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Introduction to HSE

A HSE is the UK regulator for workplace health and safety

I Includes onshore/offshore pipelines, chemical/oil/gas infrastructure, offshore platforms etc.

I Activities: evidence gathering, policy development, consultation, regulation, incident
Investigation, enforcement

I HSE acts as an enabling regulator, supporting the introduction of new technologies
I 2,400 total staff

I £230M ($280M) budget: 60% from the Government, 40% from external income

A HSE Science and Research Centre, Buxton, UK
I 400 staff, 550-acre test site
I Scientific support to HSE and other Government departments

I "nShar ed r es eladustyhpoojeadsrco-fiinded bytHSE
I Bespoke consultancy on a commercial basis

© Crown Copyright HSE 2024
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Dense gas dispersion physics
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Flow generated by density differences

Plume spreads with increased horizontal and reduced vertical extent
(as compared to a passive plume)

Profiles of concentration In lateral direction are often quite uniform
Little meandering of plume due to random environmental flow
Shear between plume and environment induces mixing
Stably-stratified conditions reduce turbulence

Inertia of the cloud depends on the density of the released material
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Why Is HSE Interested Iin dense gas dispersion?

Jack Rabbit Il Trial 8 chorine release © DHS S&T CSAC https://www.uvu.edu/es/jack-rabbit/

A Dense gases often fall to the ground, even if they are released from height

A Dispersing clouds of dense gas, spreading along the ground can lead to:
I High concentrations of toxic gases In our breathing zones
I Increased chances of flammable clouds reaching ignition sources

A Many of the toxic and flammable substances of interest to HSE produce
dense gases

© Crown Copyright HSE 2024
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Substances of Iinterest to HSE
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Control of Major Accident Hazards (COMAH) regulations

Column 1 CAS Column 2 Column 3
number (
1)

Dangerous substances Qualifying quantity in
tonnes of dangerous
substances for the
application of:
Lower tier Upper tier
requirements | requirements

35. Anhydrous ammonia fe64-41-7 | a0l 200

36. Boron trifluonde f637-07-2 |5 20

3/. Hydrogen sulphide ff83-0g-4 |5 20

38. Piperidine 110-89-4 o0 200

39. Bis(2-dimethylaminoethyl) 3030-47-5 | 50 200

(methyllamine

40. 3-(2-Ethylhexyloxy)propylamine | 5397-31-9 | 50 200

41. Mixtures of sodium - 200 500

hypochlorite classified as Aquatic

Acute Category 1 [H400]

containing less than 5 % active

chlorine and not classified under

any of the other hazard categories

in Part 1 of this Schedule, provided

that the mixture in the absence of

sodium hypochlonte would not be

classified as Aguatic Acute

Category 1 [H400]

42. Propylamine (see note 21) 107-10-8 | 500 2,000

43. Tert-butyl acrylate (see note 21) | 1663-39-4 | 200 500

44, 2-Methyl-3-butenenitrile 16529-56- | 500 2,000

(see note 21) 9

45. Tetrahydro-3,5-dimethyl-1,3,5- | 533-74-4 100 200

thiadiazine-2-thione (Dazomet)

(see note 21)

Etc.

https://www.hse.qgov.uk/pubns/priced/I111.pdf

© Crown Copyright HSE 2024

Planning (Hazardous Substances) Regulations

Named hazardous substances

Column 1 CAS number(® Column 2
Hazardous substances Controlled quantity (tonnes)

1. Ammonium nitrate (see note 14) 5,000

2. Ammonium nitrate (see note 13) 1,250

3. Ammaonium nitrate (see note 16) 390

4. Ammonium nitrate (see note 17) 10

5. Potassium nitrate (see note 18) 5.000

6. Potassium nitrate (see note 19) 1,250

7. Arsenic pentoxide, arsenic (V) acid and/or salts 1303-28-2 1

8. Arsenic trioxide, arsenious (1) acid and/or salts 1327-53-3 0.1

9. Bromine 7726-95-6 20

10. Chlorine 7782-50-5 10

Etc. https://www.leqislation.gov.uk/uksi/2015/627/schedule/1/made

Many of these exhibit dense-gas dispersion behaviour


https://www.legislation.gov.uk/uksi/2015/627/schedule/1/made
https://www.hse.gov.uk/pubns/priced/l111.pdf

What causes density differences?

Molecular mass of gas relative to air

© Crown Copyright HSE 2024
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What causes density differences?
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But é

Temperature and aerosols are also important

Molecular mass

Methane, hydrogen and ammonia can all behave as Air  Methane Hydrogen Ammonia Carbon

dense gases if they are cold and aerosols are present \ ' | dioxide

Buoyant gases rise

Methane (liguefied natural gas) Hydrogen Ammonia

© DHS S&T CSAC www.uvu.edu/es/jack-rabbit/

https://www.tradewindsnews.com/weekly/mol-outlines- Experiments at HSE for www.preslhy.eu
lessons-learned-from-Ing-ship-cargo-release/1-1-769623
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Factors affecting dense gas dispersion

A Source geometry and conditions

A Atmospheric conditions (wind speed, stability, temperature)
A Heat transfer

A Phase changes

A Dry/wet deposition and surface chemical reactivity

A Surface conditions (roughness and obstacles)

A Topography
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Source conditions

Splills of liquids with boiling point above ambient temperature

/ Low pressure \ High pressure\ \\
k Liquid /%\ Liquid Aerosol quid I'II Hﬁ
- /\ /\ o A\ .
_____ [\ / \ [\

Spills of refrigerated liquids
/ Low pressure \

Releases of pressure-liguefied gases

High Dressure\ \\”// High PFEEEUFE\ $\ | 7
— . — \ 7 o High pressure —N/;?
Liquid /— ~ / High press@ Liquid Liquid / ‘ X
|\

/\ K/\ Ljidj f{lj% //\\ /\

(Conti nued on
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mo soelirce conditions

Releases of pressurised vapour
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Reactions of some chemicals can also produce dense gases, e.g.,

© Crown Copyright HSE 2024

acids + hypochlorites = chlorine gas



OO0 ® >»

11 [TI

Heat transfer and phase change
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Ruptured vessel

Liquid splll

Cold temperature gas/aerosol mixture
Evaporation and possibly aerosols thrown into
the cloud by violent boiling

Endothermic or exothermic chemical reactions
Entrainment of warm ambient air, subsequent
condensation of water vapour

© Crown Copyright HSE 2024

G  Ground heat flux to the surface
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Heat gain/loss due to condensation/

evaporation
Heat loss due to radiation
Solar energy Input

Convective heat flux from surface to the plume

Heat exchange by convection

(Based on Hanna et al.,

1996)
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Characterisation of dense gas behaviour

2

A Froude number "0 = or In some @ = 0 Inertial forces

NE.%) references K€ Gravitational forces

“@ ‘ ‘ "o "o
= where &= > ©

IS the reduced gravity
02 )

A Richardson number Y

3.5 Criteria for Effectively Passive Behaviour

Under what conditions might a release be analysed using correlations from passive For an instantaneous release of Q,m® we recommend, also on the basis of
dispersion experiments that are widely available, have been well studied and exist Appendix A, that the flow will be effectively passive and passive dispersion results
in workbook form already (e.g. Turner, 1970; Clarke, 1979)7 may be used when
For continuous releases of g,m*/s we recommend on the basis of Appendix A P .
that the flow will be effectively passive and passive dispersion results may be used (9o/Q5 ) _ (go"Qo )3 /Q§ <09
when : Ures Ufcf —
{?}’;q:/D)a <0.15 where U,.; 1s again the velocity at z = 10 m. 1

where U, ¢ is the velocity at z = 10 m.

Source: Britter & McQuaid (1988) nAnWorkbook on the dispe
https://xnet.hsl.gov.uk/fileshare/public/3583/britter-mcquaid-1988-workbook-on-dense-gas-dispersion-crr88017.pdf

© Crown Copyright HSE 2024
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Decay of concentration with distance

Arc max Cu/Q versus x for Lyme Bay (LB), Jack

Rabbit | (JR 1), and Jack Rabbit Il (Trials 1 — 9)

" :“‘; e The straight line
! s represents the
_,4 .~ relation Cu/Q =
% ' T 8.5x%/3, where
. n+ IZ Cu/Qhas units
- 2z mZandxhas
10 100 x (m}mﬂo 10000
Sour ce: Hanna, Chang & Mazzol a

Concentrations with Downwind Distance and Characteristics of
Dense Gas Plume Rise for Jack Rabbit IIi 2015 and 2016 Chlorine
Field Experi#f&ntso, Har mo

https://www.harmo.org/conference.php?id=18

© Crown Copyright HSE 2024
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Theoretical basis supporting -5/3 power
law decay of concentration by Jeff Well

In previous work, Hanna et al. (2016b, 2017) found that the
chlorine maximum surface concentrations from the 2015 Jack Rabbit 11
experiments decreased approximately as Cpaxxx ™ ' -. This empirical
correlation is presented later in the NCAR model comparisons with the
Jack Rabbit 11 data and is derived below based on results from Appendix
A

The maximum concentration for an effective Gaussian distribution
i5 proportional to the puff top-hat concentration C, (Section 4.4),
which is estimated from the puff radius R and depth h as G, = Q/(R*h).
At long times or far downstream, R oct™ and hect and with Gy o Gy,
the C,y is given by

Cormnax & qf.ll (1)

A conversion from t to x as the independent variable can be made
using the mean wind profile and the puff entrainment relationship at
long times, where h « t. This h dependence means that the entrainment
velocity w, (= dh/dt) must be constant.

We can also write

dh/dx = (dh/dt)/({dx/dt) = w, /Ulh) (2)

where the mean wind is evaluated at z = h, and Eq. (2) can be rewritten
as

U(h) dh = w,. dx (3)

Mow instead of using the logarithmic wind profile, we adopt a
simple power-law profile of the form

L“-II:I - Lrn:"f I:-:":In:"r]'rl {-l:ll:l

where U,y is the reference wind speed at the reference height z,,.p, and
the exponent p is < 1.

By rewriting Eq. (4) as U(z) = a,z" and substituting this along with
z = h into Eq. (3), we can integrate the latter to obtain

h!*P = [w, (1 + p)]s/a, - x (5a)
oT
h=b, x V1" (5h)

where by = f (w,.p, a;). Far downstream, we have h = wt and by using

this in Eq. (5b), we find

b= (bfwe) x VHTE (6)
The above relationship can be substituted into Eq. (1) to obtain

Crax xQ x i (7)

For neutral conditions and a typical exponent p = 1/6 {Counihan
(1975) Irwin (1979), with z; = 0.1 m), the exponent on x is —1.71 and
forp = 1/7, it is —1.75. These x exponents are close to the empirically-
determined value of —5/3, and for a slightly more stable environment

https://doi.org/10.1016/|.atmosenv.2018.08.009
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Decay of concentration with distance

Complex behaviour in some dense-gas dispersion experiments with momentum-
dominated flow (jetting) and transition from dense to passive dispersion

Concentration (ppm)

10000000

1000000 -

100000

10000

1000

100

Trial: DT2.

10

100
Distance (m)

e HPAC-D-SST
HPAC-D-EST
e DRIFT-H
e PHAST-H
A DT2

xA(-1/2) *

...... XM(-1) 1\‘1

x™(-5/3) =

™
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Desert Tortoise ammonia experiments

Edge entrainment
Jet

Dense gas dispersion

© LLNL https://www.osti.qov/biblio/6393901
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Decay of concentration with distance

Complex behaviour in some dense-gas dispersion experiments with momentum-
dominated flow (jetting) and transition from dense to passive dispersion
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FLADIS ammonia experiments

/]

— Edge entrainment

Jet

Dense gas dispersion

Passive dispersion Nielsen M. and S. Ott, 1996: FLADIS field experiments: final report,

Risg-R-898(EN), Risg National Laboratory, Roskilde, Denmark,

© Crown Copyright HSE 2024
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Decay of concentration with distance

For passive dispersion

Fig. 7.2 Predicted crosswind-integrated concentration
at ground level as a function of downwind distance for
various stability conditions. [From T.W. Horst,
Lagrangian Similarity Modeling of Vertical Diffusion
from a Ground Level Source, J. Appl. Meteorol., 18:
734 (1979).]

10'4 Source: Hanna, Briggs & Hoskern Handbook of at mospher.i

di f f thps:/ovane.nrc.qgov/docs/ML0926/ML092640175.pdf

—
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NORMALIZED CROSSWIND-INTEGRATED SURFACE
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Buncefield, UK (2005): Gasoline vapour

Incident caused by overfilling a gasoline bulk storage tank
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Buncefield, UK (2005): Gasoline vapour
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Blair, Nebraska (1970): Ammonia

Overflow of ammonia from 36,000 t refrigerated storage tank
Tank levels not carefully monitored, alarm and shut-down system failed to operate

Overflow discharge valve falled to operate at the set pressure, so that the liquid level In
the tank rose until it reached the roof, at which point the overflow valve did open

A Discharge continued for 2.5 h, producing a dense vapour cloud that blanketed the
surrounding area, 10 m thick and extending to a distance of 2.7 km

A Cloud eventually dispersed and avoided populated areas, three people hospitalised

D> > I

Photos kindly provided by Steven Hanna (originally from Rex Britter)
See also: Lees Loss Prevention, ISBN: 978-0-12-397189-0

The Enterprise newspaper, 1 October 2004, www.blairnebraska.com
© Crown Copyright HSE 2024
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Houston, Texas (1976): Ammonia

A Road tanker crashed through highway bridge rail at intersection

A Vessel holding 19 t of pressure-liquefied ammonia ruptured on impact
A Dense cloud of ammonia vapour covered an area of 300 m x 600 m
A 100 people injured, 6 deaths

https://www.houstonchronicle.com/news/houston-texas/houston/article/In- Photograph taken by Texas Air Control Board
1976-an-ammonia-truck-disaster-claimed-the-12906732.php © Texas Commission Environmental Quality copyright 1976

© Crown Copyright HSE 2024

46


https://www.houstonchronicle.com/news/houston-texas/houston/article/In-1976-an-ammonia-truck-disaster-claimed-the-12906732.php
https://www.houstonchronicle.com/news/houston-texas/houston/article/In-1976-an-ammonia-truck-disaster-claimed-the-12906732.php

