.

2. Initial velocities were similar for all droplet sizes. Like for the experiments by Nolan et al.®ii, the expansion droplet
speed measured (2.8-3.6 m/s) was found to be lower than predicted by isentropic expansion (Old TNO Yellow Book
model 11.9-42.7m/s). It was suggested that the expansion speed is probably lowered due to conduction/convection
processes during bubble growth. If it is assumed that flashing and isentropic expansion occurs to 30% void fraction
predicted values were 4.4-8.3m/s (closer but still too high).

3. From the videos, the droplets appear to fly ahead of the expanding vapour. The mass fraction raining out was
observed to reduce with superheat; see Figure 17b. It is not fully clear that Figure 17 (b) corresponds to the ground-
level or elevated releases. For the ground-level release the pool was found to form extremely quickly, while for
elevated releases the pool the pool had an annular shape (since droplets impinging at the centre were of lower
concentration)

Description of experiments (experimental setup Il and 1lI)

Following on from the above experiments for Freon-114, experiments were carried out for propane, butane and Freon-
12. Results of these are reported in the PhD thesis by Schmidli¥. These additional experiments involved two different
experimental setups Il and lll:

- Experiment setup Il involved indoor experiments for R114 and R12 releases carried out at ENEA, Cassacia, Italy
(summer 1989). These experiments included high speed video measurement of the cloud front velocity.

33 UPDATE. Table 5 in Schmidli et al. (1990) includes results of cloud radius versus time for the case of Freon 114, 27C superheat, elevated at 5D, 100% fill, 50ml
or 100ml flask. To consider to add these to INEX validation dataset?
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- Experimental setup Ill involved outdoor experiments for propane and butane releases at the Paul Scherren
Institute, Wirenlingen, Switzerland. Here the substrate was chosen such as to minimise evaporation.

Schmidli’s PhD thesis reports most extensive data for elevated releases and 100% fill of the data; see Table 7 for an
overview of key input and key results for these experiments. As shown in the table, the PhD thesis reports results of cloud
radius R versus timet for a number of limited experiments only. These tests have been selected for INEX simulation, i.e.
the 1 liter R-12 and butane tests, and the 2 liter propane tests.

Fluid temperature elevation initial expansion speed % rainout R(t) plot given?
/SH (C) (m) (m/s)
100ml 1ltr 2 1tr 100ml 1ltr 210tr 100m 1 2
| Itr Itr
R-114 30/26.6 5D Small small 52+8
40/36.6 5D Small small 50+3
50/46.6 5D 12.743.9 11.744.2 24+5
R-12 22/52.1 5D 14.741.5 13.940.4 24+4 X
Propane 5/47.4 1 17.441.7 19.440.9 26+6 30+9 X
12/54.4 1 31.0+1.6 26.0+3.0 13+2 26+17
18/60.4 1 38.0+4.5 41.3+1.5 1643 25+5 X
Butane 42/42.6 1 21.6+3.4 X
52/52.6 1 33.0+2.6 X
Table 7. List of Schmidli experiments (setup I1&lll, elevated release, 100% fill)

DISC verification and validation for post-expansion velocity

Table 8 includes results for the selected Schmidli experiments of initial velocities:

- Prediction of the new INEX initial velocity and new INEX flash fraction (f«n=1, 0.5u=hs-hy) were confirmed to be
virtually identical with the values reported in the PhD by Schmidli (presuming isentropic expansion).

- Schmidli produced the following formula to fit the data for observed exit speed: U(t=0) = max [0, 0.28us — 14.8
m/s], and the predictions of this formula have also been included in the table.

- Pattison states that a value of f,=0.04 (corresponding to a reduction of initial velocity with a factor of 5)
produces the best fit with experimental data, and therefore this value has been selected for the INEX runs.

material |flask size / location Stagnation data Initial velocity Experiment Schmidli formula
fraction
Mass M uo_old Uo_new of
volume |Fiask T_st(K)|P_st (ko) final [from  from INEX {exitspeed enthalpy f°"m‘_1|a_ )
=Tsat |(abs.Pa) [[ignore ligfr. |DISC  fkin=0.04 |(nVs) change |schmidli  fkin for
flask diameter|Elevation vapour] (mis) (') (hst- |speed  schmidii
(m3) D(m) (m) h f) u=u(fm) formula
R12 0.001 0.124 0.62| 295.15| 6.00E+05( 1.320| 0.740 95.7 19.9 14.4  0.021 13.1 0.017|
Propane 0.002 0.156 1.00] 278.15| 5.52E+05| 1.043| 0.762] 143.7 29.9 18.4  0.015 27.1 0.033
Propane 0.002 0.156 1.00| 285.15| 6.74E+05 1.022| 0.727| 165.1 34.3 28.5 0.028 33.3 0.038
Propane 0.002 0.156 1.00] 29115 7.94E+05| 1.004] 0.697| 183.4 38.2 39.6  0.043 38.6 0.041
Butane 0.001 0.124 1.00] 315.15| 4.01E+05| 0.552| 0.753] 122.0 25.3 21.6 0.029 20.6 0.027
Butane 0.001 0.124 1.00] 325.15| 5.23E+05| 0.539] 0.696] 150.7 31.2 33 0.045 28.8 0.034
Average: 0.030124 0.032
Table 8. Schmidli experiments —initial expansion velocity

INEX validation of cloud radius

Table 9 includes the UDM input data corresponding to the above selected experiments (new INEX runs with fyinetic = 4%).
Since no information is given of the ambient data in Schmidli’s thesis, a surface roughness of 0.1m, a temperature of 20C,
and very small wind speed is presumed (minimum UDM value, D0.1). These values are expected to be appropriate for
indoor conditions (applicable for Freon 12). For the outdoor conditions (applicable for propane and butane), these
assumptions are also expected not to affect the predictions of INEX cloud radius, INEX cloud speed and rainout at the
earlier times. However, at later times (particularly during the post-INEX stage) dispersion results will be significantly
affected by these assumptions.
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Description Units R12T22 IPROTS IPROT12 IPROTlﬂ IBUTTAZ IBUTT52 Notes

RELEASEDATA

Released material name (from material database) Freonl2 Propane Propane Propane n-butane n-butane |Materials from Setup Il and 111 (excl. R-114)

State flag (1 - temperature, 6 = liquid fraction) 6 2-phase at boiling point

Temperature of release component K 243.3779| 231.08| 231.08] 231.08| 272.6174| 272.6174|not used

Liquid mass fraction of release component kg/kg 0.73993| 0.76214| 0.72707| 0.69689| 0.753347| 0.695858|from DISC

Droplet diameter (SMD) m 1.86E-05| 7.79E-06| 5.91E-06( 4.78E-06| 1.05E-05| 6.85E-06|droplet size from DISC (affecs rainout but not INEX R,U)
release mass (instantaneous only) kg 1.319724 1.04266 1.02223 1.0041 0.552311 0.539299|= (fill fraction)*(vessel volume)*(liquid st. density)
Bxpansion energy (instantaneous only; = f_kinetic*exp.energy) (k) |198.0012] 447.492] 589.673] 728.089] 310.5295] 485.6635|New INEX (4% of expansion energy)

Release height m 0.62035 1 1 1 1 1] at 5D for Freon 12 (= distance flask- centre to ground/tray)
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

Monin-Obukhov length - 7 Presumed DO0.1 (no wind)

\Wind speed at reference height m's 0.1 Presumed DO0.1 (no wind)

Reference height for windspeed m 10

Temperature at reference height K 293.15 Presumed (will affect liquid evaporation)

Pressure at reference height N/m2 101325 Presumed

Reference height for temperature and pressure m 0

|Atmospheric humidity (fraction) - 0.7 Presumed

SUBSTRATEDATA

Surface roughness length m 0.1 Presumed

Dispersing surface type (1-land,2-water) 1

Temperature of dispersing surface K 293.15 Presumed

POOL DATA

Pool surface type (1-wet soil, 2-dry soil, 3 - concrete, 4 - insulated concrete, 5 - dee| 3 Presumed

Temperature of pool surface K 293.15 Presumed

Bund diameter (<=0: no bund) m 0

AVERAGING TIME

Averaging time S 18.75 Not relevant, only affects passive dispersion

Table 9.

UDM input data for selected Schmidli experiments (elevated, 100% fill)

Figure 18, Figure 19 and Figure 20 include results of cloud radius versus time, where the time for the experiments has
been modified such that the time t=0 corresponds to the end of isentropic expansion in line with the INEX assumption:

Figure 18 includes experimental results for the R12 experiment (30C corresponding to 26.6C superheat) for two
different humidities of 38% and 83%. Note that the effect of humidity is negligible in INEX, while for the experiment
the increased humidity (and therefor increased liquid fog formation) results in slightly large visible cloud at larger
times. It is seen that the old INEX is under predicting. The new INEX based on fxin = 0.04, produces more accurate
results than a value of fxin chosen such as to match the Schmidli formula.

Figure 19 includes results for two propane experiments (5C and 18C corresponding to superheats of 47.4C and
60.4C). Again it is seen that the old INEX is under predicting, with the new INEX producing more close results.
The values of fkin chosen such as to match the Schmidli formula happen to be very close to fiin=0.04, and therefore
the new INEX curves are almost overlapping. The effect of superheat appears to be more pronounced for the
experiments than for the INEX runs. However, this may be caused by added visibility of the cloud due to increased
fog formation at increased superheat, while the actual difference in cloud speeds for the experimental data is
expected to be smaller.

Figure 20 includes results for butane experiments (42C and 52C corresponding to superheats of 42.6C and
52.6C). Note that there are only very limited experimental data available beyond isentropic expansion. Based on
these very limited data, the old INEX appears to be more accurate than the new INEX.
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Figure 18. Schmidli experiment (R-12, 1ltr, 100% fill, 30C) - INEX cloud radius validation
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Figure 19. Schmidli experiment (propane, 2ltr, 100% fill, 5&18C) - INEX cloud radius validation
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Figure 20. Schmidli experiment (butane, 2Itr, 100% fill, 42&52C) - INEX cloud radius validation

INEX validation of rainout

In Phast 7.2 the initial SMD droplet size for instantaneous releases is always based on the CCPS flashing correlation. On
the other hand, Schmidli suggests to use a ‘Weber’ criterion based on the reduced post-expansion final velocity us
(fineic=0.04). Table 10 includes results of SMD predictions. It is seen that the flashing SMD is about twice as small than
the mechanical SMD for R-12, and very similar for propane.

_ temperature elevation _ FLASHING CORRELATION MECHANICAL CORRELATION
Fluid m observed % rainout - - - .
/SH (C) SMD predicted rainout swo | predictedrainout
100ml 1itr 21t Hm Litr 2 | MM Litr 21t
R-12 22/52.1 5D 24x4 214 20.7% 428 54.0%
Propane 5/47.4 1 2616 3049 1555 5.1% 180 6.5%
/4.4 1 1B+2 2617 134 4.3% 136 4.4%
18/60.4 1 1643 2545 19 3.6% 10 3.1%
Butane 42/42.6 1 79 244
52/52.6 1 1“8 160
Table 10. UDM predicted versus observed rainout (Schmidli experiments; elevated, 100% fill)

Figure 21 plots UDM liquid rainout (kg) versus time (s) for both the Up=0 and Up>0 INEX formulations. Figure 21a and
Figure 21b include results for the flashing and mechanical SMD, respectively.

Figure 21 demonstrates the subsequence stages of (a) elevated INEX cloud (no rainout), (b) INEX cloud touching down
(time-varying rainout), and (c) INEX/UDM grounded cloud (no rainout). For the case of R-12 (mechanical breakup) it
shows also the final instantaneous rainout due to an INEX/UDM transition for a grounded plume.

It is seen that the significant smaller SMD in the case of flashing breakup for R-12 results in significant less rainout. Table
10 compares results of the thus predicted overall % liquid rainout (Up=0). It is seen that for R-12 accurate results are
obtained in case of flashing SMD, while results are over-predicted in case of mechanical SMD. For propane rainout is
under-predicted.
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Figure 21.

Rainout prediction for Schmidli experiments
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6.3 Analytical verification of rainout for non-evaporating liquid releases

This section considers the specific case of a pressurised release of a sub-cooled liquid, which does not evaporate during
the dispersion stage. Selected input data correspond to a horizontal 1 kg/s release of nonane at 0.6 m height and
expansion energy of 198.09 J/kg [initial expansion speed U(t=0) = 19.9 m/s]. The initial (post-expansion) data are 0C,
100% liquid and droplet size SMD = 160um. The weather is chosen to be D0.1 with an ambient temperature of OC.

Thus, since no evaporation of the nonane liquid occurs, isothermal mixing occurs between the nonane and the ambient
moist air. From Equation ( 13 ) included in the UDM thermodynamics Section 3.1, it now follows that vad =wap + Viq =
Uwa/pwa"‘?]oL/poL. Thus

m m m
—leld _ _ Thwa ML | _ Mya cL
Vcld - =Me1g Velg _(mwa +mcL{ + J - +

cld Pwa  PeL Pwa PeL

where mwa is the added mass of air in the cloud (kg/s), meL=mcL(t=0)-mro(t) the mass of liquid nonane in the cloud (kg/s),
Pwa the ambient moist air density, and pcL the liquid nonane density.

(65)

For a non-evaporating cloud, the rained out mass during the INEX stage is as follows:

V V.am (66)
m. =i1— cld Mp , M =Mp —M_ = cld'"'cR
ro { (4/3)7ZR3} R Te T TR T (413)2R®

Figure 22 depicts numerical INEX results against analytical results.

1. (Figure top left) The INEX variable A (area of cloud above ground) agrees against the analytical formula given
by Equation ( 8)
2. (Figure top right) Cloud volume Vg [the first 4 curves in figure overlay each other]

a. The INEX variable V¢4 (cloud volume) agrees against the analytical formula given by Equation (8) as
well as the analytical formula given by Equation ( 65 ). Furthermore, it was confirmed that the air
entrainment equation was solved correctly, leading to Mya = pwa (Veid-Vo).

b. Vuais determined in the spreadsheet by integrating he right-hand side of Equation ( 14 ) for dVaa/dt
using the trapezoidal rule: V¢ig;j = Vegj-1 + 0.5[ (rhs) i1 + (rhs) i (ti-ti-1). Using in this right-hand side the
INEX values of U=dR/dt results in virtually exact matching of the INEX Vqq; the analytical values are
very close

3. (Figure bottom right) Cloud speed

a. dR/dt = (R/t) d In(R)/d(In(t) was derived by differentiating in two different methods. Here, for example,
dR/dt was obtained as follows: (dR/dt); = [ (Ri-Ri.1)/ (ti-ti1) + (Ris1-Ri)/ (tis1-1)]/2

b. The speeds obtained from dR/dt or (R/t) d In(R)/d(In(t) were shown to be identical to the speed
obtained from the differential equation for dV¢«/dt (with dVq4/dt derived as above for dR/dt). It was
also shown that dR/dt is identical to U.

4. (Figure bottom left) Here m,, was obtained in three different ways:

a. From INEX output variable — produces 50% rainout and agrees with actual analytical result given by
Equation ( 66 ).

b. Rainout obtained by integration from rhs of d.e. for dm/dt and using INEX U results in matching
above result.

c. Rainout obtained by integration from rhs of d.e. for dm/dt and using analytical U=dR/dt matches
results
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Figure 22. Non-evaporating liquid nonane — INEX verification against analytical results
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APPENDICES

Appendix A. Air entrainment

This section constitutes a summary of Section 3.4 of the UDM theory manual to include the equations for air entrainment
in the case of an instantaneous release after the INEX stage. See the UDM theory manual for details and further
justification.

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 Eq (kg/s) is taken for an elevated ‘jet’ as®*

Etot = E jet T Ecross + Epas", X < XyPS
= f(X) [E jet + Ecross* Epas™ + [1-f(X)] Epas',  XuP2® <x<ryP®s xP°
= Epas“ X > rtrpas Xtrpas
(67)
and for a grounded jet’ as
nf
Etot = maX{Ejet + Ecross’ Ehvy }+E pas X < X Pas
nf
= (X [maX{E jet + Ecross: Eny }+E pas 1+ [1H00] Epas”, XeP® <X<IP3 x2S
= Epasff X > ryP2S X, Pas
(68)

Here Ejet, Ecross, Epas™, Envy, 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.

Jet entrainment
The recommended formulation implemented in the new UDM for jet entrainment is a generalisation of the Morton-Taylor
formulation for continuous clouds,

Ejet

with ejet = 0.5 %5 oy, and a3 = 0.17.

=€t Sabove Pa |Uca~UaCOSE| in kgls  (instantaneous) (69)

Cross-wind entrainment

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. The formulation is based on a generalisation of the
continuous formulation by Morton et al.:

Ecross = a2 PaSabovel Ug SINE|  inkgls (instantaneous) (70)
with a2 = 0.35. In conjunction with this formulation the airborne drag coefficient is taken to be zero, Cp=0.

Near-field passive entrainment

(71)

W . .
ENs ={1— Rg"d } 4?” Pa ©pas 51’3(|X7’3 +1,7° +|Z7/3) in kg/s (instantaneous)
y

3 JUSTIFY. In the code the total entrainment is adjusted as Eit = Ewt* max(0.01, 1 - ne), if the cloud is ‘slumping’, i.e. if the cloud is instantaneous and the spreading

Pad — PalZc)

velocity U gpg = \/max( gxHy (L+hy)x 4 Fazte/
Pal(zc)

35For 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]
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For stability classes A,B,C,D I«=l,=l, and for sufficiently high cloud Wgng=0, l,.=ly=I,=R, and Epas" reduces to the above
expression Epas™ = €paspa [4TRy?] (eRy)Y3.

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+2z0)Ly(Z) }, I; = min{Ry, 0.88(zc+20)L(Z) }
& = E(2) u¥/[k(zc+20)]

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

Ly(Z) = Lo(2) = (1-7.4xZ)/E(Z), E(Z) = 1 - 5kZ, stability class = A,B,C
L(Z)=L(2)=E(Z)=1 stability class = D
Ly(Z)=1/(1+0.12), L(2) =1/ E(Z), E(Z) = 1 + 4Z, stability class = E,F

Note that the near-field passive entrainment is phased out during touchdown.3¢

Heavy-gas entrainment

W (72)

gnd
R {U side Aside T Utop Atop} Pa

y

Ehvy:

where usige is the horizontal air-entrainment velocity through the plume side-area Aside, Utop iS the vertical air-entrainment velocity
through the plume top-area Awp. The side area Asige and the top area Aywp correspond to an instantaneous plume of cylindrical
shape with height Hewt(1+hg) and radius Weg,

2
Asige = 2 Wg H gt @+ hd) ) Atop = 7 Wett (73)

The term [Wynd/Ry] in Equation ( 72 ) 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.

The side surface entrainment velocity is taken to be proportional to the spread rate or

AW st (74)
dt

Uside™ 7

where y=0.3 is an edge-entrainment coefficient.

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

K U+ (75)
utOp: —
@ (Ri+)
where k=0.4 is the Von Karman constant, and ® the entrainment function of the Richardson number Ri37:
Ri _g[Pcld'Pa(Z:chd )] Herr (L+hg) (76)
Paul

Far-field passive entrainment

Passive dispersion is represented by correlations for the ambient horizontal (cys) and vertical (cza) dispersion coefficients.
These correlations depend upon the stability class and distance from the release point. For oya it also depends on the averaging
time tay and for o it also depends on the surface roughness length zo. The entrainment rate by the far-field passive dispersion
mechanism, Epas'" (kg/s) is given bys:

36 The 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.

37 Note that HEGADAS uses the definition Rix = glpeia-pa(z=Het)]Heit/ [pa(z=0)ur’] with the friction velocity ur modified for heat transfer. In the old UDM Ri: = g[pcis-
pa(z=z¢)]Hett / [peiati?]

38 JUSTIFY - In the above equations doya/dx and doza/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 amore arbitrary smoothing algorithm. Note that strictly
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2 doy, 1 do
E ff -V x) | 5= Y +— za
pas cld( ) o dx o, dx

(77)

pa(ZZchd) ua(z:Zc)

speaking for continuous, Epss = palla [0Acd/dX] =palia 0/6X[4T(1+s™) T(1+m™)(1+hg)oyos]. This leads to Equation (180) ignoring downwind variations of s,m,hq and
assuming 86,/0x = doyaldX, 020X = do7alox. Likewise for instantaneous: Epss = pala [Ved/dX] = pata dlox[nl(1+s™) T(1+2m™?) 6,°5,].
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Appendix B. Evaluation of dRy/dtduring INEX stage

An expression of the spread rate dRy/dt is required for the UDM/INEX transition criterion. During the INEX phase, it is

assumed for the UDM geometry that R,=Ry=R;. Thus (see Section 2.1):

Vgg = Z7Wa Herr (1+hg)
7 {Cn R PLCIR N1+ ha)
7 Cp’Co(1+hg)R,

Where
1 . .
C, = F[l+—J, with n functionof Hy; =C,R,
n

Cn = F[1+3j, with m function of r=22¢d —Fa
m Pa

n
hg="P 1(%} , with P(ab)——J‘ta !
n

(78)

(79)

(80)

(81)

At the time of the UDM/INEX transition, one would normally expect already a significant amount of entrainment, implying

approximately a Gaussian profile (m and n approximately equal to 2) and therefore C,, and C,, are approximately

constant. Thus ignoring dCn/dt and dC,/dt, one can derive:

1-n n-1
dhy _ 1 Zag oz /Ry " | Zeld 1 dzyy _ﬂdﬁ
dt T (1/n) [ R, Ry R, dt R dt

:i e—(zc|d/Ry)” idzcld _ Zad dRy
C, R, dt RS2 dt

y y
and

dVaig dR, 3dhd
—Q = 1+ 3R

dt n (1 ha 3R R

drR n dR,
= ”szRyz{SCn(]ﬁ hqg )d—ty+ e_(zcld/Rz) {d(zjctld Sd " }}
y

dR :
= 7C,2 Ryz{{?)c (1+hg)- F;'d e (tan /R’ } e ) —dzct'd }
y

The above equation can be solved for of dR/dt:

1 dvidd e’(zcld /Rz)n dZC|d

ﬂCmZRyZ d dt

C.(1+hy) - Zog. e~ (2 /R,)"
Ry

which for a fully grounded cloud (z¢q = dzqa/dt=0) while using Equation ( 78 ) and ( 13 ) reduces to

1 dVcld
2
d&z z Cp, R dt _ Ry chldzﬁUZ&d_R
dt 3Cn(1+hd) NMyg dt R R dt

(82)

(83)

(84)

(85)
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Please note that the above equation is analogous to the INEX radius geometry equation during fully grounded: V¢4 =
(2/3) tR® = dR/dt = (R/3Veig) dVea/dt.

For an elevated cloud, the above equation provides an expression of dRy/dt as function of dzqq/dt and known secondary
variables dVgqd/dt [from Equation ( 14 )], Ry, n, Cm and Cy. For a grounded cloud is a function of dV¢¢/dt and the known
secondary variables Vg and Ry. This is the value of dRy/dt as derived from the INEX geometry. A transition is made to
the UDM if this value reduces to below the value of the gravity spreading rate dR,/dt as given by either equation (51 ) or
equation ( 53).%°

39 CODE. In the code currently a transition is only made AFTER the cloud is fully grounded.
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Appendix C. Summary of equations for new INEX model
This appendix summarises the key equations applicable for the new UDM INEX model.

The following cloud geometry (sphere or truncated sphere; radius R, elevation height z¢q): volume Vg, area above ground
A, Asoorprint = mL?) is presumed (see Section 2.2 for details):

4 3 2 . (86)
Vyg = Eer y,A=47zR°,L=0 , if 744 2R (cloud elevated)
1 [ .
VC|C| = gﬂ(R + de )2(2R - ZC|d ), A = ZﬂR(R + de), L = R2 - dez y |f 0< ZC|d < R
Vg = %ﬂ'R3 ,A=27R? L=R , if 244 =0(cloud grounded)
C.1 Formulation including air-displacement velocity (Up>0)
1. Set secondary variables: (a) Set speed U from I, = mggU, (b) set dVqq/dt, Ug, Up from equations below:
TS = AU, if zyq =2 R(cloud elevated) or if z,4 =0 (cloud grounded)
=AU +Af00tprimdz% , if 0< 244 <R (cloudtouching down)
U oL dvdd_( _ A)dzﬂ (88)%
E~ avcld dt footprint dt
& om,,
2. Three differential equations below for primary variables mya, my and Ir:
dm,, . . (90)
rra P AUg if 7,4 > R(cloud elevated) or if z,4 =0 (cloud grounded)
=p, {AUE +Af00tprimdij—°t'd} , if 0<zy4 <R (cloudtouching down)
91
% =0, zyq > R (elevated' plume) or z,4=0 ( grounded' plume) (91)
m Zqq AR dz
=max < Kp —= Ao oiorintl —2% — — —9 1 0, else
{ DVCld footprlntli R dt dt
dlri 2 dm ( 92)
= -Kp, AUp"——"U
dt Pat20 " gt

Disadvantages
- Needs approximate solution for Ug via repetitive THRM calls

- Needs drag parameter K
- More complex
- More numerical problems

Advantages: allows for displacement velocity

40 |MPROVE CODE. The UDM INEX code currently erroneously omits the second term, which is only relevant during touchdown; see also footnote 2.
Validation | UDM model for pressurised instantaneous releases | Page 61




DNV

C.2 Formulation excluding air-displacement velocity (Up=0)

This includes the following modifications: Up=0, U=U.

1. Set secondary variables: (a) Set speed U from I, = mqqU, (b) set dVead/dt, Ug, Up from equations below:

dVcld i H ( 93)

4t = AU, if zyq =2 R(cloud elevated) or if z,4 =0 (cloud grounded)

=AU +Afootprimd:j% , if 0< 24 <R (cloudtouching down)
2. Three differential equations below for primary variables mya, My and I;:
dmwa _ chId (95)
dt ?odt
96
dm(;—‘;(t) =0, zy44 > R (elevated' plume) or z,4=0 ( grounded' plume) (98)
m, Zgq AR dz
=max {KD ﬁAfootpﬂm[%a - d—ct'd}o} else

dr,’ dm,, (97)

= _—roy
dt dt

Advantages
- Avoids approximate solution for Ug via repetitive THRM calls
- Eliminates drag parameter K
- More simplistic
- More consistent with non-instantaneous solution algorithm
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Appendix D. INEX rainout logic accounting for bund walls

During the INEX phase, the liquid is presumed to be uniformly distributed along the INEX cloud, which is modelled as a
sphere (before touching down), a capped sphere (during touching down) or a hemisphere (when fully grounded) with cloud
centre height z¢q and cloud radius R.

In the absence of a bund, immediate instantaneous rainout occurs at time t=0 when after the DISC expansion the cloud
immediately hits the ground; see Equation ( 25). In addition, time-varying rainout occurs during the INEX phase (as long
as liquid is present), while the cloud is touching down; see Equation ( 28 ). No rainout occurs during the INEX phase, while
the cloud is elevated or fully grounded. In addition, instantaneous rainout of all remaining liquid occurs after the INEX
phase, when the droplet height reduces to Om (droplet hits the ground).

In the presence of a cylindrical bund (bund radius Reung), it is currently simplistically assumed that immediate instantaneous
rainout occurs of all remaining liquid when the cloud centre-line (Xciq, Zad) hits the bund. This assumption is consistent
with the previous Phast 7.2 assumption, where it is assumed that all liquid rains out which either hits the ground or the
bund walls. In addition, the vapour cloud is modelled to move ‘freely’ across the bund wall, while in reality the vapour cloud
would be contained within the bund. This assumption is only valid when the cloud vapour height is considerably larger
than the bund wall height.

Intersection of INEX cloud with cylindrical bund

However, based on the presumed bund geometry and INEX cloud geometry, and retaining the assumption of a uniform
distribution of the liquid across the ENTIRE cloud with volume V¢4 and presuming all liquid which hits the bund rains out
immediately, the following applies:

- Additional immediate rainout (at UDM INEX time t=0) may occur if after the DISC expansion the cloud hits the
bund wall.

- Time-varying rainout will occur during the INEX phase (as long as liquid is present), while the INEX cloud passes
through the bund wall. This will happen when

{chd < Hpung A R >|Royng — Xaial } or (98)

{ Zog > Hbund N R2 > (Xcld - Rbund)2 + (chd - Hbund)2 }

In case Equation ( 98 ) is satisfied the INEX cloud intersects with the vertical bund wall for zmin < Z < Zmax, Where (see
Figure 23a)

Zmin =Max {0, min [Hbundv Zog — 21]}v Zipx =MiN {Hbund- Zog + 21}: with (99)

L= \/Rz —(Round — Xcld)2

If R < Rpunat+Xeid, the INEX cloud will not envelope the entire bund at any height z. Otherwise, at a given height z, the outer
boundary of the INEX cloud lies completely outside the bund wall if L(z) > Robund+Xcid, i.€. for ziow<z<znigh Where (see Figure
23a)

Zyow="MBX {Zpin s Zetg = Z2 s Zhigh =N {Zygy  Zeig + 2o J, With (100)

2 2
;= \/R = (Round + Xaid)
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R R
bund bund X

(a) Vertical cross-section of INEX cloud with bund (at y=0)

y

(b) Horizontal cross-section of INEX cloud with bund (at height z)

Figure 23. Intersection of INEX cloud with cylindrical bund
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Immediate rainout including added rainout due to bund wall

Let Vour” ™ = Vou(R, Zeid, Rbund, Hound) be the volume of the INEX sphere outside the bund (above the ground and below
the bund wall height Huung). In case Equation (98 ) is not satisfied at the initial time t=0 (Xc1=0), Vou?""4=0. Otherwise it is
evaluated as

Zmax Zmax ( 101 )
bund 2 2 2 2 2
Vout =z I{L = Roung }dZ =7 I{R = Round _(Z_chd) }dZ
Zmin Zmin

= ﬂ{(RZ - Rbundzkznﬁx ~Zpin) — %[(Zrmx _chd)z —(Zimax _chd)z]}

Equation ( 25 ) for immediate rainout is now replaced by*

4 . 3 bund (102)
gﬂRpr - Vcld (R pr chd) +Vout un (Rprr Zoids Rbund‘ Hbund)
Mimmediate_rainout™ 4 3 MeLs
37™Rer

Where the INEX cloud volume V¢4(R zad) is defined by Equation ( 8).

Added time-varying rainout due to bund

The additional time-varying rainout rate while the INEX cloud is passing the bund can be expressed as #?

dmo® _ My . (103)

D out »

with I:out = IJYINEX .Dbund ds
bundwall S

In the above integrand Vinex = U/R [Round COS® - Xcid, Rbund SiN @, Z — Zad]™ is the INEX velocity vector at the bund wall
pointing from the INEX cloud center [X4,0,Zqd]" radially outwards. Here ¢ is the anti-clockwise angle with the x-axis (-
Dp<e<dy). FOr z,ow<z<znigh, ®» = T, i.€. the INEX cloud completely envelopes the bund. Otherwise the angle ®, = arcos
(xu/Roung); See Figure 23b. Here the distance X, is derived from the bund wall equation Xp?+ Y»?=Rpung® and the INEX cloud
boundary equation (Xp-Xeid)?+Yn?=L2,

Xcld2 + Rbund2 - L2 XcId2 + (Z B chd)2 + Rbund2 ~R? ( 104)
= = , TOr Zmin<Z<Ziow OF Zhigh<Z<Zmax
24 2%

Furthermore in the above integrand nupung = [COS @, sin ¢, O] is the normal to the bund wall. Following the above the
integral Fou: can be evaluated as follows:

e | @ Round €OS® — Xgig | | COSQ (105)
Fau= [ 1 | 5|Roumasing *|siNg |Ryunade pd2
Zmin | ~Pp Z-12y4 0

max Zmax

Ryng | R _
=U % _[ J.[Rbund — Xeld COS(/’]d(/’ dz =2V % J.[Rbund Dy, — Xgg SIN q)b]dz

Zmin (—Pp Zmin
R Ziow Zmax
- bund i i
=2U =25 Rouna 7 (Znigh = Ziow) + I[Rbund @}, — X SINDp Jdz + J.[Rbund @}, — X SINDp Jdz
Zmin Zhigh

Current UDM INEX implementation of rainout modelling due to bunds

Equation (102 ) instead of ( 25 ) has been applied for immediate rainout.

4Iplease note that rainout factor Ko could be considered to be applied to both immediate rainout and subsequent time-varying rainout. However not relevant as long
as Kp=1 is presumed (current default value).

42 JUSTIFY. Please note that the above equation assumes that the liquid is uniformly distributed across the entire volume Ve, i.e. both inside and outside of the bund!
In addition, the same rainout fraction Ko is applied as for the droplets hitting the ground
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Subsequently additional instantaneous rainout is applied in case the UDM INEX cloud centre-line hits the bund. For
potential future implementation, the following options could be considered for modelling additional time-varying rainout
due to bunds

1. Method above: add term given by Equations ( 103 ) and ( 105 ): disadvantages
a. need integral evaluation — more complex
b. use of V¢qin Equation ( 103 ), while liquid possibly only contained inside bund (??) — note however
possible effects of condensation etc. — this results in more conservative (lower) estimate of rainout

2. Further refine method to use term V4™ (volume of INEX cloud contained inside the bund (z<Hpung, X*+ Y?<Rbund?)
instead of Vqqin Equation ( 103 ). For a ground-level INEX cloud or a fully elevated cloud Vqq" with a fully effective
bund (Hpuna Sufficiently large) this can be evaluated using formula of Lamarche and Leroy (1990)*i. Otherwise this
may need to be extended in analogy with the derivation in the latter reference. Should result in either additional 1D
integral or evaluation of complete elliptic integrals.
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Appendix E. Evaluation of elevation height and pressure as input to INEX

In the DISC theory manual, it is indicated that the following pressure is input to DISC in case of a catastrophic rupture.*3

(106)
Pi:Pst+pL(P )g AR

sty st

Ti = Tst

Here P; is considered to be the averaged vessel pressure inside the tank; P equals the stagnation pressure at the top
of the liquid, while AH_ is considered the total liquid height (labelled as ‘tank head’).

Future methodology (not yet implemented in product)

Section 2.3.1 in the TVDI 8.0 theory manual allows for four different geometries, i.e. rectangular tanks, horizontal and
vertical cylindrical tanks and spherical tanks.

In the new methodology, the pressure is recommended to be evaluated at the liquid centroid height Z. above the bottom
of the tank, i.e. it is given by the following formula

107
B =Py +PL(Psthst)g(Z|_ -Z,) ( )
Ti =Ty
Here Z, is the total liquid height above the bottom of the tank; see the TVDI manual for the evaluation of Z,. The height

Zc+Zianc®™ should be selected as the elevation height, where Zi '™ is the height of the bottom of the tank above the
ground.

For rectangular tanks and vertical cylindrical tanks, the new methodology corresponds with the old methodology, since

for these cases Z,-Z: =% AH,. For the horizontal cylindrical tanks and spherical tanks, the centroid height Z. is
evaluated as indicated below.

E.1 Horizontal cylinder

This section describes an analytical derivation of the liquid centroid height method for a horizontal cylinder (length L, inner
radius R, liquid height Z,) with planar end caps (no spherical end caps).

The angle ® as shown in Figure 24 is the angle from the negative z-axis to the top of the liquid, and is set from the
equation below

z (108)
Z, =R[l-cos®] = @ = arccos(l—?LJ

Here 0<®<n with ®=0 corresponding with Z, =0 (no liquid present in vessel) and ®=r with Z,=2R (vessel fully filled with
liquid). The area of the wedge (enclosing an angle 2®) and the triangle as shown in Figure 24 can now be determined
as follows:

R o R ® (109)
Avedge = Idr J.rdgo: {IrdrH J.dgo}:qu)
0 -0 )

0

(efs-ofelze)

If ®<n/2, the total liquid area A_ equals the wedge area minus the triangle area, while for ®>7/2 it is the sum of the
areas. Thus

(110)

Avriangle = =R2|COS®SinCD| =R?

lsin 2@‘
2

43 |n the DISC manual it is noted that this is applied in the model, but not in SAFETI (only option of input for atmospheric liquids — not pressurised or saturated; in 7.2
can always be specified — although — because of bug — not always on equipment level)
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1 (111)
A =R2[q>— Esin 2@}
The liquid volume V. is now determined as follows:
1 (112)
Viiquia = LA :LRZ[@— Ssin 2@}
z
R vapour
R liquid Z
// X
Zb

Figure 24. Horizontal cylinder (no spherical caps)

The upper figure depicts the horizontal cylinder (liquid height Z., height above ground Zy). The lower figure depicts

the vessel cross section with the liquid area Aiquia Split into an upper triangular area Aviangle (enclosed by dotted red

line) and a lower wedge-shaped area Awedge (€nclosing an angle 2¢)

The centroid height Z.is now set as follows

AZ; = Agge = [[2dA+ [[2dA
Ayedge Agriangle
R Z

(]
=2Idrf —rcosg I‘d(p+2 Iz(z—R)tan(;z ®d)dz
0

o

Z,-R

= 2[[R® - rcos®]rdr — 2tan(®) j(s+ R)sds

O 0

2 —Rcos®
= R3[<D —gsin d)}— 2tan(®) j(s +R)sds
0

=R {(D—%Sind) - sin(d))cosd)[l—%cosd)“

Using Error! Reference source not found. into (113 ) it now follows that:

(113)
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2 ) 2 (114)
@ ——sin® — sin(®)cosd|1-—cosd

3 3
Z.=R

@ — sin(®)cosd

Rl 2 sin®(®)
3| ® - sin(®)cosd
Note that Z; = 0 for ®=0 (empty vessel) and Z.=R for ®=n (full vessel).

E.2 Spherical vessel

Figure 25. Spherical vessel (radius rwank=R, liquid height Z.))

See http://mathworld.wolfram.com/SphericalCap.html for details of the derivation of the liquid volume and the centroid
height:

1

. (115)
A =§7IZL2(3R—ZL), ZC=R—{M}

43rR-2,)

Note that Z; = 0 for Z,=0 (empty vessel) and Z.=R for Z, =2R (full vessel).

E.3 DISC and GUI implementation

Simplified methodology based on current GUI implementation

1. Presume always rectangular tank or vertical cylinder in case of catastrophic rupture (using the specified tank head =
maximum liquid height), i.e. Pi = Psi+ 2 pLgAHL

2. User-specified elevation height (i.e. for Safeti-NL for a vessel resting above the ground)
a. leak and 10 minute scenarios: Zrelease = Max {1m, Zian°tm}
b. instantaneous: Zrelease = Ztank®™™ +%2 AH

For catastrophic ruptures, a proportion of the hazardous material can get outside the bund, even if the bund capacity is
larger than the tank storage capacity. The HSE®i¥ has carried out a number of experiments to determine what
fraction may get outside the bund, where the percentage of overtopping varies between 20%-70% depending on the
configuration. Thus based on these HSE results, the user is advised to use 1.5 the actual bund area for catastrophic
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ruptures (parameter= bund area multiplier, default value 1.5) in order to account for bund overflow. This value of 1.5 is
prescribed for Safeti-NL calculations; see Module C of the BEVI risk assessment manual® (Section 4.2.1.2 and sub-
section 4.2.1 inside Section 12.3).

Future recommended methodology/implementation

1. User need to always specify type of vessel as currently for time-varying TVDI discharge model, with added input as
for TVDI.

GUI to evaluate centroid height Z. using logic as described in previous section.
2. GUI to specify as input for catastrophic ruptures:

a. Pi=Ps+ %2 p0[Z-Zc]=Pst+ 2 pLg [AHL-Zc), Ti=Tst

Zrelease = Ztankbonom +Z;
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About DNV

We are the independent expert in risk management and quality assurance. Driven by our purpose, to safeguard life,
property and the environment, we empower our customers and their stakeholders with facts and reliable insights so that
critical decisions can be made with confidence. As a trusted voice for many of the world’s most successful
organizations, we use our knowledge to advance safety and performance, set industry benchmarks, and inspire and
invent solutions to tackle global transformations.

Digital Solutions

DNV is a world-leading provider of digital solutions and software applications with focus on the energy, maritime and
healthcare markets. Our solutions are used worldwide to manage risk and performance for wind turbines, electric grids,
pipelines, processing plants, offshore structures, ships, and more. Supported by our domain knowledge and Veracity
assurance platform, we enable companies to digitize and manage business critical activities in a sustainable,
cost-efficient, safe and secure way.
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