DNV

Large Scale Experimental
Research of VCEs

A Summary from One Viewpoint

Mike Johnson
27 November 2025



Contents lists availab

Journal of Loss Prevention in the Process Industries

This presentation is an overview o -
th e WO rk p rese nted I n a re Ce nt Large scale experimental research of VCEs — A summary from

one viewpoint

p u bI i Cati O n * D.M. Johnson , D. Allason, P.M. Cronin

The paper provides a summary of
over four decades of experimental
research carried out at DNV
Spadeadam®

1. Introduction

tish Gas R&D or one of the transit

not the onl
rted as h

. At that time, British (
quantities of lammable §
efied narural gas.

* Gold publication — free to download

* And some precursor sites

ted 3 A 4

i% an open & article under the CC B

2 DNV © 27 NOVEMBER 2025




Overview

Presentation follows a timeline of
experimental research starting in the late
1970s

Reference to key incidents and how they led
to more research and increased
understanding

-
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Vapour Cloud Explosions

Lake Charles, Louisiana, 1967

<

* Timeline up to mid 1970s:
» Severe explosions following ignition of large vapour clouds (~50
reported by 1980)

* In the early 1970’s the mechanism for generating these severe
explosions was not understood

Port Hudson, Missouri, 1970

Flixborough, UK 1974
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Effect of Flame Speed

* High flame speeds can 1
generate overpressure —
c 0.8 o
=3
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* But laboratory experiments 5 0.6
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20ms-" for typical 5 04
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* What causes flame 0 \_'_; ' ' ' ' ' '
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Flame Speed (m/s)

* Is it just because the clouds
are much bigger than lab-scale
experiments?
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Large Unconfined Vapour Clouds

* No, itisn’t just scale

» Experiments involving
large gas clouds showed
that the size of the release
alone was not sufficient
explanation
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Effect of Process Congestion

A characteristic of many incidents (though not all) was that
the cloud engulfed congested process areas

* No understanding, no models, so experiments are needed

» Large scale
* |dealised geometries

* 1st experiments at Spadeadam led by Shell Thorton R&D
» 30-degree sector, 30m radius, 10m height
« Some ignited by high energy vented explosion ,
* Flame acceleration observed

explosion
chamber

« Significantly enhanced by vented S
explosion 3
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» Around the same time, we had experiments in a long pipework region (up to 45m)
« Compared fuel types, with the intention to build a 90 degree version of the Shell rig
* Then we added some confinement to the first 9m of the test rig in a natural gas experiment

* Plans had to change!! Built a stronger rig at Spadeadam to replicate the natural gas result and study other
fuels

 Carried out experiments with cyclohexane and propane

 Deflagration to detonation transition (DDT) in both cases
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Reduced Scale Experiments

 Large scale experiments are expensive and take time to conduct

 But the physics of the explosions is scale dependant
* Flame speeds and pressures are less if geometric scale is reduced

» Research carried out see if O, enrichment of the fuel-air mixture could correct for the scale
effects

« Reproduced 45m and Shell results in 1/5t" linear scale rigs
* 45m reduced scale tests initially unreliable
« We will come back to this . o i

DNV
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Experiments for Model Development

 With understanding of the mechanisms, there is the potential
for model development

* Projects MERGE & EMERGE (from late 1980’s)

» EU co-funded projects involving several European organisations,
led by TNO PML

« Small (TNO), medium and large-scale experiments (Spadeadam)
» Modelling groups used data for explosion model development

MER | 0S-11 Ib. kD122

bt
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VCE Consequence Prediction — late 1980s

* Industry settled on assessing consequences based on deflagrations congested regions
« The concept of DDT in ‘real’ VCEs with common hydrocarbons was not accepted.

« Reasons given why DDT not considered relevant?

“Detonation would not be
sustained in open cloud”

“Conditions required
would never be realised
in a real incident”

‘Damage from DDT
would be much more
severe than observed”

“How can | possibly
design against a
detonation!!”
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Piper Alpha Disaster 1988

A P y— S A ' 2

| Explosion resulting in escalation & sustained fires

~ Platform destroyed in less than 3 hours
. 167 fatalities

Industry responded with research, including full
scale experiments

- ——
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Explosions Research for Offshore

 Christian Michelsen Institute (now Gexcon) were
conducting offshore geometry experiments
before Piper Alpha

* Development of FLACS CFD

* DNV Spadeadam began offshore research

* Needed to understand the explosion loads
generated in offshore facilities

 Ultimately to allow design against explosion
loads
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1/3™ Linear Scale Test

www.dnv. com/spadeadam
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Joint Industry Research

Following the Piper Alpha disaster the Steel Construction Institute initiated a Joint Industry Project:

« Blast & Fire Engineering for Topside Structures (BFETS)

Phase 1 Finding Proposal Modelling

Collation of knowledge Severity of events is Recommended a 2" Modelling of full scale
related to explosions scale dependent and phase to carry out full experiments to be
and fires to provide models not validated at scale fire and explosion carried out in advance
interim guidance full scale experiments of tests
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Full Scale Experiments

Lo e

. -«
B

BFETS Phase 2 — Full Scale Experiments

Explosion test rig up to 28m x 12m x 8m high

Initial model predictions had nearly two orders of magnitude variation

Followed by two additional projects

1. Mitigation of explosions — reducing confinement, activation of water
deluge (UK HSE funded)

. Realistic high pressure releases - JIP with lab scale tests (Shell) 7 .
medium scale tests (Gexcon) and full scale (Spadeadam) _-www.dnv.cofn/spadeadam

Reports available on FABIG website (free to members)
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Effect of Water Spray

« 1/5" scale version of 45m rig failed to give
high flame speeds if the rig was set up in the
rain

« Suggested that water droplets were affecting
flame acceleration.

* Returned to large scale 45m rig and added a
water spray curtain (~1986)

« Flame speed before the curtain >500ms-"

» Flame speed after the curtain
~40ms-"

* Direct relevance to offshore facilities already
fitted with water deluge systems
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General Area Deluge

* Need to understand how water deluge
mitigates explosions

» Experiments carried out in an explosion
chamber — vent area and obstacles can be
altered

» With large vent and significant internal
pipework congestion — high flame and flow
speeds

« Demonstrated that water deluge systems
mitigate explosions due to droplet break-up
in high-speed flows
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BuncefieWecember 2005

Storage tank overfilling

Major vapour cloud explosion

Fires on many storage tanks that burned for days
Widespread pressure offsite
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Jaipur — October 2009
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1000 Tonnes of gasoline spilled
Major vapour cloud explosion

Cloud area 3 times that of Buncefield
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Buncefield Site 2005
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Forensic Evidence — Directional Indicators

* Observed throughout cloud in
both Buncefield (top) and
Jaipur (bottom)

* Bent or leaning lampposts
* Trees scorched on one side

» Branches on trees snapped and
bent over in one direction

» Scoured paintwork on one side
of posts
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Initial Investigation

 Early Buncefield report gave initial
assessment of the directional indicators

» Suggested three explosion events!! (Indicated  House g
|

by the red and blue arrows)
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Directional Indicators

« Experimental work showed significant reverse
flow

* Modelling confirmed net force in reverse
direction

Re-interpret as
opposite direction of
explosion
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Catherine

Keystone

Directional Indicators - Buncefield
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Red inside cloud, Yellow outside cloud

Red arrows point to location of DDT
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Damage to Cars — Short Duration Shock Loadlngs

Outside the Cloud

In3|de the CIoud 7

E Buncefleld

”
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Explanation Consistent with the Evidence

Research reports available
on FABIG website

Flame acceleration in Since this research, Shell
trees/dense bushes have conducted a review of

\ previous VCE incidents
Found indications, or clear

Ignition in Firewater Pump House evidence of, the same
. : .

explosions. Journal of Loss Prevention in the
Process Industries, Volume 62, November
2019.

"‘._3‘.'
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forensic indicators in many
* Chamberlain, G., Oran, E., Pekalski, A.,
Detonations in industrial vapour cloud




Projects MEASURE and DOWSES

« MEASURE investigated the effect of gaps between congested regions, ignition in DONOR
propagating into ACCEPTOR

* Follow-on DOWSES examined the effect of water curtains introduced into the gap between the
regions

ACCEPTOR DONOR
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MEASURE - DDT

20 bar shock wave compresses mixture to autoignition temperature

Combustion maintains shock wave — self sustaining and not dependent on congestion

www.dnv.com/spadeadam
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Energy Transition - Hydrogen
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Managing Explosion Risk

Hydrogen has a much greater reactivity
compared to most hydrocarbons

The greater the burning velocity, the more
severe the explosion
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Japanese National Project on Hydrogen

* DNV Spadeadam contracted to conduct experimental
research related to hydrogen refuelling stations

 Tests with 100% hydrogen with pressures up to 400

32

bar

 Dispersion, gas build-up, explosions
* |dealised arrangements
* Full scale mock-up of refuelling station
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1. Introduction

In vrder for the “hydrogen ecomomy” o become a reality,
mol only is there o requirement o develop the fuel cell tech-
nology and associaled equipment and infrastructure in an eco-
momic manner, bul also il is mecessary 1o demanstrate that all
aspects of the supply and use of hydrogen can be performed
safely. Osaka Gas Co., Lid. has been operating a hydrogen re-
fuelling staticn [1] safely 3 a demanstration plant, in paral-
lel with developing a compact hydrogen reformer [2] (see Fig.
1} However, in 2003, Osaka Gas joined the Jupanese National
Project on Hydrogen, with the aim of carrying out further work

o invesligale the safety aspects of hydragen refuelling stations.

* Comesportimg suthor, Tel: 481 6645 an: 481 B B4ES 2030,

Eomail address: lakumi-lmaka® osakages co jp T, Tanakal.

D360
i

L iy dene 00T 04,019

Oime of the particular aims of this work was be belp estublish a
suitable “safety zone’ around such a station.

The way in which an sccidental release of hydrogen would
behave will be strongly affected by the layoul and size of any
hydrogen refuelling station. As a result, a realistic scale model
of a refuelling station was buill for the purposes of these studies,
In this way, the dispersion lests and explosion tests that were
carried cut reproduced realistic conditions should such accident
pussibly huppen. All of the experiments were planned by Osaka
Gius working together with Advantica Lid. and were conducted
by Advantica at their Spadeadam lest site.

Ax experimental data were already available demansirating
the behaviour of hydmogen dispersion and explosion in an un
obstructed environment, the main thrust of this work was 1o ob-
tain a range of data o illusirate hydrogen behaviour in confined
andfor cangested regions. The faclors studied and the sulcame
from the experiments are summarised in disgrammatic form
in Fig. 2.

1905 - see fronl maller © 307 lalemationl Asocidion for Hydroges Encegy. Published by Elsevier Lid AN rights reserved
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Fuel Concentration and Burning Velocity

 Fuel concentration also affects the burning rate and, as a consequence, the maximum pressure

* lllustrate with tests in a mock H, refuelling station

www.dnv.com/spadeadam
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Hydrogen and DDT

* More recently, results have
from the CostFX JIP have
been presented (FABIG
and ICHS25)

* Investigated potential for
DDT in various geometries
and mostly with high
pressure hydrogen
releases

Test LO5S
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Summary

Pressure Safety in Design The Future
Generation

= Experimental research has = The understanding gained = The understanding of
provided a key role in allows facilities to be designed explosions will be important in
understanding explosions to reduce explosion risk the energy transition

= Has demonstrated the potential = |tis now a standard part of = Experimental validation will
for DDT design for explosion analysis to continue to play a key role

[ t
= Provided data for model be carried ou

development and validation *
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WHEN TRUST MATTERS

Thank You

michael.johnson@dnv.com

www.dnv.com
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