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ABSTRACT

The UDM theory and solution algorithm for steady-state ground-level heavy-gas dispersion has been investigated in detail:

1. The top-entrainment formulation (Richardson-number calculation and entrainment function) has been validated against the 2-D
wind-tunnel experiments of McQuaid (steady-state ground-level dispersion of CO2). Good agreement has been obtained. Moreover
UDM results are shown to be in identical agreement against an analytical solution for a neutral ground-level jet (adopting the heavy-
gas logic). After this change, the validation was redone and similar agreement against the experimental data was shown (without
tuning to the experimental data).

2. Aliterature review is carried out for the crosswind gravity-spreading formulation. The new formulation has been validated against
the isothermal HTAG wind-tunnel experiments. Future implementation of the collapse of gravity spreading is recommended.

3. Forthe HTAG experiments, the UDM has also been verified against results of the HGSYSTEM model HEGADAS.

4. Inthe future, a further sensitivity analysis is recommended to be carried out for a given base-case problem, with a selected number
of single/multiple parameter variations.
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4 HEAVY-GAS DISPERSION

4.1 Introduction

This report documents the verification and sensitivity analysis of the Unified Dispersion Model (UDM) for the case of continuous
isothermal ground-level heavy-gas dispersion.

The literature regarding validation on heavy-gas dispersion has first been reviewed. An overview of heavy-gas-dispersion
formulations is given both in the CCPS guidelines for vapour dispersion’ and documentation by Lees'. Also reference is
made to the formulation in the HGSYSTEM heavy-gas dispersion program HEGADAS; see the HEGADAS theory manual™,
the HGSYSTEM 1.0 Technical Reference manual , the HGSYSTEM 3.0 Technical Reference manual¥, and Witlox
(1989)".

During heavy-gas dispersion, the UDM applies the following entrainment equation and spreading equation,

d d gnd AW K Us
% = %[Z\Neff Her (1+ g )Ucldpcld] = [Z\Neff Utop + Herr L+ hy )uside] Pat T v Usige =7 df » Ugop = O(Riv)
dw,
thff =CE Ux ‘\'Ri*

Here up is the top-entrainment velocity, uside the side-entrainment velocity, and Ri- the Richardson number;
see the UDM theory manual for further details.

In Section 4.2 the evaluation of the Richardson number Ri- and the top-entrainment formulation (formula for uyp) is
investigated, and compared with the literature.

In Section 4.3 the UDM equations are given for isothermal continuous ground-level heavy-gas dispersion. From this a
reduced set of simplified equations is derived for the case of zero cross-wind spreading (2D dispersion; top-hat profile).
These equations can be solved analytically in the case where an averaged, constant Richardson humber is assumed.

In Section 4.4 the UDM is validated against the two-dimensional McQuaid experiments involving isothermal ground-level
heavy-gas dispersion of carbon dioxide over flat terrain (2D dispersion without cross-wind spreading).

In Section 4.5 the UDM side-entrainment and cross-wind spreading formulation is investigated, and compared with the
literature. In Section 4.6 the new formulation is validated against the HTAG experiments, involving isothermal ground-level
heavy-gas dispersion over flat terrain (3D dispersion including cross-wind spreading).

Section 4.7 discusses possible further work.
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4.2 Top-entrainment

4.2.1 Overview of formulations

As described above, the top-entrainment formulation is expressed by the top-entrainment velocity Ui in terms of the
entrainment function ®(Ri+), which is a function of the Richardson number Ri-. The top-entrainment formulations have
been compared for a range of commonly used similarity heavy-gas-dispersion models:

- the old and new UDM models (UDM5.2, UDM 6.7)

- the HGSYSTEM model HEGADAS v

- the model DEGADISY, which formulation is largely based on HEGADAS

- a formulation applied by Witlox (1989)Y in a 2D test version of the HEGADAS formulation, partly based on
entrainment function proposed by Britter (1988)Vi

- the HGSYSTEM model AEROPLUMEY

Table 1 summarises the top-entrainment formulations for these models.

Table 1. Top-entrainment formulations

MODEL Ri Utop ®( Ri+) [®(0)=1]
UDM 5.2 ] —.(z o ks U-/D(Riv) (1+0.8Rix)°%, Ri->0
g mln[pdd—/)a(C) SIH e @+ hy)| o ks =.54 (A),.34 (D), 1, Ri-<0 before lift-off
Peld 24(F) max{.003,(1+0.65|Ri:|>%)"}, Ri-<0 after lift-off
UDM 6.7 T 0.4 U/d(Riz) max{Ri/7 ,(1+0.8Ri°%/1.7}, Ri->2.3625
g M“(cg‘) He +hy) 1, 0<Ri-<2.3625
PalZeg usx (1+0.65|Ri-|*) 1, Rix<0
HEGADAS - H 0.41(1+p) ut/®(Rix) (1+0.8Rix)*® Ri->0
Pad — Pal ef2f ) eff (1-0.6Ri) 0% Ri«<0
Pa(z=0)ur
DEGADIS _ 0.4 u/O(Riv) 1+0.11Ri-1%, Ri->0
g p°'d—'20a H it (1+0.65|Ri[*®)%, Ri«<0
Palx
Witlox(1989) Putd — P 0.41 u/d(Rix) Riv7, Ri->14.72
[Britter (1988)] g °—2a H o (1+0.8Ri9)*5/1.7, 2.36<Ri<14.72
PaUx 1, 0<Ri+<2.36
AEROPLUME Deid — P 0.41 u/d(Rix) max{Ri/7 ,(1+0.8Ri:)°%/1.7}, Ri>189/90
95" (2z,) 1, 0<Ri«<189/90
PalUx (1-0.6Ri\)*?, Ri«<0

The following is noted.

1. Formula for effective cloud height

For a 2D (zero crosswind spreading problem), UDM, HEGADAS and DEGADIS adopt the same form of vertical
concentration profile (exponent s) and wind-speed power-law profile (exponent p). As a result the formula for the effective
height is the same for all these models.

Her = T(L+D)R,
n

2. Formula for Richardson number

The UDM 5.2 formula erroneously did not contain the friction velocity u- This has been corrected in the current UDM.

The UDM 5.2 adopts in the denominator of the formula for the Richardson number the term pqq while HEGADAS/DEGADIS
adopt pa. The latter assumption is also in line with the CCPS guidelines’, and the method for which the entrainment
correlations have been derived from experimental data. As a result the current UDM formula adopts pa. For heavy gases
the UDM 5.2 model results in a too small value of the Richardson number for high concentrations. For lower concentrations
pa ~ pcid, and this difference will not have any effect.

HEGADAS modifies the friction velocity u- into ur if substrate heat transfer is taken into account. See Appendix C.3 of the
HEGADAS theory manual. The extra term (1+p) appears to be a limitation of the HEGADAS passive-dispersion solution,
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rather than a truly physical effect. This modification of the friction velocity may be considered for future implementation
into the UDM.

3. Entrainment function, top-entrainment velocity

For Ri->0, the entrainment function formulation proposed by Britter (1988), and adopted by Witlox (1989) [and similar to
McFarlane in AEROPLUME] are recommended since these lead to a best fit to available experiments data. As a result,
this formulation is adopted in the current UDM. From Figure 4.1a it is seen that this formulation is also very close to the
DEGADIS entrainment formulation. Note that for large Richardson numbers (Ri->100), the UDM 6.0/DEGADIS values for
the top-entrainment are considerably less than for HEGADAS.

For Ri-<0, the UDM adopts the entrainment function formulation adopted in DEGADIS. Figure 4.1b illustrates that the
values for the entrainment function are in between the HEGADAS (p=0.1,0.7) values.

Note that unlike UDM 5.2, the new current UDM version does not include stability-class dependency of the top-entrainment
velocity. For the far-field passive dispersion, the effect of stability class follows from the formula for the ambient vertical
and cross-wind dispersion coefficients cza and oya. This implies reducing cza, 6ya and (increasing concentration, reduced
entrainment) for increasing stability class.
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Figure 4.1. Comparison of entrainment functions ®(Rix) for UDM, DEGADIS and HEGADAS models; the plot

displays the ratio of entrainment velocity to friction velocity [uwp/u* = x / ®(Ri+)] as function of
Richardson number Ri-

4.3 UDM equations

4.3.1 Isothermal continuous ground-level heavy-gas dispersion

The UDM theory manual includes a complete set of dispersion equations. For an isothermal, continuous, ground-level
heavy-gas dispersion these equations simplify as follows:

- zero water-vapour transfer from ground: mug=0
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- no heat transfer from ground: qgna = 0
- zero vertical momentum: | = 0, uz = 0, zca = release height zr = 0, 6=0, ha = 0
- zero horizontal excess momentum: Ixz = 0, Ucia = Ua (cloud moving with the wind)
[Note that for McQuaid experiments this is not valid for an area near the release point, at which the injection velocity differs
from the ambient velocity; this will be ignored in the analytical solution which will may lead to some discrepancy between the
analytical and numerical/experimental solutions near the source]
- enthalpy equation (isothermal, pure vapour, ideal gas): Tca= Ta
-> density peid = pa [1 — Cov] + ppol [Cov], With Cov = Col ppol
[cov = centre-line ground-level concentration (volume fraction = mole fraction),
Co = centre-line ground-level concentration (kg of pollutant / m® of mixture)
ppol = pollutant density at Ta (kg of pollutant / m® of pollutant)
pa= air density at Ta (kg of air / m* of air)]
pcid = mixture density at Ta (kg of mixture/ m® of mixture)]
- cloud area Acid(X) = 2 HeW err
- cloud mass/area relation meig = peidAcid(X)Ua
- pollutant conservation: mass-flow rate coAcd(X)ua = constant = Q (kg of pollutant /s) or volume-flow rate covAci(X)ua = Q / ppol
(m?® of pollutant / s)
- air entrainment: dmed/dx = Entiot (heavy and passive entrainment contributions)
dmeig/dx = Entheavy = ..... (before passive transition)
dmcig/dx = Epas = Acida(X) Uapa[oy*doya/dx+c2 doz/dx] in far-field (transition in between)
- cross-wind spreading law: dWes/dx = .....
- Richardson number: Ri- = [g (pcid-pa) / peid] Hert / Us?
- concentration-profile exponents: m=m[(pcia -pa)/ pa], N= N[Hes/L]

After eliminating Aqad(X), Mcig, the following 7 equations remain for the 7 unknowns pcid, Cov, Heff [Felated to o, Rz], West
[related to oy, Ry], Rix, m,s

(a) Pcld = Pa [1 - Cov] + Ppol [Cov] (density)

(b) Cov [2 HeWestUa] = Q / ppoi (pollutant conservation)

(c) d[2 HefWet Uapcid]/dX = Entiot = ... (air entrainment)

(d) dWer/dx = ..... (cross-wind spreading law)
(e) Ri- =[g (peio-pa) / peid] Heft / us? (Richardson number)

) m=m[(pcid -pa)/ pa] (conc.profile exponent)

(9) n= N[He/L] (conc.profile exponent)

4.3.2 Simplified equations for no cross-wind spreading; analytical solution

For neutral stability L=co and therefore n=2. For uniform cross-wind profile m=c and 2 Wer = 2 Ry = constant = (take) 1.
Moreover Q = release rate (kg of pollutant /m of cross-wind direction /s). Assuming heavy-gas entrainment only (no passive
transition), this leads to the following further reduced 3 equations for peig, Cov, Hett [=T'(3/2)R, = 0.5112 R, = 0.5(21)*2 o).

(@) peid = pa [l —Cov] + ppoi [Cov] (density)
(b) Cov [Hefoa] = HreleaseUrelease = Q / Ppol (poIIutant conservation)
(€)  d[HeftUapcid)/dX =paliop= pa k U+/ D(Rix), Ri*=[g (pcia-pa)/ pa]Heii/u+? (air entrainment)

Eliminating ped, Cov USiNg the first two equations, this leads to a differential equation for Hes that can easily be solved in
the downwind direction using the starting condition He#(Xx=0) = Hrelease. NOte that u, varies as function of z, while p, can be
taken to be constant

4.3.3 Analytical solution assuming constant Richardson number
For the Richardson number Ri- assumed to be constant = Ri-0, the differential equation can be solved analytically
Hefr Uapeid = [okaus/D(Rixg)] X + (peia Heftla) release = [atkaU/D(Rix)] X + Q
Therefore
1

Ku*ppol
Q ®(Ri.)

ov

The following is noted.

1. The above solution should correspond exactly to the numerical solution, if in the numerical solution Ri- = Rix would
be adopted and the pollutant would have been released with exactly the ambient velocity. Since the latter does not
occur, some discrepancy will occur.
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2. Alternatively the numerical solution could be started at a downwind distance at which the velocity is reduced to the
ambient velocity. Downwind of this distance the above analytical solution can be applied. In that case it can be shown
that the above solution comes down to the exact same solution as the HEGADAS solution for ¢y by Witlox (1989).

3. Note that if Ri~ < 2.35 and wind speed reduce to ambient speed, the analytical solution would also be exact.

The pollutant mass flow can be shown to be given by [analogous to Witlox (1989)]

© © p 1+p
n R
Q:J.CUdZZICOei(Z/RZ) Uref [LJ dzzlcourefzrefr(l-’__p) (_ZJ =COUa(Z= Rz)%F(1+ ijz (1)
z n n
0

0 ref Zyef n

Note that the above equation is different to the UDM equation for imposing mass conservation

2
R, F(1+n] (2)

Q = CoUa(z=2c) Heff = Cola(z=2c) T(1+1/N)R,, 2o = ——%
2 1
ri+=
n

The above expressions (1 )and ( 2 ) are identical in case of an uniform wind speed (p=0). However, for a non-

uniform wind speed UDM mass may not be exactly conserved, and as a result the values for R; are different (although

for small values of p the effect will be small). The resulting difference in the values for R, will be investigated using
the McQuaid experiments.

4. Further data can be derived as follows from the above data

- Co = Ppol Cov

= Acd(X) = 2 HettWesr = Hest

- Peld = Pa [1 —Cov) + Ppol [cov]
= Mag = peidAcid(X)Ua

Verification | UDM Chapter 4: Heavy Gas Dispersion | Page 4-8



DNV

4.4 Validation against 2D McQuaid experiments

In the previous section simplified UDM equations have been derived for steady-state 2D isothermal ground-level heavy-
gas dispersion, and an analytical solution has been given assuming a constant Richardson number. In this section the
numerical solution of these equations by the UDM will be validated against experiments carried out by McQuaid™. Note
that previous simulations against the McQuaid experiments were carried out for a 2D test version of HEGASAS, the finite-
element programs FEM3 and FEMSET, and the finite-volume code FLOW3D; see Witlox"* for further details.

4.4.1 Experimental parameters and results

A set of three wind-tunnel experiments were carried out by McQuaid. The experiments are characterised by the following:

- steady-state release of carbon dioxide (COz2) by a line source of width L, = 0.05 m and injection velocity v, given
in Table 2. Thus the release rate equals Q = ppaviLp (kg/m/s)

- dispersion over flat terrain

- isothermal flow (temperature = 293.5K)

- a logarithmic formula for the ambient wind speed ua(z) = (u+/x) In(1+z/zr"), with the friction velocity u- and the
equivalent surface roughness zr" given in Table 2 and x the Von Karman constant (UDM assumes «=0.40, while
McQuaid assumed k=0.41)

McQuaid postulated for the concentration ¢, (mole or volume fraction)

¢, (X, 2) = G, (¥) 3| ~ IN(2) [ - j

1/2

where co\(X) is the ground-level concentration, and Hi>(X) the height at which cy is halved.
The measured data for co(X) and Hy2(x) were found to be accurately fitted by power-laws for 0.5 m< x <5 m. McQuaid
recommends n = 2.14, while Britter¥il advises n = 1.5.

Table 2. Experimental data by McQuaid: values of parameters [release rate Q, friction velocity u-, injection
velocity v, equivalent surface roughness zg*, wind speed u,(0.1) at height 0.1 m, wind-speed power-
law exponent p] and measurements [power-laws for ground-level concentration co, and height Hi, at
which concentration is halved(from fit to experimental data, valid for 0.5 m <x <5 m)]

EXp. Q u- Vi ZrR Ua(0.1) p Cov(X) Hus2(X)
(kg/m/s) (m/s) (m/s) (m) (mole fr.) (m)

1 0.0113 0.144 0.123 1.37%10° 3.12 0.132 | 0.082*x?0%8 0.043*x0:54

2 0.0142 0.073 0.155 2.59*10° 1.47 0.144 | 0.190*x?0#* 0.037*x0%5

3 0.0226 0.053 0.247 3.60*10° 1.03 0.151 [ 0.395*x?03¢ 0.046*x%7

4.4.2 UDM predictions

UDM simulation
UDM simulations for the above problem were carried out as follows.

1. The UDM power-law fit of the logarithmic profile is appropriate for atmospheric conditions, and does not lead to
accurate results for the smaller wind-tunnel dimensions. As a result the power-law exponent p was imposed. For
experiment 2 the power-law exponent p was obtained from Witlox . For experiments 1,3 it was obtained by using
the more advanced power-law fit algorithm in HEGADAS. The applied input data are given in Table 2.

2. The 2D conditions (with no cross-wind spreading) were imposed as follows:
- The cross-wind concentration exponent m = « is imposed (the large value m = 50 is adopted), to apply
a top-hat profile with no cross-wind concentration variations.
- The equation dRy/ds = 0 is imposed to apply zero gravity spreading. This is done by setting the cross-
wind gravity spreading parameter Cg = 0.

The above implies that the ‘cloud width’ = 2 We = 2Ry is a constant, which is chosen to be Wes = 1.
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3. The source is modelled as a vertical source at x = 0, with a horizontal release velocity v, (m/s) and flow rate Q
(kg/m/s)?.
4, Isothermal flow (Ta =293.5 K, P, =1 atm.) is assumed with uniform pressure/temperature profiles, and a power-

law wind speed profile with cut-off at 0.01 m.

5. The default value n=2 is used for the vertical concentration exponent n. This value matches closely the
recommended value n = 2.14 by McQuaid, although Britter"" advises n = 1.5.

UDM results

First a UDM simulation was carried out for experiment 2, in which a constant Richardson number Ri- = 5.7 was hardwired.
This value was found by McQuaid to be the ‘average Richardson number’. Figure 4.2 demonstrates that the UDM results
are in almost exact agreement with the results obtained from the analytical solution derived in Section 4.3.3. Note that
also data for other variables were found to be almost identical. Thus this verifies the correct implementation of the heavy-
gas top-entrainment formulation.

Equation ( 1 ) contains an analytical expression for mass conservation assuming the cloud speed to be equal to the
ambient wind-speed. Equation ( 2 ) is the mass-conservation equation adopted by the UDM. Figure 4.3 compares the
analytical pollutant mass flow rate ( 1 ) with the actual value of the flow rate Q = 0.0226 (kg/m/s) for experiment 3 of
McQuaid. The reason of the discrepancy is the fact that Equation ( 1 ) assumes the ambient wind-speed for the cloud
speed, which is too high near the source. Thus this equation provides a too high estimate for the source rate Q near the
source. Further away from the source the cloud speed speeds up to the ambient speed and Equation ( 1) becomes valid.
Note that the significant differences between cloud and ambient speed near the source also imply that jet entrainment
needs to be taken into account.

Secondly UDM simulations have been carried out including the calculation of the Richardson number. Figure 4.4, Figure
4.5, Figure 4.6 include UDM predictions for McQuaid experiments 1, 2, 3, respectively. These figures include three type
of UDM simulations:

1. The first run assumes the total entrainment E to consist of heavy-gas entrainment Eny only: Ewt = Envy. This results
in an over-prediction of the ground-level concentration and an under-prediction of the height Hi.. This seems to be
caused by the neglect of the jet entrainment Eje:.

2. The second run adopts the UDM 5.2 assumption for the total entrainment to be the sum of jet and heavy-gas
entrainment: Ewt = Eny + Ejer. This results in considerably improved predictions for all three experiments.

3. McFarlane’ observes that jet-entrainment and heavy-gas entrainment are not independent mechanisms. In line with
this the third run adopts the current UDM assumption of the total entrainment to be the maximum of jet and heavy-
gas entrainment: Ewr = max(Enw,Epas). This is seen to further improve the predictions for experiment 3, but to
reduce somewhat the accuracy for experiment 2.

1 Note that for the actual experiment, the source was a ground-level source with a vertical velocity vi. It is however expected that this will not significantly affect the
results. This should need preferably further investigation.
Verification | UDM Chapter 4: Heavy Gas Dispersion | Page 4-10
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Figure 4.2. Comparison of the UDM predictions for experiment 2 of McQuaid, in which the Richardson
number has been hardwired to a value of 5.7, with the analytical solution.
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Figure 4.3. Comparison of the analytical pollutant mass flow rate with the actual value for experiment 3 of

McQuaid. The ‘analytical’ flow rates have been derived from Equation (1) for two types of UDM
simulations (Etot = Envy, and Etot = Envy + Ejet).
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Comparison ofUDM with experimental data - Groundlevel concentration
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Figure 4.4. McQuaid experiment 1; experimental data (fitted by straight line) and UDM predictions assuming

(a) Etot = Envy [results not included] (b) Etot = max(Envy,Ejet), (C) Etot = Envy+Ejet

Verification | UDM Chapter 4: Heavy Gas Dispersion |

Page 4-12



DNV

Comparison ofUDM with experimental data - Groundlevel concentration
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Figure 4.5. McQuaid experiment 2; experimental data (fitted by straight line) and UDM predictions assuming

() Etot = Envy, (b) Etot = max(Envy,Ejet), (C) Etot = Envy+Ejet
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Comparison ofUDM with experimental data - Groundlevel concentration
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Figure 4.6. McQuaid experiment 3; experimental data (fitted by straight line) and UDM predictions assuming

(@) Etot = Envy, (b) Etot = max(Envy,Ejet), (€) Etot = Envy+Ejet
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4.5 Cross-wind spreading and side entrainment

45.1

Overview of formulations

The table below includes an overview of crosswind-spreading and side-entrainment formulations.

Table 3. Cross-wind spreading and side-entrainment formulations (continuous)

MODEL spreading law Ri Ce Uside
st |l... {.... ] .. (1.8)4(n/B)Urop
oenz e 1. 1. v dW en/dt
y=0.
UDM 5.2 dWer/dt= Ce u-Ri>® _ k2"5=.39 dW esi/dt
g Peld ~ Pa (Zc) Heff z=0.05
Peld
UDM (current) dWes/dt= Ce u- Ri®® Petd — PalZe) 1.15 ¥ dWer/dt
g— 5 Hes y=0
Pelg Ux
dWer/dt= Ce u- Ri®® - = 1.15 0
MEGADAS Reched chJSt-coIIapse g Ma(z_o) g
spreading PelgUx
DEGADIS dWer/dt= Ce u- Ri%® Poid — Pa 1.15 0
g——— Hes
Peid U=
AEROPLUME dD/dt = ..... _ Peid — Pa ?27? 0??
(to check)?? Ri-= g ————(22;) ??
Pal=

4.1.1 Gravity spreading formulation (current UDM)

In the UDM continuous model, the entrainment equation and the gravity-spreading equation are given by

d d dm,, o™
MM _ *[ZWeffHeff (L+hy )ucldpcld] = [Z\Neffutop + He (L+hy )uside]pa L ,
ds ds ds
dw
thff :CE Ux ‘\'Ri*

Usige =7

dWeff K Ux

where mgq is the cloud mass (kg/s) and my, the added water vapour from the substrate (kg/s).

y Ugop = "
dt " ®(Ri,)

The UDM 5.2 value of 0.39 for the gravity-spreading parameter Cg is considerably smaller than the value of Cg » 1.15
adopted by most other models. The value for the gravity-spreading parameter Cg is obtained in most dense-gas-dispersion
models from experiments by Van Ulden* for instantaneous gravity spreading (Ce = 1.15; HEGADAS adopts Cg = 1.15,
while Britter uses in his workbook Ce = 1.07; DENZ, CRUNCH apply similar values). As a result the current UDM default

value is Cg = 1.15.

Top entrainment is commonly assumed to be dominant to side entrainment for continuous heavy-gas dispersion. As a
result in the current UDM, by default the side entrainment coefficient is selected to be y=0. Note this resulted in a slight
improvement of the predictions of the validation set of experiments.

The above equations are applied before the passive transition. Downwind of the passive transition the equations are as

follows

dmgq
ds

do, ~ doy,

dx

d
4 [ZWeff Hert 1+ g Ueig Pard ] = 2W ¢ {_

y

Note that passive dispersion is phased in along a transition zone.

1 doy 1 dog
dx o, dx

:|ua(zzzc)pa(zzzc)+dmL

gnd

ds
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4.5.2 Gravity-spreading formulation including collapse (HEGADAS)

The reduced value for Ce as adopted in UDM 5.2 may result in better predictions in cases where the collapse of gravity
spreading is significant (although the formulation does not represent the correct physics). The HGSYSTEM model
HEGADAS includes gravity-spreading collapse. In the latest version 3.0 of HGSYSTEM the post gravity-spreading-
collapse formulation has been modified with respect to that adopted in HGSYSTEM 1.0; see Chapter 7B in the
HGSYSTEM 3.0 manual” and Roberts and Hall¥. This modification ensures a more smooth transition between the post
gravity-spreading collapse criterion and the purely passive criterion. This formulation is summarised below.

The HEGADAS modeli adopts a similarity concentration profile, defined by

a middle part with half-width b, along which the concentration is uniform
outer Gaussian flanks with decay defined by the cross-wind dispersion coefficient Sy = 2%,

The effect cloud width is defined by Wet = b + 0.51°9S,.

The HEGADAS model assumes that a dense gas cloud passes through three consecutive stages of lateral cloud growth:

1.

2.

Gravity spreading.

The entrainment equation, gravity-spreading equation and the equation defining the growth of the Gaussian
flanks are given by

1 i Wesr H g Ui =utop(uT)+Q U, (U)= K Uy
W, ox| Y, V, o et T R
dw
v, R

ds 2\%® do L2\
Sy d—Xy = 2 (;J Weff d)zla X= Uya 1 (;j Weff

In the entrainment equation the term between brackets represents the cloud molar flow through a vertical plane
(kmole/s), Vi is the mixture volume (m3kmole), Vo, = 22.4 m3kmole is the ideal-gas molar volume at OC and 1
atmosphere, and Qwy the molar water-vapour flux from the surface. Note that HEGADAS adopts for the cloud
speed the effective cloud speed, rather than the speed at the cloud centroid. In addition the entrainment equation
is expressed in terms of cloud molar flow (kmole/s) rather than cloud mass flow (kg/s). Note that pcq = Mcia/Vim,
where Mg is the molecular weight of the cloud mixture.

In the equation for Sy, oya! is the inverse function of the ambient passive dispersion coefficient cya(x).

The above logic applies as long as the ‘gravity current collapse criterion’ is not satisfied, i.e.

Utop W, )
top Yeff  _ 0’; Werr > constant= M =2.321+p)
Werr CeRi%SO(Riz )Hefr 3Ce
at eff

The values p=0.1, 0.7 lead to the values for the constant of 2.5 and 4.

The term We Utop is the volumetric flow (per unit of length in the downwind distance) of air entrained at the top of
the cloud, and the Het (dWer/dt) is the added volume (per unit of time, and per unit of length in the downwind
distance) due to lateral expansion. Thus when the ratio in the left-hand side of the above equation exceeds 1,
the flow of air mixed into the top of the cloud exceeds the increase in cloud volume due to lateral expansion and
the cloud height must increase, changing the vertical distribution of the dense gas. This process erodes the
vertical density stratification within the body of the cloud that is needed to maintain the gravity current. Thus the
above criterion is a measure of the destruction of the internal vertical structure of the gravity current by mixing
driven by the external turbulence.

Post-collapse gravity spreading (b>0).

After the above criterion is satisfied, the entrainment equation, gravity-spreading equation and the equation
defining the growth of the Gaussian flanks are given by
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i H et Uegr _ utop(uT) 10 0() = K Ug

dx| V, A T (R ()
dWey 312 doy, -1(p-05

w—o= 27 S, F[x:o—ya oss, |

ds 2\%® do L2\
Sy d—xy = 2 (;J Weff d)Za X= Uya 1 (;j Weff

The above logic ensures that Wi increases more slowly than Sy, ensuring that b will reduce to zero and the
HEGADAS concentration profile reduces to a Gaussian profile?.

3. Pure passive dispersion (b=0)
After b has reduced to zero, the passive-dispersion crosswind concentration profile is imposed. The entrainment
equation, and the equation defining the growth of Gaussian profile are given by

H_u u.(u
i off eff | _ top( T) +QWV U, (UT) _ K'-UT
dx| V, V, ®(Ri.(u;)

m

S, =2"%0,, (x+x,)

where x, is the virtual distance chosen such that Sy is continuous at the transition point x; at which b reduces to
zero.

4.5.3 Gravity-spreading formulation for future implementation

The proposed UDM model for future implementation may assume that the dense gas cloud passes through three
consecutive stages of lateral cloud growth:

1. Gravity spreading.
The adopted equations are identical to those of the current UDM version prior to the passive transition, i.e.

dm, d dm AW, K Us
—Hd — — W Hege (L+ hd)ucldpcld] = [ZWefotop + He 1+ hd)uside]pa + dvswg v Usige = y——

ds ds

dWeff
dt

:CE U*\/R_L\—

The above logic applies as long as the HEGADAS ‘gravity current collapse criterion’ (3) is not satisfied.

2. Post-collapse gravity spreading (before or at passive transition??), and passive dispersion

After the above criterion is satisfied, a reduced gravity-spreading rate needs to be applied, and in line with HEGADAS a
modified entrainment equation. The HEGADAS logic can not be directly be translated to UDM logic. A better assumption
may be to apply passive dispersion after collapse [including possible phasing in of passive dispersion along a transition].

This should only be done if the (phased-in) passive spread rate at this point would give a reduced spread rate. This would
ensure that Wer increases more slowly.

Thus downwind of the point at which the above criterion is satisfied, the equations are as follows

dmcld d 1 do_ya 1 dﬁza dmw\,gnd
——=—|2Wg4 H L+hy)u = 2Wy | — +— U,(z=z I1=2,)+—m—
s ds[ eff Herr (1+hg) cldpcld] off o, & o, o a(z=12;) pa(z=12;) s
do, do,
dx  dx

2 T0 CHECK: The right-hand side for the differential equation for Sy is to be further checked.
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Note that passive dispersion is phased in along a transition zone.

4.6 Validation against HTAG experiments

4.6.1 Selection of experiments

The following experiments could be considered for validating the gravity-spreading formulation:

1.

The HTAG wind tunnel experiments have been extensively analysed by Roberts [see Chapter 8 in HGSYSTEM 1.0
Technical Reference Manual; see Section 8.3.1 for HEGADAS input)] to study crosswind spreading. HTAG
experiments 86-91 involve point sources with significant jet entrainment and are less appropriate. HTAG experiments
139 and 140 (from a ground-level area source) seem to be most appropriate. They consider isothermal dispersion of
a heavy ideal gas from a ground-level circular area source. UDM modelling complexities include the modelling of the
circular area source and imposing appropriate passive dispersion coefficients (the UDM profiles for atmospheric
dispersion coefficients cannot be applied to wind tunnels).

The large-scale Maplin Sand Experiments do not involve the problem with the application of passive dispersion, but
again involves the additional complexity of appropriate modelling of the evaporating propane pool. Including the pool
evaporation/spreading modelling would not allow us to concentration on the crosswind-spreading formulation only
(additional inaccuracies may result from the pool model predictions). Also the appropriate pool segment needs to be
selected.

Alternatively, the additional experiments described in the paper by Roberts and Hall* may be considered.

The HF Goldfish runs involve complexity of HF thermodynamics. The correct implementation of the thermodynamics
should be investigated first, before proceeding in investigating the width and cross-wind profiles.

If comparison against a specific experiment gives a problem, a specific AEROPLUME/HEGADAS run could be
carried out (not involving pool calculations and involving heavy dispersion; but this may be hard to obtain)

As a result of the above the HTAG experiments 139 and 140 have been selected for initial further investigation.

4.1.2 Experimental parameters and experimental results

The HTAG experiments 139 and 140 are characterised as follows:

1

ambient data:

*  pressure = 0.85 atmosphere, temperature = 20C

*  surface roughness = 0.015 m, speed 5.6 m/s at 10 m height

*  passive cross-wind dispersion coefficient cya(X) = 0.63 x°® [doya/dx=0.378x04]; vertical dispersion coefficient
cza(X)= ??? [this may be derived from experimental data]

*  relative humidity = 0% (assumed value)

pollutant properties [HT139 (gas/air density ratio = 1.4) and HT140 (gas air/density ratio 3.9)]. These are to be
simulated by adjusting molecular weight of air [new components named GAS_HT139 and GAS_HT140). Using the
air molecular weight M, = 28.96 kg/kmole and the air density pa = 0.85*1.204 kg/m?, this implies:

~ HT139: Mpoi = 1.4*M, = 40.5 kg/kmole, ppot = 1.4%pa =0.851.686 kg/m?
- HT140: Mpo| = 3.9*Ma =113 kg/km0|e, Ppol = 3.9*pa =0.85*4.696 kg/m3

isothermal conditions (air, ground and gas all 20C); no heat and water-vapour transfer

release data:

*  circular ground-level source with diameter of 5.08 m [area = 20.25 m?, equivalent HEGADAS square pool length
=4.5m]

*  volume flow rate = 22 m%/s8. Thus the release rates are:

- HT139: Q = 22 ppo = 22*0.85*1.686 = 31.5 kg/s
- HT140: Q = 22 ppo = 22*0.85*4.696 = 87.8 kg/s

3 HEGADAS adopts 1 atm. ambient pressure; this leads to 15% reduced volume flow rate of 0.85*22=18.7 m*/s, and 15% increased air/pollutant densities. The value

for the release rate Q is the same.
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See Chapter 8 in the HGSYSTEM 1.0 Technical Reference Manual for the experimental data.

4.6.2 UDM and HEGADAS predictions

UDM simulations have been carried out, and results have been compared with the experimental data and HEGADAS
simulations.

HEGADAS simulations
Three type of HEGADAS simulations were carried out, i.e.:

(a) Simulation using experimentally observed value ocya = 0.63 x%6 of cross-wind dispersion coefficient oya, and
calculations including gravity-spreading collapse

(b) Simulation using standard atmospheric value of cross-wind dispersion coefficient oya, and calculations including
gravity-spreading collapse

(c) Simulation using standard atmospheric value of cross-wind dispersion coefficient oya, and calculations excluding
gravity-spreading collapse (Cp=0 as HEGADAS input)

The HEGADAS power-law fit u(z) = [uo/zo]P results in the exponent value p = 0.23. The HEGADAS vertical concentration
profile adopts an exponent n = 1+p = 1.23. The release from the ground-level pool results in the formation of a 100% gas
blanket.

UDM simulations

The following is applied.

1. Two types of power-law fits to the ambient wind speed profile are applied:

The standard UDM power-law fit u(z) = [ure/Zref] fit to the ambient wind speed profile resulting into the
exponent value p =0.14

* the HEGADAS value p =0.23
2. Two types of vertical concentration profile
* The standard assumption of Gaussian vertical concentration profile (n=2; automatically applied by
selecting stability class D)
* the HEGADAS value n = 1.23
3. UDM can strictly speaking only deal with a jet release and not with a release from a ground-level pool. Modelling

a ground-level pool as a vertical jet would not be accurate. As a result, HEGADAS values are imposed at the
downwind edge of the HEGADAS gas blanket. The data needed for this initialisation are: downwind distance of
downwind edge of gas blanket x,, zero plume height, maximum concentration Cqy, cloud half-width Wes. To this
purpose a special UDM version was generated to enable to hardwire the downwind distance Xy and the cloud
half-width Ry.

4. The UDM atmospheric profiles for the passive dispersion coefficients oya and o, are applied, although it is
recognised that this may lead to inaccurate passive-dispersion predictions [alternative and more preferable would
be to overwrite default values for oya, doya/dx to impose oya = 0.63 x>6 and similar to ca; however this requires
for us to establish the value for o]

5. The value of the collapse gravity criterion is monitored, to establish where gravity collapse may occur.

Results

Figure 4.7 and Figure 4.8 include UDM/HEGADAS results for experiments HT139 and HT140, respectively. Results are
included for the effective cloud half-width Bex, the SMEDIS cloud half-width b, and the centre-line ground-level
concentration coy, The UDM assumptions for the wind speed power-law fit and the vertical concentration profile are chosen
to be in line with the HEGADAS assumptions (p = 0.2, n = 1.2). The following conclusions can be drawn:

1. The UDM results are in close agreement with the results of the HEGADAS simulation (no gravity collapse, standard
Gya):

* Results for effective cloud half-width (Figure 4.7a and Figure 4.8a) and centre-line concentration (Figure
4.7c and Figure 4.8c) are virtually identical
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* The UDM predictions for the SMEDIS cloud half-width are larger than the HEGADAS results (Figure
4.7b and Figure 4.8b). This is the result of the difference in the shape of the cross-wind concentration
profiles. HEGADAS adopts a profile with a middle part of uniform concentration and outer flanks with
Gaussian decay.

2. The HEGADAS simulation (gravity collapse, standard cya) demonstrates that inclusion of gravity-spreading collapse
significantly reduces the cloud half-widths and increases the centre-line ground-level concentration.

3. The HEGADAS simulation (gravity collapse, experimental cy,) demonstrates that the experimental oy, (lower than the
standard atmospheric oya) leads to further reduced cloud half-widths and larger concentrations.

Figure 4.9 and Figure 4.10 include results of HEGADAS (standard oya, no gravity collapse, p = 0.2, n = 1.2), UDM with
HEGADAS assumptions (standard oya, no gravity collapse, p = 0.2, n = 1.2), and the standard UDM model (standard cya,
no gravity collapse, p =0.14, s = 2). For the UDM centroid height less than the reference height z; = 10 m, the larger s
value results in the larger wind-speed and consequently somewhat smaller cloud half-widths and larger centre-line
ground-level concentrations.

Figure 4.11 includes crosswind concentration profiles at a range of downwind distances (compare plots in Chapter 8 of
HGSYSTEM 1.0 Technical Reference Manual). It demonstrates the development from a top-hat profile in the near-field
(with large cloud densities) into a Gaussian profile (with cloud density close to ambient density).
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Figure 4.7. UDM and HEGADAS simulations for HT139 (p = 0.2, n = 1.2); curves included are as follows:

- experimental data

- HEGADAS (experimental oya , gravity collapse)
- HEGADAS (standard oya , gravity collapse)

- HEGADAS (standard oya, N0 gravity collapse)
- UDM 6.0 (standard oya , N0 gravity collapse)
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Figure 4.9. UDM and HEGADAS simulations for HT139; curves included are as follows:

- experimental data

- HEGADAS (standard oya , No gravity collapse; p=0.2,n=1.2)
- UDM 6.0 (standard oya , N0 gravity collapse; p=0.2,n=1.2)

- UDM 6.0 (standard oya , No gravity collapse; p=0.13,n=2)
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Figure 4.10. UDM and HEGADAS simulations for HT140; curves included are as follows:

- experimental data

- HEGADAS (standard oya , NO gravity collapse; p=0.2,n=1.2)
- UDM 6.0 (standard oya , no gravity collapse; p=0.2,n=1.2)

- UDM 6.0 (standard oya , N0 gravity collapse; p=0.13,n=2)
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Figure 4.11. UDM predictions (p=2, n=1.2) of cross-wind concentration profiles (HT139, HT140)

4.7 Further work

1. Inclusion of the collapse of gravity spreading is recommended into the gravity-spreading formulation, in line with the
HGSYSTEM formulation¥. Subsequent validation against the Maplin Sand experiments, HTAG wind-tunnel
experiments, and further experiments by Roberts and Hall*,

Verification | UDM Chapter 4: Heavy Gas Dispersion | Page 4-27



DNV

2. A sensitivity analysis is to be carried out for a given base-case problem, with a selected number of single/multiple
parameter variations.

3. Possible modification of the calculation of the friction velocity for non-isothermal problems (in line with HEGADAS
logic; ur instead of us).

Further study of the TUV experiments, to check for possible stability-class dependency of the top-entrainment
formulation.
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SPREADSHEETS

Figure 4.1 ENTFUN.xIs
Figure 4.2 McQd2Ana.xls
Figure 4.3 McQuaid3+Jet.xls
Figure 4.4 McQuaidl+Jet.xls
Figure 4.5 McQuaid2+Jet.xls
Figure 4.6 McQuaid3+Jet.xls
Figure 4.7 HTG139HG.xls
Figure 4.8 HTG140HG.xls
Figure 4.9 HT139UMP.xls
Figure 4.10 HT140UMP.xIs
Figure 4.11a HTG139HG.xIs
Figure 4.11b HTG140HG.xIs
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