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What were the aims of the review? 

A high level review of the dispersion of dense gases   

 

 

 

 

 

The aim: A comprehensive summary of all aspects of dense gas dispersion 
knowledge relevant to industrial regulation and emergency preparedness 
and response 

The objective: define typical and plausible dense gas release scenarios 
supported by information required to interpret them.  
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Presentation outline 

 Scope 

 Contents 

 Introduction 

 The review 

 Scenarios 

 Future trends and 

emerging technologies 

 Knowledge/data gaps 
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What was within scope? 

The body of information should include  

– Summaries of the physics of dense gas dispersion  

– Past and potential future incidents involving dense gas releases  

– Summaries of modelling approaches  

– Experimental tests 

– Mitigation measures 

Also, highlight good practices and current gaps in knowledge or 
data.  

It is hoped that this will provide an aid for present regulation and 
emergency planning and also for identifying future trends and 
emerging technologies. 
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Review contents 

Introduction 

Context 

Physics 

Incidents 

Modelling 

Experiments 

Mitigation 

Scenarios 

Discussion 

Conclusions 
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Fun facts 

 Current draft report is 347 pages in total 

 Summaries of 69 incidents 

 Information about 64 models or modelling packages 

 Summaries of 63 experimental trials 
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INTRODUCTION 
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What’s in the introduction 
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Why are dense gases important? 

 Dense gases spread along the ground, even if they are 
released from height  

 This can cause high concentrations to remain in the 
human-occupied atmospheric environment for longer  

 ie higher concentrations in our breathing zones, higher 
chance of reaching sources of ignition at concentrations 
that will ignite 

 Dense gases are not just transported by the atmospheric 
conditions and therefore they do not just disperse with 
the wind. They can flow independently of the wind  
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Examples 

In 1984 at an industrial site in Bhopal, India a release valve 

lifted on a storage tank containing methyl isocyanate and 

released a cloud of gas which drifted onto nearby housing. 

2000 people died, tens of thousands were injured and more 

than half a million were exposed. Emergency services were 

over-whelmed, unaware of the gas involved or its effects.  
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Blair Nebraska, 1970 

(All images © Washington County Enterprise copyright 1970) 



© Crown Copyright HSE 2021 
14 14 

Houston, Texas 1976 

Photograph taken by Texas Air Control Board (© Texas Commission 
Environmental Quality copyright 1976) 
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Buncefield, UK, 2005 

  

  

(Images from Buncefield Major Incident Investigation Board, 2008) 
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Chelyabinsk, Russia, 2011 
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Barcelona, Spain, 2015 

(https://www.practicosdepuerto.es/colegio-federacion/publicaciones/articulos-luis-jar/un-paso-
complicado?page=3 Image © Naucher Global copyright 2015) 

https://www.practicosdepuerto.es/colegio-federacion/publicaciones/articulos-luis-jar/un-paso-complicado?page=3
https://www.practicosdepuerto.es/colegio-federacion/publicaciones/articulos-luis-jar/un-paso-complicado?page=3
https://www.practicosdepuerto.es/colegio-federacion/publicaciones/articulos-luis-jar/un-paso-complicado?page=3
https://www.practicosdepuerto.es/colegio-federacion/publicaciones/articulos-luis-jar/un-paso-complicado?page=3
https://www.practicosdepuerto.es/colegio-federacion/publicaciones/articulos-luis-jar/un-paso-complicado?page=3
https://www.practicosdepuerto.es/colegio-federacion/publicaciones/articulos-luis-jar/un-paso-complicado?page=3
https://www.practicosdepuerto.es/colegio-federacion/publicaciones/articulos-luis-jar/un-paso-complicado?page=3
https://www.practicosdepuerto.es/colegio-federacion/publicaciones/articulos-luis-jar/un-paso-complicado?page=3
https://www.practicosdepuerto.es/colegio-federacion/publicaciones/articulos-luis-jar/un-paso-complicado?page=3
https://www.practicosdepuerto.es/colegio-federacion/publicaciones/articulos-luis-jar/un-paso-complicado?page=3
https://www.practicosdepuerto.es/colegio-federacion/publicaciones/articulos-luis-jar/un-paso-complicado?page=3
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CONTEXT 
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What context is given? 
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Industrial regulation 

 Identify and regulate hazards in industry, 

by assessing the risks 

 Put systems in place to ensure the 

safety of the nearby population and the 

environment 

 Put in place plans for emergencies 

associated with the hazards of a specific 

industry 

Static sites | Pipelines | Transport 

Modelling 

COMAH LUP 

• Undertaken by the 
duty holder 

• Assessed by HSE 

• Undertaken by the regulator 
(HSE/ONR) 
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Dense gas modelling in LUP (HSE) 

Foreseeable and credible 
release scenarios and might 
include catastrophic 
releases and releases from 
a range of hole sizes.  

Four weather categories are 
simulated (D2.4, D4.3, D6.7 ad F2.4) 
and wind directions with 
probabilities assigned from Met 
Office weather data near to the 
major hazards site.  

Obstructions, such as 
buildings, are 
modelled as surface 
roughness.  

Appropriate assumptions are made in order to provide a cautious estimate 

DRIFT 

Balance between being too cautious 
resulting in constraints on the 
surrounding population and being not 
cautious enough, potentially resulting in 
mass casualties 

(Image for illustration purposes only) 
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Emergency preparedness 

6. Train key 

staff 

2. Determine 

actions and 

responsibilities 1. Take direction 

from risk 

assessment 

3. Set objectives 
4. Agree and 

Finalise 
5. Issue and 

disseminate 

7. Validate in 

exercises and in 

response 

8. Maintain review and 

consider revision 

CONSULT EMBED 

(Diagram from Cabinet Office, 2011) 
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Emergency response 

STAC 
Science and Technical 
Advice Cell (local) 

SAGE 
Scientific Advisory 
Group for Emergencies 
(national) 

(Image from https://publications.parliament.uk/pa/cm201011/cmselect/cmsctech/498/49806.htm#a9) 

https://publications.parliament.uk/pa/cm201011/cmselect/cmsctech/498/49806.htm#a9
https://publications.parliament.uk/pa/cm201011/cmselect/cmsctech/498/49806.htm#a9
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Modelling for emergency response 

• For a release from an industrial site, initially the emergency procedures of the site will be 
actioned. For a few sites, this may include modelling to predict dispersion 

• Once off-site, or for an off-site release, the Met Office is frequently one of the first points of 
contact for the police or fire brigade 

• If the incident is prolonged and an Science and Technical Advice Cell or Air Quality Cell is set 
up then Met Office, and other participants in the cell with modelling capability, may 
undertake further modelling to refine initial estimates  

• Time is very short and the uncertainty is very high in emergency response modelling 
 

Simulated incident 
emergency conditions 
during validation 
exercises  
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For a chemical release 

• Met Office aims to provide a response 
within 20 minutes in the form of a 
CHEMET using the model NAME  
 
 

• The CHEMET might be used e.g. 
• To apply cordons around 

restricted areas and  
• To position emergency vehicles 

and support centres 

(Image from CHEMET User Guide, Met Office, 2018)  
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For other types of release 
• Radiological and nuclear emergencies  

• PHE provide potential input for public health advice  
• Atmospheric dispersion modelling is undertaken with NAME 
• Joint Agency Modelling (JAM) program has been set up to assist in 

coordinating multi-agency response to provide assessments to UK 
Government on the potential impacts and protective actions following a 
radiological release anywhere in the world 

• For a counter terrorism emergency any modelling required is undertaken by Dstl 
using the modelling suite HPAC  

 There are no dense gas dispersion models in operational use in the 
UK for real-time modelling during response to a civilian emergency 
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PHYSICS 
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What’s covered in the review 



© Crown Copyright HSE 2021 
29 29 

Causes of the density difference 

 Molecular weight – released substance has a higher 

molecular weight than the environment 

 Substance Molecular weight (gmol-1) 

Air 28.96  

Hydrogen Sulphide 34.10 

Chlorine 35.45 

Carbon Dioxide 44.01 

Propane 44.10 

Butane  58.12 

Vinyl chloride 62.50 

Sulphur Dioxide 64.07 
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More causes of density difference 

 Aerosols – Frequently associated with releases from pressurised storage 

of liquefied gases or liquids of any molecular weight. Flashing causes 

clouds that are a mixture of aerosols and vapour. Examples include 

chlorine, ammonia, hydrogen fluoride and LPG 

 Temperature - Materials with any molecular weight but released at low 

temperatures, or cooled due to evaporation processes, can form dense 

gas clouds. Examples include LNG, chlorine, ammonia and hydrogen 

fluoride.  

 Combinations – Density differences can be caused by several of these 

mechanisms at once  
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When is the density difference important? 

 Density effects are important when they dominate over 
atmospheric conditions  

 The best means of identifying when this is the case is via 
the Richardson number 

 

 

 

 Strictly speaking, density effects are important until the 
point when the cloud becomes effectively passive. This 
can be very near the source or it can be far downwind  
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Factors affecting dense gas dispersion 

 Source geometry and conditions 

 Atmospheric conditions 

 Heat transfer and phase changes 

 Deposition 

 Surface conditions 

 Fixed structures 

 Topography 
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Source conditions 

Spills of liquids with boiling point above ambient temperature 

Spills of refrigerated liquids  

Releases of pressure-liquefied gases 
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More source conditions 

Releases of pressurised vapours 

Releases from drums and cylinders 



© Crown Copyright HSE 2021 
35 35 

Reactions 

Reactions of chemicals with water or other chemicals can result in dense 

gases. Eg, hydrogen fluoride, uranium hexafluoride, titanium tetrachloride, 

sulphur trioxide and oleum 

Acids Hypochlorites Chlorine gas 

Acids Sulphides Hydrogen sulphide gas 
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Instantaneous 

In an instantaneous release: 
• The entire volume of gas is released in a very short, near instantaneous, 

period of time  
• Along wind dispersion can be important 

Wind 

Wind 

t = early on 

t = later on 
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Continuous 

A steady continuous release typically has a constant flow rate over a long 
enough period of time that the gas disperses in a steady state.  
A fully continuous, or time-varying, release may need to take into account 
time varying source conditions such as area, temperature, concentration and 
emission rate.  
Note: short/finite duration continuous release can sometimes be better 
described as an instantaneous release for modelling purposes.  
 
 Wind 



© Crown Copyright HSE 2021 
38 38 

Jets and plumes 

(Image from https://www.uvu.edu/es/jack-rabbit/ (© UVU copyright) 

(Illustration from Van den Bosch and Weterings, 2005 © TNO copyright)  

(Illustration from Mannan, 2012)  

https://www.uvu.edu/es/jack-rabbit/
https://www.uvu.edu/es/jack-rabbit/
https://www.uvu.edu/es/jack-rabbit/
https://www.uvu.edu/es/jack-rabbit/
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Complex sources 

Pressure-liquefied chlorine 
released from a railcar 

Evaporating liquid pool 

Finite duration dense gas 
cloud transported downwind 

Continuous dense gas 
plume 

Jack Rabbit II Chlorine 
release 

(Jack Rabbit II Trial 7, Byrnes et al., 2016 © UVU copyright) 
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Atmospheric conditions 

Chlorine cloud travels 
upwind in the Jack Rabbit II 
trials. Chlorine release point 
slightly right of centre and 
wind direction is from right 
to left 

Wind direction 

(Image from https://www.uvu.edu/es/jack-rabbit/ © UVU copyright) 

https://www.uvu.edu/es/jack-rabbit/
https://www.uvu.edu/es/jack-rabbit/
https://www.uvu.edu/es/jack-rabbit/
https://www.uvu.edu/es/jack-rabbit/
https://www.uvu.edu/es/jack-rabbit/
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Nil/low wind 

No wind 

No wind 

t = early on 

t = later on 

• During very stable atmospheric conditions (usually during the night or early morning) the 
wind can be low and the wind direction can be very uncertain 

• There will be virtually no mixing of a dense gas plume into the surrounding air and high 
concentrations of gas may remain near the source for a long time 

• Gas cloud will spread out under gravity to form a thin ‘pancake’ cloud 
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Heat transfer and phase change 

⃝ 

⃝ 
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⃝ 

⃝ 

⃝ 
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A 

B 

C 

D 

E 

F 

G 

H 

I J 

K 

L 

A  Ruptured vessel 

B   Liquid spill 

C  Cold temperature gas/aerosol mixture 

D   Evaporation and possibly aerosols thrown into 

the cloud by violent boiling 

E   Endothermic or exothermic chemical reactions 

F   Entrainment of warm ambient air, subsequent 

condensation of water vapour 

G   Ground heat flux to the surface 

H      Heat gain/loss due to condensation/ 

evaporation 

I   Heat loss due to radiation 

J   Solar energy input 

K      Convective heat flux from surface to the air 

L   Heat exchange by convection 

(Based on Hanna et al., 1996) 
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What is the effect of topography, eg hills, valleys? 

Generally the dense gas cloud will follow terrain features:  
- Flow down hill  
- Be channelled by valleys 
- Pool in terrain dips 
- Split and travel around high ground or pass over 
- Spread out along the base of an upslope 
 
BUT 
 
It depends on the atmospheric flow field. E.g. 
- If there is an upslope wind, against the motion of the dense gas cloud, the cloud widens 

and dilution increases compared with dispersion over flat terrain 
- When the wind is downslope the cloud is typically narrower and the dilution is decreased 

compared with dispersion over flat terrain 
 

Topography is more likely to 
impact on 
- Large dense gas clouds 
- Transport incidents  
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Topography examples 

“…in Montana, Mexico about 300-350 te of 
chlorine was released downhill from the 
town. The prevailing wind was up the valley 
towards the town. The gas was recorded as 
spreading downhill, into the wind, at least 
50 m, up the sides of the valley by a similar 
amount (vertical) and uphill into the town 
resulting in a cloud approximately 1000 m 
long and 340 m wide.”  

“…instantaneous release of a large amount of carbon dioxide from a volcanic Lake 
Nyos in Cameroon. The elevated position of the lake and the narrow valley structures 
leading down from it caused the dense carbon dioxide to be channelled downhill into 
an area 20 km long by 15 km wide killing 1700 people and 3500 livestock due to 
oxygen depletion.”  

B
axter et al. (1

9
8

9
),  

©
 B

M
J P

u
b

lish
in

g G
ro

u
p

 Ltd
. 
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What is the effect of the urban environment? 

 If the dense gas cloud is deeper than the urban environment then it will 

likely only be affected by the impact of the environment on the ambient 

flow field.  

 Primarily, this means increased dilution compared with an open 

environment (but to a lesser extent than a passive gas cloud). 

 If the dense gas cloud is significantly shallower than the average height 

of the buildings then it will be affected by the flow field within the 

buildings.  

 Every city is different and the interaction or coupling between the street 

level flow field and the atmospheric boundary layer will depend on the 

layout of the city. 
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More effects of the urban environment 

 Features such as street canyons (e.g. long boulevards), parks, open 
areas and street intersections may influence the flow fields in different 
ways. 

 Vegetation such as trees, hedges, parks and shelter belts can affect the 
gas dispersion, providing surfaces for deposition and diluting the cloud. 

 There is significant potential for ingress into buildings in the urban 
environment. This has the effect of temporarily removing mass from the 
cloud which will then exfiltrate later, increasing cloud persistence times. 

 The effects of gravity on the dense gas cloud means that it naturally 
seeks low-lying areas. This means that it is likely to enter sewers, 
subways, basements, cellars and underground car parks etc. 
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What happens when dense gases enter buildings? 

 Buoyancy effects mean that dense gases may be more likely 
than passive gases to enter a building during low or nil wind 
conditions.  

 Under low wind conditions it is also more likely that the dense 
gas cloud will be more highly concentrated on arrival at the 
building than under windier conditions. 

 Dense gases entering buildings from outside may be fully 
mixed on a room basis.  

 Once the release has stopped dense gases are likely to 
preferentially disperse from upstairs first.  

 Persistence is likely to be increased in lower levels such as 
basements and cellars. 
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What is the risk/impact of assuming the cloud disperses passively? 

 The cloud may spread upwind 

 Increased lateral spread  

 Inaccurate cloud dispersion in topography 

 Inaccurate cloud dispersion in obstacle arrays 

 Inaccurate prediction of concentrations and toxic/flammable 

endpoints  

 Subsequent inappropriate use of mitigation measures  

 In terms of ingress, this could also lead to underestimation of the 

concentration of gas indoors, particularly during low wind 

conditions and in lower parts of structures 
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INCIDENTS 
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What’s covered in the review 
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Sources of information / Incident databases 

eMARS MHIDAS MAIB IChemE ARIA 

INRS EPICEA ZEMA PROCESSNET FACTS MInA 

CSB NTSB PHMSA OSHA CCPS 

NTSIP/HSEES DGAIS PUPAD JST RISCAD 

 Looked for incidents involving dense gas dispersion to illustrate 

– Safety and Health contexts 

– Factors affecting dense gas dispersion 

– Ingress 

– Mitigation and emergency response 

 Previous reviews and incident databases 
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Content for each incident summary 

Source details 

Quantitative 
information 

Factors affecting 
dispersion 

Ingress 
Atmospheric 

conditions 
Terrain 

Hazard, e.g. fire, 
VCE, toxic cloud 

Health impacts 

Mitigation Amount of information 
available 

Modelling undertaken 

Location, date, 
timings 

Injuries, fatalities 

Not exhaustive – there will likely be more information available than what I have included 

Emergency 
response 

CCTV 

Reconstructions 

Photos 

Reports 
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Example 

Location of 91 patients at time of first symptoms 
Area in which toxicological assessment made 
Non-investigated area 
Visualisaton & positive tox. Measurements 
Assumed exposed area  

M
o
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ia et al. (1

9
8

8
)  
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Source 
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Incident breakdown 

 69 incidents in total 

– 5 UK incidents 

– 57 worldwide incidents 

– 7 semi-confined incidents (3 UK based) 
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Reference table 

Name 
Substance 
Flammable 

Toxic/health 
Industrial 
Off-site 

Rural 
Railcar 

Road tanker 
Pipeline 

Ship 
Off-shore 

Indoor 
Death 

Injuries 
Instantaneous 

Continuous 
Pressurised 

Elevated 

Liquid pool 
Storage tank 

overfilling 
Catastrophic failure 

Vent/valve 
Pipe/hose 

Puncture/crack/hole 
Obstructions 
Topography 
Nil/low wind 

Concentration data 
Ingress 

Mitigation 
ER/safety reg 
ignored/failed 

Previous model 
validation 

Potential model 
validation 

Source description 
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Location 

 Generally higher 

incidence in more 

developed countries  

 Deaths and injuries 

are generally lower 

Better enforcement of 
safety regulations in more 
developed countries 
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Incident stats 

 incidents originate from industrial 

facilities. In of these cases, the gas cloud 

spreads off site therefore impacting the 
surrounding population/environment. 

 incidents result from modes of transport. 

Of these,  

 originate from railcars,  

 from road tankers and  

 from a ship 
 incidents could be considered instantaneous 

releases while the rest are continuous or finite 
duration  incidents occur due to issues with valves 

or vents  

pipe or hose failures  incidents (including semi-confined cases) 

result from a pressurised source 
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Substances 

Top five substances worldwide: 

– Chlorine  

– Ammonia & 

– Hydrogen sulphide 

– LPG  

– CO2 & Propane & Gasoline 

UK substances 

– Propane 

– Gasoline 

– Vinyl chloride 

– Cyclohexane 

– Ethyl chloride/hydrogen 

chloride 
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Indoor and semi-confined releases 

 Substances in this review 

– Hydrogen sulphide  

– Carbon dioxide  

– Chlorine  

– Freon  

– Bromine 

“…between 1975 and 2000, the unintended release 
of carbon dioxide from fire-extinguishing systems 
caused 72 deaths and 145 injuries, mainly in the 
marine industry (MAIB, 2018b).” 

“There are only four indoor or semi-confined 
hydrogen sulphide example incidents listed here but 
Danielsson et al. (2009) highlights many more 
incidents with hydrogen sulphide both in confined 
and unconfined spaces.”  

“Several of the incidents are exacerbated by people 
coming to the aid of afflicted colleagues and 
succumbing to the hazard themselves.” 
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Mixing of incompatible substances 

 5 incidents result from mixing of incompatible substances 

– 4 result in hydrogen sulphide release, 1 results in a chlorine release 
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More incident stats 

In  incidents, the dense gas originates 

indoors but is not contained  

In  of the incidents ingress of gas is 

mentioned 

Existing modelling studies have been found for 

 of the incidents 

There are  incidents where sufficient 

information may be available for a 
modelling exercise 

 incidents clearly indicate that the 

topography at the incident location, or 
nearby, influenced the spread of the gas 
cloud 

 incidents mention nil or very low wind 

conditions 

 incidents result from pipelines 
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MODELS 
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What’s covered in the review 
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What are the requirements of models in industrial regulation and emergency 

preparedness? 

 For Land-Use Planning, the models need to include a wide range 
of physics and source terms to model a range of hazardous 
substances and storage and release conditions  

 The models 

– Do not need to run in real-time but needs to be fast enough to run 
multiple simulations (e.g. for different atmospheric conditions or release 
sizes) without being too onerous to meet LUP assessment deadlines. 

– Need to make appropriate assumptions in order to provide a cautious 
estimate 

– Need to output information easily for transferring into reports 

 For regulatory research purposes and legal cases, timeframes 
are typically longer and a wider range of models are required   
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What are the requirements of models for emergency response? 

 There are different types of model for emergency response with different end user 

requirements. E.g. 
– Specialists typically running models remotely, e.g. Met Office 

– Emergency responders running models on the ground 

– The industrial site use of models 

 In general, the models need to be  
– Fast to run, preferably real-time or faster  

– Quick to set up, preferably with few inputs  

– Include detailed meteorological information 

– Ideally be able to account for topography and the urban environment, when relevant. 

 Ability to extract required information quickly 

 In a suitable format for use by decision makers, preferably with information on 

uncertainty 

 Models for use ‘on the ground’ need to be developed in consultation with end 

users  
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Types of model 

Gaussian plume models 

Empirical and nomograms 

Box and integral models 

Computational Fluid Dynamics (CFD) Lagrangian particle and puff models 

Shallow layer models 

Zone 
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Common assumptions and parameterisations 

Atmospheric conditions 

The Boussinesq approximation Flat world 

Surface roughness 
Source terms 

Homogeneous equilibrium 
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Content for each model summary 

Who wrote it? 

Who owns it? 

Who is it aimed at? 

Is it a package or a 
model? 

Does it require a 
source term 

model? 
What does it 

typically output? 

What met. does it 
take? Can it model 

nil wind?  

What’s the QA like? 
Is there evidence of 

V&V?  

Is it suitable for emergency 
response? 

Can it model 
ingress of 

contaminants? 

Is it proprietary? 



© Crown Copyright HSE 2021 
69 69 

Example 



© Crown Copyright HSE 2021 
70 70 

Models for use in emergency response 

Model name Type of model 

Aeolus CFD 

ALOHA Integral / box 

ERG2016 Empirical 

FLUIDYN-PANACHE CFD 

JEM See HPAC models 

LODI Lagrangian particle 

MicroSWIFTSPRAY (HPAC) Lagrangian particle 

QUIC Lagrangian particle 

RASCAL Gaussian plume 

SAFER SYSTEMS Unknown 

SCIPUFF (HPAC) Lagrangian puff 

UDM (HPAC) Gaussian plume 
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When it is important to model terrain? 

 Lack of clear guidance on when topography is likely to be 
important  

 It is likely to depend on the prediction required and the case in 
question 

 Literature on the use of surface roughness and the transition 
to obstacles is often confusing  

 It is clear that there is a limit at which an aerodynamic 
roughness length is no longer an adequate means of 
parameterising the surface and the scale of the gas cloud to 
the obstacles becomes such that the street level flow field 
becomes important. 
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What are some of the current issues with models? 

 Transparency of technical information on models and 

model validation 

 What do we do when we don’t know the source? 

 When is it important to model terrain? 

 Few models for ingress – not enough data 

 Ideally, models should not be used outside of their limits. 

 How wrong is a passive model? 
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EXPERIMENTS 
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What’s covered in the review 
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Background 

 Suitability of experimental datasets – Scale 

 Model validation databases  

Modellers Data Archive SMEDIS 

REDIPHEM LNG model validation database 

 Previous experimental reviews 
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Content for each experimental summary 

Source details Name of trial if 
it has one 

Measurements 
undertaken 

Scale Atmospheric 
conditions 

Substance 
Main references 

Mitigation 

Suitability for model 
validation 

Evidence of previous use 
for model validation 

Location, date 

Objective 

Not exhaustive – there will likely be more information available than what I have included 

Known uncertainties/ 
issues 

Concentration 
Source 

Passive transition 

Ingress 

Associated trials 
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Example 
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Reference table 

Name 
Substance 
Flammable 

Toxic/health 
Field 

Wind tunnel 
Land 

Water 
Instantaneous 

Continuous 
Cryogenic 

Pressurised 
Liquid jet 

Gas source 
Flashing 

Low momentum 
Reactive 

Complex source 

Unobstructed 
Obstructed 
Topography 

Potential 
porosity effects  
Nil/ low wind/ 

stably stratified 
Concentration 

data 
Ingress 

Mitigation 
Uncertainties 

Previous model 
validation 

Potential model 
validation 
Reference 
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Substances 

Top five substances: 

– LNG  

– Ammonia  

– Carbon dioxide 

– Sulphur hexafluoride &  

– Liquid hydrogen 

Top five substances in incidents 

worldwide: 

– Chlorine  

– Ammonia & 

– Hydrogen sulphide 

– LPG  

– CO2 & Propane & Gasoline 
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Experimental trial stats 

 tests include obstructions of some form  

In   tests topography may influence the gas 

dispersion 

 field experiments investigate dense 

gas dispersion over water or from sources 
released onto water 

At least  tests under low or nil wind 

conditions 

There are experiments in total:

 field experiments 

 wind tunnel experiments (there are 

more!) 

 experiments involve elevated sources: 

    ? 
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Ingress 

Experiment Substance Structure 

COOLTRANS Carbon dioxide Two storey structure 

Jack Rabbit II Chlorine Vehicles and containers 

Resplandy Ammonia Caravan 

Leaks 

Leak (Images from Cleaver et al., 2016, © IChemE copyright) 
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16 tests including mitigation measures 
Experiment Substance Mitigation measure 

AGA LNG Bund 

Falcon LNG Vapour fence 

Texas A&M LNG Upward vertical jet water curtain, high expansion foam, walled bund 

Resplandy Ammonia Obstruction/screen, earth and cement retention basins and water 

interactions 

Ecole des Mines d'Ales Ammonia Peacock tail water sprays  

INERIS Ammonia Peacock tail water sprays 

BA Hamburg Sulfur hexafluoride Various walls 

BA TNO Sulfur hexafluoride Various walls 

HSE 1985 Carbon dioxide Water spray barriers 

CHRC Carbon dioxide Dike 

Eagle Nitrogen Tetroxide Portable Foam Vapor Suppression System (PFVSS) 

Goldfish Hydrogen fluoride Water sprays, dike 

ICHMAP Hydrogen fluoride Water spray/fog barriers (including augmented water), vapour 

barrier/box 

Lux Uranium hexafluoride Coarse water spray, air jet, steam spray, Carbon Dioxide, Freon-12, 

fine water mist, boric acid mist and an ionised dry air stream 

Thorney Island Freon-12/nitrogen mixture Fenced enclosure 

Meroney Various Vapour barrier for HF, water spray curtain 
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Knowledge / data Gaps 

Discussed later… 
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MITIGATION 



© Crown Copyright HSE 2021 
85 85 

What’s covered in the review 
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Measures affecting the vapour source 

 As for any gas cloud, stopping the cloud at source is the most effective means of 

stopping the subsequent dispersion and reducing risks of exposure.  

 This will depend on the substance and the particular circumstances of the release 

 

 Examples include: 

– Emergency shut down, emergency vents and valves 

– Containment bunds and impounding/retention basins 

– Fine water fog 

– Foam and other additives 

– Plastic sheeting 
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Measures mitigating the dispersion of dense gas 

 Most measures revolve around increasing dilution or containment  

 Increasing the cloud dilution so that the cloud is diluted below hazardous endpoints 

 

 Examples include: 

– Containment bunds and walls 

– Water spray barriers 

– Steam curtains 

– Forced air mixing 
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Measures that mitigate exposure 

 As a minimum mitigating exposure means appropriate PPE for emergency responders 
and site personnel. Water fogs and sprays can also assist. Detectors and monitors are 
key to identifying information such as the substance, concentrations and location and 
setting exclusion zones or cordons. Sirens and loud speakers can assist in conveying this 
information. 

 A key factor in mitigating exposure is timing. Deciding when to impose shelter in place, 
either in residences or in designated shelters, and when to evacuate. 

 Examples include: 

– PPE 

– Detectors / monitors / sensors 

– Exclusion zones / hot zones / cordons 

– Sirens and loud speakers 

– Water fogs or sprays 

– Shelter in place 

– Designated shelters 

– Evacuation 

 



© Crown Copyright HSE 2021 
89 89 

Some comments on mitigation  

 It is important that the mitigation measure is appropriate for the substance and the 

situation, including the atmospheric conditions. 

 Limited guidance  

– For the practical use of measures by site personnel or emergency response 

personnel.  

– To assist in positioning of mobile measures in relation to the hazard, expected 

efficiency of the measures, associated concentration reduction factors and any 

factors affecting the efficiency such as atmospheric conditions.  

 Some experimental work has been undertaken but more is required to be able to 

derive guidance for fast operational use. 

 Human factors are a big issue since nearly all mitigation measures rely on 

appropriate response from personnel or the public.  
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SCENARIOS 
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What’s covered in the review 
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Existing scenarios 

 Hanna et al. (1996) – 7 theoretical worked 

examples, input data, example output  

 Hanna et al. (2008) – 3 worked examples of 

chlorine incidents, input data, example 

output 

 COST ES1006 – 3 scenarios (windtunnel, 

field trial, incident), some input data, 

example output 

 US EPA (1993) – 8 theoretical worked 

examples, input data, example output  

 NUREG (SAIC, 1998) – 8 theoretical worked 

examples, input data, example output 
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More existing scenarios 

 PRACTICE – several 

scenarios for exercises in 

response to CBRN incidents, 

descriptive 

 NOG – 26 scenarios to assist 

in identifying the knowledge, 

control measures and actions 

needed to combat the hazards 

of that particular scenario 
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New scenarios 

 Scenario 1 – Static site (COMAH) 

 Scenario 2 – Static site (non-COMAH) 

 Scenario 3 – Pipelines 

 Scenario 4 – Transport (road/rail) 

 Scenario 5 – Transport (maritime) 

 Scenario 6 – Non-regulated, unknown source 
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New scenarios content breakdown 

 About 5 pages 

 Descriptive 

 References incidents 
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Scenario 1 – Static site (COMAH) 

Description 

Quantities 

Examples 
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Scenario 1 – Features 

What procedures 
might be in place 

What substances 
might be expected 

Personnel/ 
populations 
present/ nearby 

Topography 

Overlap with 
other scenarios 
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Scenario 1 – Dense gas sources and dispersion 

What might be 
known 

Potential storage/ 
release conditions 

Potential sources 

Contributing factors 

Where could ingress 
occur 

Topography and 
obstructions 

Other factors… 
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Scenario 1 – Mitigation measures and emergency response 

Potential state of 
emergency response 
procedures and 
personnel 

Potential for 
substance 
information 

Potential mitigation 
measures 
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Scenario 1 – What modelling might be done? 

Brief 
description of 
modelling for 
emergency 
preparedness 

Brief 
description of 
modelling for 
emergency 
response 

- What might be 
done 

- Who might do it 



© Crown Copyright HSE 2021 
101 101 

Scenario 1 – Modelling challenges 

Wide range of 
variables 

Not currently 
possible 

Uncertainty 

Reasonable 
assumptions 
for longevity 

Speed 

Wide range of 
variables 
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DISCUSSION 
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What’s covered in the review 
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FUTURE TRENDS and EMERGING TECHNOLOGIES 

Distance Aging infrastructure 
and declining risk 

standards 

+30 yr old more 
likely to experience 

losses 

Same issues that were 
prevalent in 1988-99 

 

Culture 

Tunnel vision Time 

Reducing the carbon 
footprint 

Increase in production, 
storage and transport 
of some substances 

 

LNG 

LPG / BioLPG 

Hydrogen 

Ammonia 

Carbon dioxide 

Nuclear power 
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Example - Ammonia  

Current uses: 
- Commercially to make household cleaners and refrigerants and to make other chemicals 
- To make fertilizers for farm crops, lawns, and plants and applied directly into soil on farm fields 
- Manufacture of explosives 

Potential uses: 
- As a low-cost hydrogen carrier  
- Directly as a hydrogen-rich fuel, at lower cost per MWh than hydrogen 
- UK Government is aiming to launch a number of zero emission shipping ambitions, including a 

group of hydrogen or ammonia powered domestic vessels 

Timeframe: 
Bulk transport of hydrogen/ammonia to the UK would require a large-scale international market, 
which Committee on Climate Change says is unlikely in the next 10-15 years. 
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KNOWLEDGE/DATA GAPS 

EXPERIMENTS 

Ideal conditions 

Non-ideal conditions Full scale 
industrial/urban 

environment 

Sources 

Deposition 

Congestion 

Mitigation measures 

Infiltration and 
ingress 

Indoor to outdoor 
releases 

Topography 

Vertically orientated 
releases from height 
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KNOWLEDGE/DATA GAPS 

REVIEWS 

Effective passivity 
and passive 
transition 

Substance-specific  

Incident analyses 
and quantitative 

scenario generation 

Mitigation measures 

Help with clarity Storage and transport 

Reactions 
Mitigation measures 

Knowledge gaps 

Revisit existing 
experiments 

Incident analysis 

Richardson numbers Other criteria 

Statistical analyses 

Model comparison 
exercises Knowledge gaps 

Incident analysis 

In consultation with 
emergency response 

services 
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Information gathering 

Looking backwards: 
Could more be done with existing 
incident and experiment 
information? 

Going forwards: 
Could more be done to collect and 
store information during 
emergency recovery? 

Provide data to…  
…Improve physical understanding of releases and dispersion  
…Improve understanding of safety and emergency procedures  
…Make it easier to determine lessons learned and good practices 
…Be assimilated for use, for example, by incident analysts, epidemiologists and 
atmospheric dispersion modellers  
…Provide hard evidence for determining areas of concern and knowledge gaps  
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THANKS FOR LISTENING! 
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