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* Simulating vapour cloud explosions (VCE) with CFD:
— Predominantly, this is the porosity distributed resistance (PDR) approach.

Yesterday Today Tomorrow?!...

[Ref. I]: van Wingerden K, “Advances in Explosion Modelling”, FABIG Newsletter 62, 2013 (Link).
[Ref. 2]: “Analysis Origins — KFX and FLACS, Modelling Explosions and Combustion and the Impact of Piper Alpha”, NAFEMS, 2018 (Link).
[Ref. 3]: Hisken H et al, (2025), "45 Years of Modelling Gas Explosions with the PDR Concept — Current Status and Future Prospects”, 2nd Olympiad in Engineering Science — OES 2025 (Link):
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Agenda

* Simulating vapour cloud explosions (VCE) with CFD:

— Predominantly, this is the porosity distributed resistance (PDR) approach.

* Meet PeDRo, our black-box friend who will help us explore
this journey:
— Yesterday: what is the PDR approach?
— Today: how to earn trust in the PDR approach (VVUQ%).

- VWWUQ framework — NAFEMS/ASME.
- User YVUQ.

— Tomorrow?...

‘YVUQ — Verification, Validation and Uncertainty Quantification

Yesterday Today

Tomorrow!...

[Ref. I]: van Wingerden K, “Advances in Explosion Modelling”, FABIG Newsletter 62, 2013 (Link).
[Ref. 2]: “Analysis Origins — KFX and FLACS, Modelling Explosions and Combustion and the Impact of Piper Alpha”, NAFEMS, 2018 (Link).

[Ref. 3]: Hisken H et al, (2025), "45 Years of Modelling Gas Explosions with the PDR Concept — Current Status and Future Prospects”, 2nd Olympiad in Engineering Science — OES 2025 (Link):
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This presentation is hyperlinked. Click on the title bar to
return to this slide. Click on the relevant words below
to jump to the associated slides later in the presentation.
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Chapter 7

* 1974: Patankar and Spalding conceive the PDR e

OF SHELL-AND-TUBE HEAT EXCHANGERS

approach for CFD: ——

1.1 The problem considered

Fluid-dynamics theory, for reasons of history and fashion, has paid
litdle attention to the phenomena which occur in industrial equipment such as hear
exchangers, caoling towers and chemical reactors. Even now, when digital computers
have removed the obstacles to numerical computation, the prized achievements of
applied mathematicians concern more often the supersonic flow of sir sbout 3

missile, or the development of an eddy behind a cylinder, than any phenomenon of

As 2 consequence, the designer of process equipment must usually base
P of its perfc on ptions about the flow patterns; departures
from these assumptions are then allowed for by empirically-derived correction
formulac, Thus a single-pass shelland-tube heat exchanger may be designed by
reference to the formula for the performance of an ideal counter-flow exchanger,
modified by some performance-degradation factor which takes account of depar-
tures from the ideal flow pattern.

Unfortunately, although this practice can serve adequately for interpo-
lation between equipment items of common type with only slight variations of
geometry, it fails completely where the benefit of new geometrical configurarions is
to be explored; optimum configurations must therefore be determined experimental-
ly as a rule. )

’ The aim of the present chapter is to start a new fashion in process-
equipment design, by applying to a shelland-tube-heat exchanger a sophisticated
numerical procedure for calculating Buid-flow distributions. The exchanger geome-

{*) Mochanical Bngineering Department, Imperial College, Loodon, 5.¥.7, Eagland.

N.B. ALL FIGURES QUOTED IN THE TEXT ARE AT THE END OF THE CHAFTER

=

[Ref. 4]: Patankar SV and Spalding DB, A calculation procedure for the
transient and steady-state behaviour of shell-and-tube heat exchangers.
In Afgan NH and Schundler EV (Eds.), Heat exchangers: design and
theory sourcebook (pp. 155—176). McGraw-Hill, 1974.
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between cquipment items of common type with only slight variations of
try, it fails completely where the benefit of new geometrical configurations is
 cod: bt fig cherefore be determined experimental

The aim of the present chapter is to start a new fashion in process-
ent design, by applying to a shelland-tube-heat exchanger a sophisticated
rical procedure for calculating fuid-flow distributions. The exchanger geome-

allege, Loadon, S.W.7, Exgland.
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* 1986: The first PDR-CFD code is developed for
simulating vapour cloud explosions (through a JIP*):

*GEP 80-86, Gas Explosion Programme sponsored by BP, Elf, Esso/Exxon, Mobil, Norsk Hydro and Statoil, running from 1980 to 1986.
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* 1986: The first PDR-CFD code is developed for
simulating vapour cloud explosions (through a JIP*):

— The strength of a vapour cloud explosion is known to be
strongly dependent upon the level of small-scale congestion due
to pipework and other obstructions within the flammable cloud,
which are often too small to resolve with body-fitted meshing.

— With the PDR approach, the effect of small-scale congestion is instead
captured at the sub-grid level through equivalent porosity source terms and
empirical turbulent combustion corrections.

*GEP 80-86, Gas Explosion Programme sponsored by BP, Elf, Esso/Exxon, Mobil, Norsk Hydro and Statoil, running from 1980 to 1986.
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 Late 1980s/1990s: Several PDR-based CFD codes
are developed for modelling hydrocarbon vapour
cloud explosions, primarily in the offshore sector:
— The PDR codes are commercial, black-box codes.

— Geometry is represented in terms of the equivalent Geometry model viewed as CAD
boxes/cylinders approach.

Yesterday Today Tomorrow?!...
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e Late I980$/I99OS Several PDR based CFD codes

\ While an epr05|on model may Iook impressive W|th|n the CFD
( modelling software, it is important to remember that under the
hood, the PDR CFD model is actually very simple:

* Itis generally a Lego-style geometry captured on a structured
orthogonal grid, with varying shades of grey representing the
volume and area porosity for the local level of congestion.

* Correspondingly, empirical parameters for turbulent

combustion are assigned at each cell.

Yesterday Today Tomorrow?!...
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e Late I980$I|99OS Several PDR based CFD codes
Vv o

While an exploswn model may Iook impressive W|th|n the CFD
( modelling software, it is important to remember that under the
hood, the PDR CFD model is actually very simple:

* Itis generally a Lego-style geometry captured on a structured
orthogonal grid, with varying shades of grey representing the
volume and area porosity for the local level of congestion. Corresponding PDR model (actually used by CFD solver)

* Correspondingly, empirical parameters for turbulent ' |
combustion are assigned at each cell.
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e Late 1980s/1990s: Several PDR-based CFD codes
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4 The PDR-CFD approach is an imperfect but pragmatic approach

for modelling vapour cloud explosions — it allows us to consider

. explosion dynamics in an engineering way.

orthogonal grid, with varying shades of grey representing the
volume and area porosity for the local level of congestion.

* Correspondingly, empirical parameters for turbulent
combustion are assigned at each cell.
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Late 1980s/1990s: Several PDR-based CFD codes

cl The PDR-CFD approach is an imperfect but pragmatlc approach
for modelling vapour cloud explosions — it allows us to consider
explosion dynamics in an engineering way.

— Geometryis represented in terms of the equivalent
boxes/cylinders approach.

Geometry model viewed as CAD

— Industry validation campaigns (for example, MERGE and BFETYS) are
undertaken to provide a basis for earning trust in the PDR-CFD tools.
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Late 1980s/1990s: Several PDR-based CFD codes

cl The PDR-CFD approach is an imperfect but pragmatlc approach
for modelling vapour cloud explosions — it allows us to consider
explosion dynamics in an engineering way.

— Geometryis representedi of the equivalent
boxes/cylinders approach.

Geometry model viewed as CAD

— Industry validation campaigns (for example, MERGE and BFETYS) are
undertaken to provide a basis for earning trust in the PDR-CFD tools.

— Blind comparison exercise in 1998 (part of BFETS) — poor predictive

performance led to further improvements in the PDR-CFD codes.
[Ref. 6]: Tam V, “Once upon a time...”, FLACS User Group meeting, Bergen, May 2014.
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2000s: PDR approach starts to mature:

— Research into explosions with other fuels, such as hydrogen. -:L-'mmmfi. |\

JEI‘TH Q‘ 7'» |

— Development of the PDR approach on an unstructured mesh.

— Fluid—structure interaction — direct coupling with FEA.

[Ref. 7]: ACE Method (2004) — PDR implementation on an unstructured
mesh (http://www.abercus.com/SoftwareSolutions_ ACEMethod.aspx).
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Yesterday

* 2000s: PDR approach starts to mature:

— Research into explosions with other fuels, such as hydrogen.

— Development of the PDR approach on an unstructured mesh.
— Fluid—structure interaction — direct coupling with FEA. e
— Increasing commercial use (following Piper Alpha).
— NORSOK Z013 for CFD-based probabilistic ERA.

1.E-02

Frequency [per year]
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Today Tomorrow?!...

I I I I e T
1974 1986 Late 1980s 1990s 2000s

Abercus 7 Queen’s Gardens Aberdeen ABI5 4YD www.abercus.com
© 2025 Abercus. All Rights Reserved.



http://www.abercus.com/
http://www.abercus.com/

Yesterday

* 2010s: PDR approach continues to mature:
— Growing user base of commercial PDR codes.
— High-Performance Computing (HPC).

— Automation/Simulation Data Management (SDM)
implemented by advanced users (users develop
integrated eco-system around PDR-CFD tools).

— Open-source codes and academic in-house codes.

:

d
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Yesterday

* 2010s: PDR approach continues to mature: ¢ New validation campaigns:

— Growing user base of commercial PDR codes. — HySea. — DOWVSES.

— High-Performance Computing (HPC). — MEASURE. — FM Global chamber...

— Automation/Simulation Data Management (SDM) « Comparisons with existing data:
implemented by advanced users (users develop _ Sandia FLAME. — RUT facility

integrated eco-system around PDR-CFD tools). _
o — Fraunhofer LANE. — BakerRisk tests...
— Open-source codes and academic in-house codes.

* Incident investigations:

— Buncefield. — Kjorbo.
— Jaipur. = o
Yesterday Today Tomorrow?!...
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Today

e 2020s: Democratisation:
— Direct CAD import.

— Shift away from boxes/cylinders towards
generalised mesh objects.

— “With [our PDR-CFD software], you get results you can trust
to control risks and improve safety”.

Tomorrow!...

Yesterday
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Today

AANA ™ e e

“With over 40 years of validation from real-world
experiments, [our PDR-CFD software] delivers
reliable modelling results”. S
“Our automated framework checks simulations against
real-world data from lots of experiments and incidents,
ensuring accurate and reliable results”.

“With [our PDR-CFD software], you get results you

can trust to control risks and improve safety”.

Rresults you can trust

Tomorrow!...

Yesterday

[Ref. 8]: LinkedIn post: https://www.linkedin.com/posts/gexcon-as_processsafety-consequencemodelling-flacs-activity-7302633161547513858-
_Dyu/?utm_source=share&utm_medium=member_desktop&rcm=ACoAAATcQoOBItzQPCgxkhqoy2vOHUZLIZr|O3I
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Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

*  “With over 40 years of validation from real-world :
experiments, [our PDR-CFD software] delivers The Improvement Journey - 1
reliable modelling results™. '

*  “Our automated framework checks simulations against
real-world data from lots of experiments and incidents, coneTENGE
ensuring accurate and reliable results”. SYSTEMS ™

*  “With [our PDR-CFD software], you get results you

can trust to control risks and improve safety”.

UNCONSCIOUS
INCOMPETENCE

[Ref. 9]: De Phillips, Berliner and Cribbin (1960), "Meaning of learning and knowledge".
In Management of Training Programs. Homewood, IL: Richard D. Irwin. p. 69.
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Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

*  “With over 40 years of validation from real-world
experiments, [our PDR-CFD software] delivers
reliable modelling results™.

*  “Our automated framework checks simulations against
real-world data from lots of experiments and incidents,
ensuring accurate and reliable results™.

*  “With [our PDR-CFD software], you get results you

can trust to control risks and improve safety”.

UNCONSCIOUS
INCOMPETENCE

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK
industry", Hazards 35, Birmingham, November 2025.
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Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

“With over 40 years of validation from real-world

. . Unconscious competence:
experiments, [our PDR-CFD software] delivers you use e
reliable modelling results”. knowledge instinctively.
“Our automated framework checks simulations against Conscious competence: Measure

. .. you develop the knowledge
real-world data from lots of experiments and incidents, you need and are aware of it
ensuring accurate and reliable results”. Systems B
“With [our PDR-CFD software], you get results you L EREIILE ERLE Bl
. . i »s i your lack of knowledge.
can trust to control risks and improve safety”. Unconscious incompetence: -
* easure

you are not aware of
what you do not know.

Audit, learning from others
Alert to incidents and sharing/learning from them

CHRONIC UNEASE — mindset shift that goes beyond compliance

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK industry", Hazards 35, Birmingham, November 2025.
[Ref. I 1]: www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch- 1 970s-by-malcolm-macmillan/
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Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

*  “With over 40 years of validation from real-world

. . Unconscious competence:
experiments, [our PDR-CFD software] delivers you use e
reliable modelling results”. knowledge instinctively.

*  “Our automated framework checks simulations against Conscious competence: Measure

you develop the knowledge
you need and are aware of it.

real-world data from lots of experiments and incidents,
ensuring accurate and reliable results™. Systems Conscious incompetence:
*  “With [our PDR-CFD software], you get results you e SRR SIS i
) . . ' i your lack of knowledge.
can trust to control risks and improve safety”.

Unconscious incompetence: Measure

you are not aware of
what you do not know.

Audit, learning from others
Alert to incidents and sharing/learning from them

CHRONIC UNEASE — mindset shift that goes beyond compliance

Where are we in terms of CFD for simulating explosions?

- 00

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK industry", Hazards 35, Birmingham, November 2025.
[Ref. I 1]: www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch- 1 970s-by-malcolm-macmillan/
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Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

*  “With over 40 years of validation from real-world
experiments, [our PDR-CFD software] delivers
reliable modelling results™.

*  “Our automated framework checks simulations against
real-world data from lots of experiments and incidents,
ensuring accurate and reliable results”.

*  “With [our PDR-CFD software], you get results you
can trust to control risks and improve safety”.

Conscious competence:
you develop the knowledge
you need and are aware of it.

Unconscious incompetence:
you are not aware of
what you do not know.

ﬂlf

Unconscious competence:
you use this
knowledge instinctively.

Measure~

Systems

Measure

Audit, learning from others
Alert to incidents and sharing/learning from them

Conscious incompetence:
you become aware of
your lack of knowledge.

CHRONIC UNEASE — mindset shift that goes beyond compliance

Where are we in terms of CFD for simulating explosions? k

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK industry", Hazards 35, Birmingham, November 2025.
[Ref. I 1]: www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch- 1 970s-by-malcolm-macmillan/
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Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

*  “With over 40 years of validation from real-world » (———— _'\
. . O Unconscious competence:
experiments, [our PDR-CFD software] delivers , you use this
reliable modelling results™. | knowledge instinctively.
*  “Our automated framework checks simulations against Conscious competence: MeasureNs — — — — — —
. .. you develop the knowledge
real-world data from lots of experiments and incidents, you need and are aware of it
ensuring accurate and reliable results”. Systems e —
*  “With [our PDR-CFD software], you get results you you become aware of
. . i »s i your lack of knowledge.
can trust to control risks and improve safety”. T — :
nconscious Incompetence. Measure
. . . you are not aware of
In his presentation, Ken pointed out that very often, what you do not know.

Audit, learning from others
Alert to incidents and sharing/learning from them

a state of unconscious competence can look very much
like a state of unconscious incompetence...

Where are we in terms of CFD for simulating explosions? L

CHRONIC UNEASE — mindset shift that goes beyond compliance

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK industry", Hazards 35, Birmingham, November 2025.
[Ref. I 1]: www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch- 1 970s-by-malcolm-macmillan/
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experiments, [our PDR-CFD software] delivers , you use this
reliable modelling results™. | knowledge instinctively.
*  “Our automated framework checks simulations against Conscious competence: MeasureNs — — — — — —
. .. you develop the knowledge
real-world data from lots of experiments and incidents, you need and are aware of it
ensuring accurate and reliable results”. Systems e —
*  “With [our PDR-CFD software], you get results you you become aware of
. . i »s i your lack of knowledge.
can trust to control risks and improve safety”. T — :
nconscious Incompetence. Measure
. . . you are not aware of
In his presentation, Ken pointed out that very often, what you do not know.

Audit, learning from others
Alert to incidents and sharing/learning from them

a state of unconscious competence can look very much
like a state of unconscious incompetence...

Where are we in terms of CFD for simulating explosions? L

CHRONIC UNEASE — mindset shift that goes beyond compliance

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK industry", Hazards 35, Birmingham, November 2025.
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VYVUQ framework - NAFEMS/ASME

ASME V&YV process diagram

* From the validation case of interest, a
conceptual model is abstracted.

* From the conceptual model stem two branches:

— The simulation branch comprises verification and
uncertainty quantification activities (mathematics only).

— The physical experimentation branch comprises quality
assurance and uncertainty quantification activities.
* At the bottom there is a quantitative
comparison between the outputs from each
branch — this is validation.

[Ref. 12]: Standard for Verification and Validation in Computational Solid Mechanics, ASME V&V 10:2019

Validation case in the hierarchy
(Component, subassembly, assembly or system)

Abstraction

Conceptual ‘

f}_

model ' -

Modelling and Physical
simulation experimentation
branch branch
Mathematical Coordination_ | Experiment
model design
Code Approximation, Test set-up and Instrumentation
ver|ﬁcat¢>n Implementation instrumentation ‘F;"W assurance
N 4
Computational Preliminary Validation Revise
g model calculations experiment N model,
4 \ simulation or
1 1 experiment
Solution Calculation Data acquisition Data quality
ve iﬁtiation assurance
1
\ N Simulation Experimental . 4
= results results i
Uncgrtain.ty _ Validation ~, Uncgrtain.ty
quantification . ~ quantification

Simulation Quantitative Experimental
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Validation requirements

Modelling, simulation and
experimental activities

Yes
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[Next validation case in the hierarchy]
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ASME V&YV process diagram

* From the validation case of interest, a
conceptual model is abstracted.

* From the conceptual model stem two branches:

— The simulation branch comprises verification and
uncertainty quantification activities (mathematics only).

— The physical experimentation branch comprises quality
assurance and uncertainty quantification activities.

* At the bottom there is a quantitative

comparison between the outputs from each
branch — this is validation.

Validation case in the hierarchy
(Component, subassembly, assembly or system)

Abstraction

[Ref. 12]: Standard for Verification and Validation in Computational Solid Mechanics, ASME V&V 10:2019
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ASME V&YV process diagram

* From the validation case of interest, a
conceptual model is abstracted.

* From the conceptual model stem two branches:

— The simulation branch comprises verification and
uncertainty quantification activities (mathematics only).

— The physical experimentation branch comprises quality
assurance and uncertainty quantification activities.
* At the bottom there is a quantitative
comparison between the outputs from each
branch — this is validation.

Validation case in the hierarchy
(Component, subassembly, assembly or system)
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| 1
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1
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Validation requirements

Modelling, simulation and
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ASME V&YV process diagram

* From the validation case of interest, a
conceptual model is abstracted.

* From the conceptual model stem two branches:

— The simulation branch comprises verification and
uncertainty quantification activities (mathematics only).

— The physical experimentation branch comprises quality
assurance and uncertainty quantification activities.
* At the bottom there is a quantitative
comparison between the outputs from each
branch — this is validation.

Validation case in the hierarchy
(Component, subassembly, assembly or system)

Abstraction

branch

Modelling and
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model

results

Modelling, simulation and
experimental activities
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ASME V&YV process diagram

* Verification is the realm of mathematics
and addresses the question: are the
underlying equations being solved correctly?
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(Component, subassembly, assembly or system)
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ASME V&YV process diagram

Validation case in the hierarchy
(Component, subassembly, assembly or system)

Verification is the realm of mathematics
and addresses the question: are the
underlying equations being solved correctly?

Does the code
work as intended?

Grid sensitivity,

Validation is the realm of physics and  (ime-step sensitivity

addresses the question: are the underlying
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ASME V&YV process diagram
* Who is responsible for VYVYUQ!?

— Code verification?

— Solution verification?
— Simulation UQ?

— Validation?

Validation case in the hierarchy
(Component, subassembly, assembly or system)
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ASME V&YV process diagram
* Who is responsible for VYVYUQ!?

— Code verification? Developer

— Solution verification?
— Simulation UQ?
— Validation!?

Developer

Validation case in the hierarchy
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ASME V&YV process diagram
* Who is responsible for VYVYUQ!?

— Code verification? Developer

— Solution verification? User
— Simulation UQ?

— Validation?

Validation case in the hierarchy
(Component, subassembly, assembly or system)
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Validation case in the hierarchy

ASME V&YV process diagram
* Who is responsible for VYVYUQ!?
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— Code verification?
— Solution verification?
— Simulation UQ?
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ASME V&YV process diagram
* Who is responsible for VYVYUQ!?

Validation case in the hierarchy

(Component, subassembly, assembly or system)
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ASME V&YV process diagram
* Who is responsible for VYVYUQ!?

Validation case in the hierarchy

(Component, subassembly, assembly or system)
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Validation case in the hierarchy

A S M E v&v p ro C e S S d i ag ra m (Component, subassembly, assembly or system)
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Blind benchmarking

7N p
SmNWC23

: , KON
Examples of past blind benchmarking = ®¥*

The importance of

blind benchmarkin

g An inter-comparison exercise on CFD model capabilities to predict a hydrogen explosion in a
simulated vehicle refuelling environment, (Refueling station experiments)
Makarov D et al, Intl J Hyd Ener, 34(6), 2800-14, 2009. .,
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Blind benchmarking is the true test of any simulation approach —
and whenever blind comparisons are undertaken, there are usually
differences between participants, often significant differences.
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[Ref. 13]: Westwater G, Karl A, Howell S and Wood |, “The importance of blind benchmarking”, NAFEMS World Congress 2023.
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Blind benchmarking

Examples of past blind benchmarking %~

The importance of
blind benchmarking

An inter-comparison exercise on the capabilities of CFD models to predict the short and long term
distribution and mixing of hydrogen in a garage, (INERIS Garage release experiments)

NAFEMS SGMWG Venetsanos AG et al, Intl J Hyd Ener, 34(14), 5912-23, 2009.

Greg Westwater (Chair), Alexander Karl, Steve Howell, Jim Wood

Blind benchmarking is the true test of any simulation approach —
and whenever blind comparisons are undertaken, there are usually i a 80 meroom
differences between participants, often significant differences.

[Ref. 13]: Westwater G, Karl A, Howell S and Wood |, “The importance of blind benchmarking”, NAFEMS World Congress 2023.
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Blind benchmarking

Shwezs RO
¥ NAFEMS WORLD CONGRES E | f t bl. d b h k. \!‘)
xamples of past blind benchmarking %
The importance of
blind benchmarking i . o ) . .
[Jimwd-25] Round-Robin Study of a-priori Modelling Prediction of the Dalmarnock Fire Test One,
G. Rein et al, Fire Safety Journal 44 (4), 590-602, 2009.
NAFEMS SGMWG (Presentation to SGMWG/CFDWG, 27 February 2023)
Greg Westwater (Chair), Alexander Karl, Steve Howell, Jim Wood
10000 —A Table 2: Comparison of simulated time to flashover and maximum
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8000F B B F2 i —52 expe.rlmenrul data.
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Blind benchmarking is the true test of any simulation approach — e St odnm.
. . https://era.ed.ac.uk/bitstream/handle/1842/2704/Rein_
and whenever blind comparisons are undertaken, there are usually RoundRobinModelling_FSJ09_preprinc.pdfisequence=|

differences between participants, often significant differences.

[Ref. 13]: Westwater G, Karl A, Howell S and Wood |, “The importance of blind benchmarking”, NAFEMS World Congress 2023.
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Blind benchmarking
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Blind benchmarking is the true test of any simulation approach — e Stimodm,
https://era.ed.ac.uk/bitstream/handle/1842/2704/Rein_
RoundRobinModelling_FSJ09 _preprint.pdfisequence=1

and whenever blind comparisons are undertaken, there are usually
differences between participants, often significant differences.

[Ref. 13]: Westwater G, Karl A, Howell S and Wood |, “The importance of blind benchmarking”, NAFEMS World Congress 2023.
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Blind benchmarking

Contents lists available at ScienceDirect 100 EXP: Stratlfied
Journal of Loss Prevention in the Process Industries 10 EXP: 21% hom.
journal homepage: www.elsevier.com/locate/jlp ’: eccee .o M-l (0.10)
©
Qo —--@- M-2 (n/a)
Blind-prediction: Estimating the consequences of vented hydrogen [} ) - —=-@ M-3 (n/a)
deflagrations for inhomogeneous mixtures in 20-foot ISO containers § E - --@ M-4(n/a)
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Blind benchmarking is the true test of any simulation approach —  fjon Obstacle configuration

and whenever blind comparisons are undertaken, there are usually
differences between participants, often significant differences.

[Ref. 14]: Skjold T et al, “Blind-prediction: Estimating the consequences of vented hydrogen deflagrations for inhomogeneous mixtures in 20-foot ISO containers”, ]. Loss Prev. Proc. Ind. 61 pp 220-236, 2019
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VYVUQ framework - NAFEMS/ASME

Validation domain

* PDR-CFD may now have a 40-year track record, but the core experience is
perhaps largely focussed within the offshore sector considering hydrocarbon
vapour cloud explosions within large platforms.

* There is now increasing interest in new applications — hydrogen, renewables,
battery energy storage, etc — which may differ from offshore platforms in terms of
geometry length scales, congestion densities, and fuels, so how do we know that
we can move into these new application domains with confidence!?

| |
| |
RN | | |
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VYVUQ framework - NAFEMS/ASME

Validation domain

PDR-CFD may now have a 40-year track record, but the core experience is
perhaps largely focussed within the offshore sector considering hydrocarbon
vapour cloud explosions within large platforms.

There is now increasing interest in new applications — hydrogen, renewables,
battery energy storage, etc — which may differ from offshore platforms in terms of
geometry length scales, congestion densities, and fuels, so how do we know that
we can move into these new application domains with confidence!?

=

What does a 40-year track record really mean anyway? .|ll
— Are the people who developed the PDR-CFD code during those 40 years still there and involved? £==

— Is the knowledge from those people still woven into day-to-day practice within the organlsatlon ====

— Did we manage to resolve all of the key knowledge gaps during those 40 years i e
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User VVUQ - code verification

—

)

P\ N
7 4)
Y

—

NWC25

The New AIAA Standard for
Code Verification of CFD

i
§

The importance of the observed order of accuracy,
and exemplars to show the process

I Dr Steve Howell
Standard (NAFEMS SGMWG/CFDWG)

Standard for Code Verification in
[ ional Fluid Dy i

Validation case in the hierarchy
(Component, subassembly, assembly or system)

Abstraction

Conceptual ‘

model r

Modelling and Physical
simulation experimentation
branch branch

Coordination

Mathematical
model

| Experiment
design

N ’
Computational Preliminary Validation
g model calculations experiment N
4 \
] 1
Solution Calculation Data acquisition Data quality
veriﬁtiation assurance
1
\ N Simulation Experimental . 4
= results results I

Unce.rtairlty _ Validation ~, Unce'rtain.ty
quantification ~ quantification

Simulation Quantitative Experimental
outputs comparison outputs

Validation requirements

Instrumentation

Code
verification | Approximation, Test set-up and r
Implementation instrumentation ‘F;"W assurance

Revise
model,
simulation or
experiment

r4

Requirements
satisfied?

Yes

Modelling, simulation and
experimental activities

= = Assessment activities

[Next validation case in the hierarchy]

[Ref. 15]: Standard for Code Verification in Computational Fluid Dynamics, AIAA S-141:2024
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User VVUQ - code verification

e New AIAA Standard for * Code verification is the process of establishing the
oode Verification of CFD correctness of the computational algorithms and
and exemplars to show the process , o o o o
D their implementation in a CFD code.

* The standard requires:

— Establish correctness by comparing the observed order
of accuracy of the computational solutions from the code
with the formal order of accuracy of the code.

Standard for Code Verification in
Ci i Fluid Dy i

— This involves plotting the trend of the discretization error
against the discretization step on a log-log graph.

— In order to calculate the discretization error, an exact
reference solution is needed — this error is the difference
between the CFD prediction and the reference solution.

[Ref. 15]: Standard for Code Verification in Computational Fluid Dynamics, AIAA S-141:2024
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User VVUQ - code verification

< k +Codavarificatianisgthe process of establishing the
| Methods for code verification ®omputational algorithms and

On a log-log graph, the plot ) in a CFD COde.

should form a straight line,
the gradient of which is the

Numerical error

Log scale

observed order of accuracy eS.
I Sstandard
- St ot Vrteaon by comparing the observed order
First-order ‘ . .
, nputational solutions from the code
|
/7  of accuracy of the code.

Second-order

May still be accurate to o decimal fth@ trend of the discretization error
places, but the trend is in error |
jon step on a log-log graph.

Log scale

#Discretisation steps the discretization error, an exact
NAFEMS WorfdICongress 2025 | Salzburg, Austria | May 19-22 2025 29 1eeded — this error is the difference
between the CFD prediction and the reference solution.

[Ref. 15]: Standard for Code Verification in Computational Fluid Dynamics, AIAA S-141:2024
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User VVUQ - code verification

* Commercially available PDR-CFD codes are generally black-box tools, so users
don’t have the full functionality needed to apply this standard for themselves.

* Just because a user cannot apply the AIAA standard in full, doesn’t mean the user
can’t do anything. There are some simple checks that all users of PDR-CFD codes
can do for themselves:

— Symmetry checks.

— Rotational checks.

* Users should focus on what they can do, rather than what they can’t do.
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User VVUQ - code verification

Symmetry checks

Looking downward

Looking horizontally
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User VVUQ - code verification

Symmetry checks

Looking downward

Looking horizontally

Overpressure [barg]
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User VVUQ - code verification

Symmetry checks

Looking downward

Looking horizontally

Overpressure [barg] |-.

0I5 >002 >0025 >003 >004 >005 006 >008 >0
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User VVUQ - code verification

Symmetry checks

Looking downward

The predictions may be close in the high-X/high-Y
quadrant in this case, but they are not identical.

Looking horizontally

Overpressure [barg]

015 >002 >0.025 003 >004 >005 006 008 0.0 002 *0I5 02 025 03 04 05 06 =08 x| »12 =5 22 325 3 x4 35
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User VVUQ - code verification

Symmetry checks

Looking downward

Looking horizontally

The predictions may be close in the high-X/high-Y
quadrant in this case, but they are not identical.

Overpressure [barg]

015 *002 >0.025 001 >004 005 006 »008 >0 002 0I5 02 3025 03 04 05 06 08 | 32 »5 2 325 3 x4 5 v 8
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User VVUQ - code verification

Symmetry checks

Looking downward

Looking horizontally

Overpressure [barg]
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User VVUQ - code verification

Symmetry checks

Looking downward

Looking horizontally

Overpressure [barg]

0I5 >002 >0025 >003 >004 >005 006 >008 >0
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User VVUQ - code verification

Symmetry checks

Looking downward

Looking horizontally

A4 & & A& & 8 2 8 A B B R N B A B OB MM

Symmetry is not preserved — the prediction for the low-X/low-Y quadrant
does not match that for the high-X/high-Y quadrant in this case...

0I5 >002 >0025 >003 >004 >005 006 >008 >0

|.l

-Y ) |-.
Overpressure [barg] |-.
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Symmetry checks

Looking downward

Looking horizontally

A4 & & A& & 8 2 8 A B B R N B A B OB MM

Symmetry is not preserved — the prediction for the low-X/low-Y quadrant
does not match that for the high-X/high-Y quadrant in this case... % AN

0.0 I 0. I Overpressure [barg] I
ID.D\ >0012 >0015 =002 >0.025 =001 >004 =005 >0.06 mTﬂ.l >0.12 >0I5 =02 >025 *03 04 05 06 NEIH >12 =15 2 >15 >3 >4 *5

Note the colour scale is logarithmic
and covers three orders of magnitude!
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User VVUQ - code verification

N +Y
Symmetry checks
Looking downward
... are the PDR-CFD solvers still tethered to the staggered
meshing approach that was commonplace 40 years ago?
X

Looking horizontally

A4 & & A& & 8 2 8 A B B R N B A B OB MM

Symmetry is not preserved — the prediction for the low-X/low-Y quadrant
does not match that for the high-X/high-Y quadrant in this case... Y

0.0l 0.1  overpresmrearn I
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UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

Rotational checks

H ds35 | MERGE Test Bl - (Geometry B, Methane)
ZQr
Hazardsy ChenE Import
PDR-CFD approach for simulating oxplosions: Cylinders, 0 deg Cylinders, 45 deg Boxes, 0 deg Boxes, 45 deg
is a gemeralized mesh object approach misleading?
[o—— p— -
i i ooy
oy iy = it * ;\
. 9 X
[&f: It
g 9 o 5
o & o ®
5 1= & 04
Boxes/cylinders o o %
S X o )
(sl S 0 X
(8] s}
: :
(=]
(8] % o
C ® =] ®
] = S
%ﬁnnnmnnnnnnnnno O %nnnnnnnnnnmnmnm OGO TOL
2, ®
S %)
)
bt \ &}
& 2 o S
s} & o ®
o 3 (m] N C X
Generalised mesh objects o 3 o %
B 0 S
5 B
o % 0 %
(e]e R [o]y
s S of
= , " , e AV
elststststatststststststatststaty 2 LGOS [slalsIs]alulslsls]slsluinls]slnls SO EL
Overpressure [barg]
I ]
>0.01 >0.012>0.015 >0.02 >0.025 >0.03 >0.04 >0.05 >0.06 >0.08 >0.| >0.12 >0.15 >0.2 >0.25 >03 >04 >05 >06 >08 >| >12 >|l5 >2 >25 >3 >4 >5 >6 >8
Frcsourons OGO

Abercus 7 Queen’s Gardens Aberdeen ABI5 4YD www.abercus.com
© 2025 Abercus. All Rights Reserved.



http://www.abercus.com/
http://www.abercus.com/

TT251003-PR-001-B UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

User VVUQ - code verification

Rotational checks

H ds35 MERGE Test Bl - (Geometry B, Methane)
ZQr
mo ards o Import
PDR-CFD approach for simulating explosions: Cylinders, 0 deg Cylinders, 45 deg Boxes, 0 deg Boxes, 45 deg
is a generafized mesh object approach misleading?
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User VVUQ - code verification

Rotational checks

MERGE Test Bl - (Geometry B, Methane)

Import

PDR-CFD approach for simulating oxplosions: Cylinders, 0 deg Cylinders, 45 deg Boxes, 0 deg Boxes, 45 deg

is a generalized mesh object approach misleading?

Cylinders
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1IDDOOA0CO000000
=] googoooon
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With the traditional boxes/cylinders approach, each object has principal
directions and non-alignment from the CFD grid is clearly apparent.
Non-alignment of boxes/cylinders with the grid can have a significant
impact upon the prediction of overpressure — this is already well known,

and PDR-CFD software tools have incorporated warnings about this.
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Isom >0.01250.015 >0.02 >0.025 >0.03 >0.04 >0.05 >0.06 >0.01>0.[ 5012 >0.15 02 025 >03 >04 >05 >06 >o.1>[ 512 515 2 25 >3 >4 35 36 >8'

(S rcsorons @OOGROO

Abercus 7 Queen’s Gardens Aberdeen ABI5 4YD www.abercus.com
© 2025 Abercus. All Rights Reserved.



http://www.abercus.com/
http://www.abercus.com/

User VVUQ - code verification

Rotational checks

MERGE Test Bl - (Geometry B, Methane)

Import

PDR-CFD approach for simulating explosions: Cylinders, 0 deg Cylinders, 45 deg Boxes, 0 deg Boxes, 45 deg

is a generalized mesh object approach misleading?
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With the traditional boxes/cylinders approach, each object has principal
directions and non-alignment from the CFD grid is clearly apparent.
Non-alignment of boxes/cylinders with the grid can have a significant
impact upon the prediction of overpressure — this is already well known,

and PDR-CFD software tools have incorporated warnings about this.
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UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

Rotational checks

H ds35 | MERGE Test Bl - (Geometry B, Methane)
ZQr
Hazardsy ChenE Import
PDR-CFD approach for simulating explosions: Cylinders, 0 deg Cylinders, 45 deg Boxes, 0 deg Boxes, 45 deg
is a geraralized mesh object approach misleading?
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Rotational checks

principal directions.

(S rcsorons @OOGROO

Some PDR-CFD codes are moving towards a
generalised meSh object approach With dil"eCt CAD Cylinders, 0 deg Cylinders, 45 deg Boxes, 0 deg Boxes, 45 deg
import. With this approach, there is no concept of

Predictions for boxes/cylinders and generalised
mesh objects are identical, as expected. But with
mesh objects, rotational effects may go unnoticed.

MERGE Test Bl - (Geometry B, Methane)

& @
© <
(4 2
< ©)
(® n ®

L - (=]

'- g 5 S
( ® o ®

© B )
=} @ =] ©
©® H ©)
& 35 @
& (] (©

- [ S (=]

(8] 7 o ®
G o o <
& S & 5%
lo00000000002300! SO CCOCOOCTTTIO [elststelalstelelulelslniniatets OISR RTREO®

—
O
)

(9,
©
<)
% >, n ®
5 ® B 3
&) © = »
< s ) X l X
Generalised mesh objects , 3 B >
I [B]§ )
) = >
] O[] )&
) > 8 X
] = X
! S & <
o) ] S
L ® Bl >
Q &) (=] O
O O o O ) C— - S— SO T OO T TH Hnonnnnnnnnmnnnm OO OO COEOTIL

0.0l 0.1  Overpressure [barg] I |0

3 R ]
r0.0I >0.012>0.015 >0.02 >0.025 >0.03 >0.04 >0.05 >0.06 >0.01>0.I >0.12 >0.15 >02 >0.25 >03 =>04 >05 >06 >0.1 >l >12 >1.5 2 >25 >3 >4 >5 > >SI

Abercus 7 Queen’s Gardens Aberdeen ABI5 4YD www.abercus.com
© 2025 Abercus. All Rights Reserved.



http://www.abercus.com/
http://www.abercus.com/

UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

TT251003-PR-001-B

User VVUQ - code verification

Rotational checks

principal directions.

| I
Some PDR-CFD codes are moving towards a

generalised mesh object approach with direct CAD
import. With this approach, there is no concept of

Predictions for boxes/cylinders and generalised
mesh objects are identical, as expected. But with
mesh objects, rotational effects may go unnoticed.

MERGE Test Bl - (Geometry B, Methane)
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User VVUQ - code verification

Rotational checks

0 MERGE T Bl - (G try B, Meth
Some PDR-CFD codes are moving towards a S4GH1 = (meometry i Nethane)

generalised mesh object approach with direct CAD
import. With this approach, there is no concept of
principal directions.

Predictions for boxes/cylinders and generalised
mesh objects are identical, as expected. But with
mesh objects, rotational effects may go unnoticed.
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User VVUQ - code verification

Rotational checks
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Some PDR-CFD codes are moving towards a secB = {eametny B Mechane)
generalised mesh object approach with direct CAD Cylinders, 0 deg Cylinders, 45 deg Boxes, 0 deg Boxes, 45 deg

import. With this approach, there is no concept of
principal directions.

Predictions for boxes/cylinders and generalised
mesh objects are identical, as expected. But with
mesh objects, rotational effects may go unnoticed.
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User VVUQ - code verification

Rotational checks
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import. With this approach, there is no concept of
principal directions.
Predictions for boxes/cylinders and generalised
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There remain plenty of open questions about the PDR approach, B
and how it is implemented within individual PDR-CFD codes.
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User VVUQ - solution verification

* Solution verification is the process of determining
the accuracy of a particular numerical solution
relative to an estimate of the exact solution of the
computational model.

* It is a user activity relating to convergence and
estimating the error in the computational solution:
— The mesh/time-step resolution.

— Iterative convergence.

* Code verification is an error evaluation process,
whereas solution verification is an error estimation

process — no exact solutions are available.

Validation case in the hierarchy
(Component, subassembly, assembly or system)

Abstraction

Solution
verification

sssss

Experimental
outputs

[Next validation case in the hierarchy]
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TT251003-PR-001-B UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — PDR-CFD training (1994 report)
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Figure 2.35 Grid resolutions MERGE type E g

ry with de

geomelry in each direction.

Resclution | CPU-time (HP735) | Max, pressure | Time of max. press. | Press. impulse
6x6x6 52s 5 mbar 0.72s 58 Pas
12x12x12 74.8 s (1 min) 61 mbar 043s 239 Pas
15x15x15 222 s (4 min) 153 mbar 042s 375 Pas
20x20x20 | 9025 (15 min) 184 mbar 044s 405 Pas
24x24x24 1.576 s (25 min) 187 mbar 0.34s 508 Pas
30x30x30 [ 4.173s(1h) 217 mbar 0.37s 508 Pas
40x40x40 12.800s (4 h) 205 mbar 033s 535 Pas
60x60x60 68,5885 (19h) i 100 mbar i 041s 318 Pas
| —
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TT251003-PR-001-B UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — PDR-CFD training (1994 report)
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Trust and VVUQ for explosion simulations with CFD

Steve Howell, Prankul Middha and Francesco Chille
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MERGE Case 23: Geometry E, methane.

Resclution | CPU-time (HP735) | Max. pressure | Time of max. press. | Press. impulse
6x6x6 52s 5 mbar 0.72s 58 Pas
12x12x12 74.8 s (1 min) 61 mbar 043s 239 Pas
15x15x15 222 s (4 min) 153 mbar 042s 375 Pas
20x20x20 902 s (15 min) 184 mbar 044s 405 Pas
24x24x24 1.576 s (25 min) 187 mbar 0.34s 508 Pas
30x30x30 [ 4.173s(1h) 217 mbar 0.37s 508 Pas
40x40x40 12.800s (4 h) 205 mbar 033s 535 Pas
60x60x60 68.588 5 (19 h) i 100 mbar i 041s 318 Pas

| —

Abercus 7 Queen’s Gardens Aberdeen ABI5 4YD www.abercus.com
© 2025 Abercus. All Rights Reserved.



http://www.abercus.com/
http://www.abercus.com/

TT251003-PR-001-B UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — PDR-CFD training (1994 report)
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MERGE Case 23: Geometry E, methane.

Resclution | CPU-time (HP735) | Max. pressure | Time of max. press. | Press. impulse
6x6x6 52s 5 mbar 0.72s 58 Pas
12x12x12 74.8 s (1 min) 61 mbar 043s 239 Pas
15x15x15 222 s (4 min) 153 mbar 042s 375 Pas
20x20x20 902 s (15 min) 184 mbar 044s 405 Pas
24x24x24 1.576 s (25 min) 187 mbar 0.34s 508 Pas
30x30x30 [ 4.173s(1h) 217 mbar 0.37s 508 Pas
40x40x40 12.800s (4 h) 205 mbar 033s 535 Pas
60x60x60 68.588 5 (19 h) i 100 mbar i 041s 318 Pas
| —

Maximum predicted peak overpressure [mbar]

1000

100
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing —= PDR-CFD training (1994 report)

Hazards35

Trust and YVUQ for explosion simulations with CFD

Steve Howell, Prankul Middha and Francesco Chille

Aberdeen ABIS 4YD wwwabercus.com
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There is a plateau in the mid-range
where the predicted overpressure is
seemingly less sensitive to grid spacing.

M 4a3an3e Y e

MERGE Case 23: Geometry E, methane.

Press. impu_lse

Resolution | CPU-time (HP735) | Max. pressure | Time of max. press.
6x6x6 52s 5 mbar 0.72s 58 Pas
12x12x12 | 74.8 s (1 min) 61 mbar 043s 239 Pas B
15x15x15 222 s (4 min) 153 mbar 042s 375 Pas
20x20x20 902 5 (15 min) 184 mbar 044s 405 Pas
24x24x24 1.576 s (25 min) 187 mbar 0.34s 508 Pas
30x30x30 4.173s(1h) 217 mbar 0.37s 508 Pas
40x40x40 12.800s (4 h) 205 mbar 0.33s 535 Pas
60x60x60 | 68.588 5 (19 h) “ﬁl 04ls 318 Pas

| ———

Maximum predicted peak overpressure [mbar]

1000

—— -

— —

8 16 32 64
Number of grid cells across congested region

128
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User VVUQ - solution verification

yew

T T
There is a plateau in the mid-range

Hazards35 . .
& Noverber 225, aminghr. where the predicted overpressure is

seemingly less sensitive to grid spacing.

Sensitivity of overpressure to grid spacing —= PDR-CFD training (1994 report)

Trust and YVUQ for explosion simulations with CFD

Steve Howell, Prankul Middha and Francesco Chille

- - P x . Sy
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MERGE Case 23: Geometry E, methane. i

o

Maximum predicted peak overpressure [mbar]

Resclution | CPU-time (HP735) | Max. pressure | Time of max. press. | Press. impulse
6x6x6 52s 5 mbar 0.72s 58 Pas
12x12x12 | 74.8 s (1 min) 61 mbar 043s 239 Pas B
15x15x15 222 s (4 min) 153 mbar 042s 375 Pas
20x20x20 | 902 s (15 min) 184 mbar 044s 405 Pas
24x24x24 1.576 s (25 min) 187 mbar 0.34s 508 Pas

8 13 16 32 64 128
Number of grid cells across congested region

Grid recommendations at the time

were for |3 cells across the cloud.
(This could be reduced if bounded by a solid surface).
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing —= PDR-CFD training (1994 report)
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There is a plateau in the mid-range
Hazards35 i 5
& Noremoer 202 Bimingham. where the predicted overpressure is

seemingly less sensitive to grid spacing.

Trust and VVUQ for explosion simulations with CFD 100

Steve Howell, Prankul Middha and Francesco Chille
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dicted peak overpressure [mbar]

MERGE Case 23: Geometry E, methane.

This graph is plotted on log-log axes —

Resclution | CPU-time (HP735) | Max. pressure | Time of max. press. | Press. impulse
6X6x6 52s 5 mbar 0.72s 58 Pas . . o
12x12x12 74.8 s (1 min) 61 mbar 043s 239 Pas the varlatlon In the overpressure
15x15x15 222 s (4 mi 153 mb: 0.42 375 Pas o (o) . . .
i e o s is £20% within this plateau.
20x20x20 902 s (15 min) 184 mbar 044s 405 Pas
24x24x24 1.576 s (25 min) 187 mbar 0.34s 508 Pas |

8 13 16 32 64 128
Number of grid cells across congested region

Grid recommendations at the time

were for |3 cells across the cloud.
(This could be reduced if bounded by a solid surface).
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing —= PDR-CFD training (1994 report)

There is a plateau in the mid-range
Hazards35 i 5
& Noremoer 202 Bimingham. where the predicted overpressure is

seemingly less sensitive to grid spacing.

Trust and YVUQ for explosion simulations with CFD
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icted peak overpressure [mbar]

MERGE Case 23: Geometry E, methane. h

There was also a second data series,

Resclution | CPU-time (HP735) | Max. pressure | Time of max. press. | Press. impulse
i Lo L i based on a reduced simulation domain
12x12x12 74.8s (1 min) 61 mbar 043s 239 Pas
15x15x15 222 s (4 min) 153 mbar 042s 375 Pas
20x20x20 | 902 5 (15 min) 184 mbar 044s 405 Pas |
24x24x24 1.576 s (25 min) 187 mbar 0.34s 508 Pas

8 13 16 32 64 128
Number of grid cells across congested region

Grid recommendations at the time

were for |3 cells across the cloud.
(This could be reduced if bounded by a solid surface).
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing - User VYVUQ (MERGE)

©- PDR |
-@- PDR 2

Looking down

10000

Hazards35
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Trust and YVUQ for explosion simulations with CFD
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Maximum predicted peak overpressure [mbar]
8

The graph on the left shows the maximum

predicted peak overpressure for two Transducer |
different PDR-CFD codes for Logng aeross 4 : |
4 8 16 32 64 128
MERGE Case 23 (Geometr’y E, methane) at Number of grid cells across congested region

Transducer |, which is at the centre of the
footprint of the congested region.

Ground

@Jmmul

~
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing - User VYVUQ (MERGE)

Looking down 10000
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Trust and YVUQ for explosion simulations with CFD g,_
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predicted peak overpressure for two Transducer |
. Looki
different PDR-CFD codes for ey Jeikien 4 : |
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M E RG E Case 23 (G eom etry E, methan e) at Number of grid cells across congested region

Transducer |, which is at the centre of the
footprint of the congested region.
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User VYVVUQ (MERGE)
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The graph on the left shows the maximum
predicted peak overpressure for two
different PDR-CFD codes for
MERGE Case 23 (Geometry E, methane) at
Transducer |, which is at the centre of the
footprint of the congested region.

Looking down

Lookin

g across

Is there a plateau in the mid-range grid spacing!?

Maximum predicted peak overpressure [mbar]

Transducer |

..
H 4 4 8 16 2 64 128

Number of grid cells across congested region

Ground

@Jmmul
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User VYVVUQ (MERGE)

Looking down Is there a plateau in the mid-range grid spacing!?

Hazards35
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Trust and YVUQ for explosion simulations with CFD

Steve Howell, Prankul Middha and Francesco Chille

Abercus 7 Queen's Gardens Aberdeen ABIS 4YD wwwabercus.com
© 2025 Abercus. All Rights Reserved

o
B3

The graph on the left shows the maximum

Change in maximum predicted peak overpressure with
number of grid cells across the congested region
U
S
R

predicted peak overpressure for two Tansducer | -50%
. Looki
different PDR-CFD codes for O SrE SCT0s H
4 -100%
MERGE Case 23 (Geometry E, methane) at 4 ; 6 2 o 2
Number of grid cells across congested region

Transducer |, which is at the centre of the
footprint of the congested region.

Differentiate and plot the change in
overpressure with grid spacing...

Ground
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User VYVVUQ (MERGE)
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The graph on the left shows the maximum

predicted peak overpressure for two |
different PDR-CFD codes for g

Is there a plateau in the mid-range grid spacing!?

o
S
a2

100%

o
B3

number of grid cells across the congested region
U
o
2

Change in maximum predicted peak overpressure with
&
S
R

Transducer |

-100%

MERGE Case 23 (Geometry E, methane) at <

4 8 16 32 64 128

Transducer |, which is at the centre of the
footprint of the congested region.

@lma

The predicted overpressure is sensitive to the grid
spacing, particularly on further refined grids — but
these remain within the code’s gridding guidelines.
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User VYVVUQ (MERGE)

Is there a plateau in the mid-range grid spacing?

PDR |
Hazards35 .01 Geomeny A Mot

4-6 November 2025, Birmingham, UK -0-02: Geometry A, Propane

-@-03: Geometry A, Methane/propane mix

150% -8-07: Geometry A, Ethylene
e ©-08: Geometry B, Methane
@ 09: Geometry B, Methane/propane mix

Trust and YVUQ for explosion simulations with CFD

Steve Howell, Prankul Middha and Francesco Chille 100% ©-10: Geometry B, Propane
%

| I: Geometry B, Ethylene

12: Geometry C, Methane

®

L}

® |3: Geometry C, Ethylene
50% o)

14: Geometry C, Propane

@ |5: Geometry C, Methane/propane mix
-0-16: Geometry D, Propane
-®-17: Geometry D, Methane

What about the other MERGE geometries?

0%

-@- |18: Geometry D, Methane/propane mix
-8-22: Geometry D, Ethylene

® 23: Geometry E, Methane
-50%

number of grid cells across the congested region

O 24: Geometry E, Propane

Change in maximum predicted peak overpressure with

@ 25: Geometry E, Methane/propane mix
Case 23: Geometry E, methane -8-26: Geometry C¥, Methane

-100% -@-27: Geometry C¥, Methane/propane mix

4 8 16 32 64 128 -9-28: Geometry C*, Propane
Number of grid cells across congested region

Lines coloured by geometry, markers coloured by fuel.
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User VYVVUQ (MERGE)

Is there a plateau in the mid-range grid spacing?
PDR | P ge g pacing
Hazards35

The grid dependence is seemingly greater for

-8-01: Geometry A, Methane
-0-02: Geometry A, Propane

-@-03: Geometry A, Methane/propane mix
-@-07: Geometry A, Ethylene

Trust and VVUQ for explosion s e ®-08: Geometry B, Methane
other MERGE cases @15 cells than for Case 23... 0 ©-0: Geomery B, Methanelpropane mix
Steve Howell, Prankul Middha and L ©-10: Geometry B, Propane

@ | |: Geometry B, Ethylene

ABIS 4YD wwwabercus.com

What about the other MERGE geometries? “

@ |2: Geometry C, Methane

® |3: Geometry C, Ethylene

v
o
32

© |4: Geometry C, Propane
@ |5: Geometry C, Methane/propane mix

-0-16: Geometry D, Propane
-®-17: Geometry D, Methane

o
32

-@- |18: Geometry D, Methane/propane mix
-8-22: Geometry D, Ethylene
® 23: Geometry E, Methane

number of grid cells across the col
.
v
o
3

O 24: Geometry E, Propane

Change in maximum predicted peak

@ 25: Geometry E, Methane/propane mix

Case 23: Geometry E, methane -8-26: Geometry C¥, Methane
-100% -@-27: Geometry C*, Methane/propane mix
4 8 16 32 64 128 —0-28: Geometry C*, Propane

Number of grid cells across congested region

Lines coloured by geometry, markers coloured by fuel.
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User VYVVUQ (MERGE)

200%

Hazards35

The grid dependence is seemingly greater for
other MERGE cases @ |5 cells than for Case 23...

Trust and YVUQ for explosion s

Steve Howell, Prankul Middha and

ABIS 4YD wwwabercus.com

What about the other MERGE geometries? h

v
o
32

0%

number of grid cells across the col
.
v
S
3

Change in maximum predicted peak

Case 23: Geometry E, methane

4 8 16 32 64
Number of grid cells across congested region

Lines coloured by geometry, markers coloured by fuel:

Is there a plateau in the mid-range grid spacing?
PDR | P ge g pacing

-8-01: Geometry A, Methane
-0-02: Geometry A, Propane
-@-03: Geometry A, Methane/propane mix
-@-07: Geometry A, Ethylene
®-08: Geometry B, Methane
@ 09: Geometry B, Methane/propane mix
©-10: Geometry B, Propane
@ | |: Geometry B, Ethylene
® |2: Geometry C, Methane
® |3: Geometry C, Ethylene
© |4: Geometry C, Propane
@ |5: Geometry C, Methane/propane mix
-0-16: Geometry D, Propane
-®-17: Geometry D, Methane
-@- |18: Geometry D, Methane/propane mix

-8-22: Geometry D, Ethylene
&2 Gonmatry E Mathane

...and the predicted overpressure
remains very sensitive to the
spacing on more refined grids.
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User VYVVUQ (MERGE)

200%

Hazards35

The grid dependence is seemingly greater for
other MERGE cases @ |5 cells than for Case 23...

Trust and YVUQ for explosion s

Steve Howell, Prankul Middha and

ABIS 4YD wwwabercus.com

What about the other MERGE geometries? “

v
o
32

o
32

number of grid cells across the col
.
v
o
3

Change in maximum predicted peak

Case 23: Geometry E, methane

And the predictions depend upon the . 8 16 2 2
. Number of grid cells across congested region
version of the PDR-CFD code used.

Is there a plateau in the mid-range grid spacing?
PDR 2 P ge g pacing

-8-01: Geometry A, Methane
-0-02: Geometry A, Propane
-@-03: Geometry A, Methane/propane mix
-@-07: Geometry A, Ethylene
®-08: Geometry B, Methane
@ 09: Geometry B, Methane/propane mix
©- 10: Geometry B, Propane
@ | |: Geometry B, Ethylene
@ |2: Geometry C, Methane
® |3: Geometry C, Ethylene
© |4: Geometry C, Propane
@ |5: Geometry C, Methane/propane mix
-0-16: Geometry D, Propane
-®-17: Geometry D, Methane
-@- |18: Geometry D, Methane/propane mix

-8-22: Geometry D, Ethylene
&2 Gonmatry E Mathane

...and the predicted overpressure
remains very sensitive to the
spacing on more refined grids.

Abercus 7 Queen’s Gardens Aberdeen ABI5 4YD www.abercus.com
© 2025 Abercus. All Rights Reserved.

obYelrYcYoYs


http://www.abercus.com/
http://www.abercus.com/

User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)

Hazards35

4-6 November 2025, Birmingham, UK

Trust and YVUQ for explosion simulations with CFD

Steve Howell, Prankul Middha and Francesco Chille

00000

What about the other validation cases?:
Sandia FLAME (large-scale hydrogen test)

STEEL LATTICE FR

/.~ PLYWOOD END DOOR

AME PLYWOOD.

OBSTACLE CONCRETE

REINFORCED

., VIEWPORT
-/ RAKE

|

O 0.30m |

77777 7777777277777

e—1.83m —

N2

STEEL
TOP —
PLATE

 sTeRL
CHANNEL

- | _L

THERMOCOUPLE

0.74m

183m

[Ref. 16]: A. Sherman, Martin Philip and Tieszen, SR and Benedick, William B (1989), FLAME facility: The effect of obstacles and transverse venting on flame acceleration and transition on detonation for

hydrogen-air mixtures at large scale. https://www.nrc.gov/docs/ML0717/MLO71700076.pdf.
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User VVUQ (Sandia FLAME)

Hazards3s

Trust and VVUQ for explosion simulations with CFD

Steve Howell, Prankul Middha and Francesco Chille

[ojotefelcluge)

What about the other validation cases?:
Sandia FLAME (large-scale hydrogen test)

[Ref. 16]: A. Sherman, Martin Philip and Tieszen, SR and Benedick, William B (1989), FLAME facility: The effect of obstacles and transverse venting on flame acceleration and transition on detonation for
hydrogen-air mixtures at large scale. https://www.nrc.gov/docs/ML0717/MLO71700076.pdf.
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)

Mesh size Sandia FLAME (Hydrogen) - Test 3

[inch]

PDR-CFD vl PDR-CFD v2 PDR-CFD v3 PDR-CFD v4

12x 12x 12

4x4x4

45x4x4

Overpressure [barg]

>001 >0012 >0015 =002 =>0.025 =>003 =>004 =>005 =>006 =>008 =>0. =>0.2 =>0.I5 =>02 >025 >03 >04 >05 >06 >08 > =12 =15 >2 >25 >3 >4 >5 >6 >8
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)
Test 3 (no obstacles, top vent = 50% open, H2 = 20.8%) |

[inch]

PDR-CFD vl - V. - V. PDR-CFD v4

12x 12x 12 ' ' '
6x6x6 " 1 = s 1 s 3 1 1

¢- «— -—

Overpressure [barg]

45x4x4

05 >006 =008 =>0.1 =>0.12 =>0.15 =>02 >025 >03 >04 >05 >06 >08 > =12 =15 >2 >25 >3 >4 >5 >6 >8
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User VVUQ - solution verification

For each version of the PDR-CFD code,
the predictions for peak overpressure are

Fiadiiia Test 3 (no obstacles, top vent strongly dependent upon the grid spacing.
[inch] W 4

Sensitivity of overpressure to grid spacin

12x 12x 12

Overpressure [barg]

05 >006 =008 =>0.1 =>0.12 =>0.15 =>02 >025 >03 >04 >05 >06 >08 > =12 =15 >2 >25 >3 >4 >5
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User VVUQ - solution verification

For each version of the PDR-CFD code,

Sen5|t|V|ty of overpressure to gl"ld spacir the predictions for peak overpressure are

Fiadiiia Test 3 (no obstacles, top vent strongly dependent upon the grid spacing.
[inch] W 4

12x 12x 12

Overpressure [barg]

05 >006 =008 =>0.1 =>0.12 =>0.15 =>02 >025 >03 >04 >05 >06 >08 > =12 =15 >2 >25 >3 >4 >5 >6 >8
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User VVUQ - solution verification

For each version of the PDR-CFD code,
the predictions for peak overpressure are

Fiadiiia Test 3 (no obstacles, top vent strongly dependent upon the grid spacing.
[inch]

Sensitivity of overpressure to grid spacin

PDR-CFD vl - R-C -CFD v4

12x 12x 12

- e e s e — -—" e e e —

Overpressure [barg]

05 >006 =008 =>0.1 =>0.12 =>0.15 =>02 >025 >03 >04 >05 >06 >08 > =12 =15 >2 >25 >3 >4 >5 >6 >8
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User VVUQ - solution verification

For each version of the PDR-CFD code,
the predictions for peak overpressure are

Fiadiiia Test 3 (no obstacles, top vent strongly dependent upon the grid spacing.
[inch]

Sensitivity of overpressure to grid spacin

PDR-CFD vl

12x 12x 12

e —— — —— — T e T e— m— N e ———— — —

Overpressure [barg]

05 >006 =008 =>0.1 =>0.12 =>0.15 =>02 >025 >03 >04 >05 >06 >08 > =12 =15 >2 >25 >3 >4 >5 >6 >8
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User VVUQ - solution verification

For each version of the PDR-CFD code,
the predictions for peak overpressure are

Fiadiiia Test 3 (no obstacles, top vent strongly dependent upon the grid spacing.
[inch]

Sensitivity of overpressure to grid spacin

PDR-CFD vl -CFD v4

12x 12x 12

@- '~ Note the colour scale is logarithmic

and covers three orders of magnitude!

T e —— —— —— — \»7""' T s e e

0.0 I O. I Overpressure [barg] I I O

>0.06 >008 >0 >0.2 >0.15 >02 >025

I>0.0I 0012 >0015 >002 =>0.025 >003 =>0.04 >0.05 X I £ . g . ¥ >03 >04 >05 >0.6 >0.EI>\ =12 =15 >2 >25 >3 >4 >5 >6 >SI
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User VVUQ - solution verification

For each version of the PDR-CFD code,

Sensitivity of overpressure to grid spacin the predictions for peak overpressure are

T

Fiadiiia Test 3 (no obstacles, top vent strongly dependent upon the grid spacing.
[inch]
PDR-CFD vl - v R-CFD PDR-CFD v4

2« Significant change in predictions just |
by changing the x-grid spacing from
14 inch to 42 inch for these cases.

45x4x4

B Note the colour scale is logarithmic
- and covers three orders of magnitude!

sl | RIS ——

0.0 I O. I Overpressure [barg] I I 0

0.06 >008  >0.1 >0.12 >0.5 >02 >025

I>0.0I >0.012 >0015 >002 >0.025 =>003 =>004 =>005 >0. I X 3 i . ¥ >03 >04 >05 >0.6 >0.EI>I =12 =15 >2 >25 >3 >4 >5 >6 >SI
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)
Test 3 (no obstacles, top vent = 50% open, H2 = 20.8%) |

[inch]

PDR-CFD vl - V. - V. PDR-CFD v4

12x 12x 12 ' ' '
6x6x6 " 1 = s 1 s 3 1 1

¢- «— -—

Overpressure [barg]

45x4x4

05 >006 =008 =>0.1 =>0.12 =>0.15 =>02 >025 >03 >04 >05 >06 >08 > =12 =15 >2 >25 >3 >4 >5 >6 >8
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)

Hadvita Test 3 (no obstacles, top vent = 50% open, H2 = 20.8%)
[inch]

= ..

45x4x4

—TT = man

Significant change in predictions between

w0 successive versions of the same PDR-CFD code

e

3 :f_lll—
 com—

Overpressure [barg]

05 >006 =008 =>0.1 =>0.12 =>0.15 =>02 >025 >03 >04 >05 >06 >08 > =12 =15 >2 >25 >3 >4 >5 >6 >8
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)
Test 3 (no obstacles, top vent = 50% open, H2 = 20.8%) |

[inch]

PDR-CFD vl - V. - V. PDR-CFD v4

12x 12x 12 ' ' '
6x6x6 " 1 = s 1 s 3 1 1

¢- «— -—

Overpressure [barg]

45x4x4

05 >006 =008 =>0.1 =>0.12 =>0.15 =>02 >025 >03 >04 >05 >06 >08 > =12 =15 >2 >25 >3 >4 >5 >6 >8
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)
Mesh i Test 3 (no obstacles, top vent = 50% open, H2 = 20.8%)

PDR-CFD vl - - PDR-CFD v4

12x 12x 12

)

Recommended
maximum grid
size (4.8 inch)

A note on transparency — the gridding guidelines
for the PDR-CFD code used requires |5 cells
across the cloud, which for Sandia FLAME is a

grid spacing of 4.8 inches (= 6ft / |5 cells)...
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)

Hadvita Test 3 (no obstacles, top vent = 50% open, H2 = 20.8%)

PDR-CFD vl V. V. PDR-CFD v4

... but the developer’s own validation data is published
on the basis of a grid spacing of 8 inches, and it is clear
that there is a strong grid dependence in this grid range.

Developer’s own
validation (8 inch)

12x 12x 12

)

Recommended
maximum grid
size (4.8 inch)

A note on transparency — the gridding guidelines
for the PDR-CFD code used requires |5 cells
across the cloud, which for Sandia FLAME is a

grid spacing of 4.8 inches (= 6ft / |5 cells)...

T
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)
Test 3 (no obstacles, top vent = 50% open, H2 = 20.8%) |

[inch]

PDR-CFD vl - V. - V. PDR-CFD v4

-

Developer’s own
validation (8 inch) 12xizx 12 ' ' '
6x6x6 5 1 = 1 = * 10 1

Recommended — = : ‘,...mi
maximum grid kW "M

¢- «— -—

Overpressure [barg]

45x4x4

05 >006 =008 =>0.1 =>0.12 =>0.15 =>02 >025 >03 >04 >05 >06 >08 > =12 =15 >2 >25 >3 >4 >5 >6 >8
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User VVYUQ (Sandia FLAME)

Beduife Tests 1 1/8/12/14 (no obstacles, top vent = closed)

[inch]

Test 11 (H2 = 12.9%) Test 8 (H2 = 18.4%) Test 12 (H2 = 24.7%) Test 14 (H2 = 30.0%)

Developer’s own

validation (8 inch) 12x 1212

]

D
Recommended P =
maximum grid

size (4.8 inch)

45x4x4

Ix3x3

l l | 5
. d e
- | w0

Overpressure [barg]

>001 >0012 >0015 =002 =>0.025 =>003 =>004 =>005 =>006 =>008 =>0. =>0.2 =>0.I5 =>02 >025 >03 >0.4 >0.5 >06 >08 > =12 =15 >2 >25 >3 >4 >5 >6 >8
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User VVYUQ (Sandia FLAME)

Hadvita Tests 15/18/20/19 (no obstacles, top vent = |13% open)

Test I5 (H2 = 15.4%) Test 18 (H2 = 18.1%) Test 20 (H2 = 20.7%) Test 19 (H2 = 24.8%)

Developer’s own

validation (8 inch) 12x 1212

)

Recommended P
maximum grid
size (4.8 inch)

45x4x4

Overpressure [barg]

05 >006 =008 =>0.1 =>0.12 =>0.15 =>02 >025 >03 >0.4 >0.5 >06 >08 > =12 =15 >2 >25 >3 >4 >5 >6 >
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)

Developer’s own
validation (8 inch)

)

Recommended
maximum grid
size (4.8 inch)

[inch]

Beduife Tests 6/2/3/4 (no obstacles, top vent = 50% open)

Test 6 (H2 = 15.5%)

“Test 2 (H2 = 19.7%)

Test 3 (H2 = 20.8%) Test 4 (H2 = 28.0%)

12x 12x 12 El

Overpressure [barg]

2 >025 >03 >0.4 >0.5 >06 >08 > >12
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)

- Tests 21/23/22 (with obstacles, top vent = closed)

Test 21 (H2 = 10-15% H 4.5% Test H2 = 15.0%

Developer’s own

12x 12x 12 = II‘II' ;Illl

validation (8 inch)

6x6x6 Y

Recommended -
maximum grid
size (4.8 inch)

45x4x4

Overpressure [barg]

03 =004 >005 =006 =008 >0 >0.12 >0.5 >02 >025 >03 >04 >05 >06 >08 >1 =2 =15 >2 25 >3 >4 >5 >6 >8
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)

Developer’s own
validation (8 inch)

12x 12x 12

Recommended
maximum grid
size (4.8 inch)

Overpressure [barg]

03 =004 >005 =006 =008 >0.1 >0.2 >0.15 >02 >025 =>03 >04 >05 >06 >08 >1 =12 =15 >2 >2.5 >3 >4 >5 >6 >8
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)

|.LE+03

|.LE+02

LLE+0I

|.E+00

|.LE-0I

|.E-02

Max peak overpressure - predicted [barg]

|.E-03

Mesh size [inch]

—— 1188 —4—12——14-0-15-0-18

<20
021

A—19—0—6 —@—2 ——3 —A—4
0O-23-<¢-22——24—8—29——025

PDR-CFD vl

.LE+03

|.E+02

LE+0I

|.E+00

|.E-0l

|.E-02

Max peak overpressure - predicted [barg]

1.E-03

Mesh size [inch]

——11—8—8 ——12—— 14015018
¢—20—A—19—0—6 —B—2 —=—3 —A—4
00— 21023020 —@—24 —f— )8 —4—15

PDR-CFD v2

|.LE+03

1.E+02

LLE+0I

1.E+00

.LE-OI

|.E-02

Max peak overpressure - predicted [barg]

|.E-03

Mesh size [inch]

——11—8—-8 ——12——14-0-15-0-18
©—20-A—19-0—6 @2 ——3 —&—4
0-21-0-23-90-22—@—24—@—28——25

PDR-CFD v3

Max peak overpressure - predicted [barg]

|.E+03

1.LE+02

LLE+0I

1.E+00

I.E-01

|.E-02

|.E-03
| 2 4 8 13

Mesh size [inch]

—— 118 ——12——14-0 018
©—20-4A—19—-0— -—O—2 ——3 —4&—4
Oo-21-0-23-¢-22—0—24—B—28——25

PDR-CFD v4
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)

1. E+03 1. E+03 |.E+03 |.E+03
"™ "3 ™
& |LE+02 & LE+02 IE & |.E+02
= = & =
] ] & |.E+02 T
b ks B I
5 LE+0I 5 LE+0I b 5 LE+0I
] ] - @
A A A
o o Q@ o
g ¢ C ¢
a |.LE+00 a |.E+00 E I_E+OI a |.E+00
wn %] v
] ] @ ]
t ) - - t)
e g a =
¢ 1E0l ¢ LE0I ¢ k0l
o o * 3
3 3 4 3
g g 5 |.E+00 g
w
% LE02 % LE02 i X LE02
= z @ =
b
(=9
1.E-03 |.E-03 3 | E-03
I 2 4 8 16 I = |.E-0l 16 I 2 4 8 16
Mesh size [inch] © Mesh size [inch]
L
—o— 11883 ——12—&—11-0-15-018 —o—1] g_ —— 1183 ——12—4—11-0 o-18
©—20—A—19—0—6 —@—2 —0—3 —hA—1 <©— 20 » IE 02 ©—20—A&—19—@— —@—2 —o—3 —hA—4
O—21-0-23 <22 —0—24——29 ——125 O—21 E ’ 0—-21-0-23-¢—22—0—24—@—28—4—25
PDR-CFD vl PDR-CFD v4
|.E-03
| 2 4 8 16
Mesh size [inch]
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing — User YVUQ (Sandia FLAME)

1. E+03 1. E+03 |.E+03 <_I |.E+03
o I I '™
K 1E+02 5 1E+02 IF H 1.E+02
] ] & |.E+02 T
- - a] -
5 LE+0I 5 LE+0I = 5 LE+OI
g g o 2
o o Q@ o
L] L} “ L]
§ 1.E+00 % 1.E+00 i |.E+01 QJ § 1.E+00
2 2 © I 2
] ] @ ]
& a = a
§ 1.E-01 § 1.E-01 e I § | E-OI
o o * 5
3 3 4 3
g g S |.E+00 g
X LE0 % LE0 u X 1E02
= z @ I =

-
1.E-03 |.E-03 3 | E-03
I 2 4 8 16 I = |.E-0l 16 I 2 4 8 16
Mesh size [inch] _3 \i Mesh size [inch]
[y:]

—— 1183 ——12—A&—14-0-15-018 ——11 g_ —o— 11838 ——120—A—14-0 o-18
©—20—A—19—0—6 —@—2 —0—3 —hA—1 <©— 20 » IE 02 I ©—20—A&—19—@— —@—2 —o—3 —hA—4
O—21-0-23 <22 —0—24——29 ——125 O—21 E ’ Recommended 0—-21-0-23-¢—22—0—24—@—28—4—25

maximum grid
PDR-CFD vl size (4.8 inch) PDR-CFD v4
|.E-03
| 2 4 8 16
Mesh size [inch]
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User VVUQ - solution verification

Sensitivity of overpressure to grid spacing - Ll.lserVVUQ (Sandia FLAME)

I
1E+03 1E+03 I.E+03 <_I | 1. E+03
I
'FIE+02 'FIE+02 I I 'FIE+O2
i £ B | 2
] ] & |.E+02 | T
£ £ = | i
5 1E+0I 5 LE+0I 5 LE+0I
g 2 o I g
B : g ! )
£ e £ e+ - | £ e
£ 2l 5 |E+0I 1°5) | 2
g g 2 ' :
5 5 = | l 5
2 LEOI z LEOI . | 2 LEOI
3 3 4 | 3
g g 3 |.E+00 | g
X LE0 % LE0 u X 1E02
b b o I I =
a I
1.E-03 1.E-03 5 | I.E-03
Q
I 2 4 8 16 I = |.E-0l | 16 I 2 4 8 16
Mesh size [inch] _3 \i I Mesh size [inch]
[
—— 118 ——1)——14-0—15-0—18 ——11 g_ | —— 115 ——12——14-0 o-18
- 20-A—19—0—6 —@—2 ——3 —A—4 <— 2 ﬁ IE-OZ Recommended I : ©—20-4A—19—-0— -—O—2 ——3 —4&—4
0-21-0-23-9%-22—0—24—@—J9——15 021 z Oo-21-0-23-¢-22—0—24—B—28——25
maximum grid Developer’s own
PDR-CFD vl size (4.8 inch) o ) PDR-CFD v4
: validation (8 inch)
|.E-03
I 2 4 8 16
Mesh size [inch]
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TT251003-PR-001-B UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

User VVUQ - solution verification

Summary

* With the PDR approach, predictions for peak overpressure are often strongly
dependent upon the grid spacing. Unlike general-purpose (body-fitted) CFD,
PDR predictions are typically not convergent as the grid size is reduced to zero.

* Predictions are specific to a particular version of a CFD code:

— Just because a previous version of a PDR-CFD code has been validated and performs OK,
doesn’t mean that a later version of the same code will necessarily perform OK.

— The version of the CFD code used should always be clearly understood and controlled.

* Generally, the validation data by the PDR-CFD code developers is published as il
graphs in the form of static images: ‘-l==

. , i . . 4N
— The underlying data and simulation files are not provided so there is no transparency on how "'..'

the code really performs. _______-‘-‘====
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User VVUQ - solution verification

Summary : :
This has long been known — but does it matter? i
* With the PDR approach, predictions for peak overpressure are often strongly

dependent upon the grid spacing. Unlike general-purpose (body-fitted) CFD,
PDR predictions are typically not convergent as the grid size is reduced to zero.

* Predictions are specific to a particular version of a CFD code:

— Just because a previous version of a PDR-CFD code has been validated and performs OK,
doesn’t mean that a later version of the same code will necessarily perform OK.

— The version of the CFD code used should always be clearly understood and controlled.

* Generally, the validation data by the PDR-CFD code developers is published as
graphs in the form of static images:

— The underlying data and simulation files are not provided so there is no transparency on how

the code really performs. ,.."==
L
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User VVUQ - validation

User YVUQ (Sandia FLAME)

* What is there to present here!

Validation case in the hierarchy
(Compaonent, subassembly, assembly or system)

|
Abstraction

Conceptual

model '
Modelling and Physical
simulation experimentation
branch branch
ination | Experiment
design
Code Approximation, Test set-up and Instrumentation
“ﬂﬁ“{h“ Implem entation Instrumentation qu:lll:yasmmnoa
Preliminary
o~ caleulations
S

Data acquisition

Solution

Data quality
verification
1

assurance
]

Uncertainty
quantification

Quantitative
comparison

simulation or
experiment

Modelling, simulation and
experimental activities

Yes
= = = Agsessment activities ‘

( Mext validation case in the hierarchy ]
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User VVUQ - validation

User YVUQ (Sandia FLAME)

* What is there to present here!

— Validation is a quantitative comparison of simulation outputs
to experimental outputs.

— If the simulation results from a PDR-CFD code do not
converge as the grid size is reduced to zero (and indeed can
vary by multiple orders of magnitude), then what are we
supposed to compare with the experimental referent!?

Validation case in the hierarchy
(Component, su'hassemhlr assembly or system)
Aburution
Conceptual
model '
Modelling and Plhys
simulation ﬂpadmem::ﬂnn
branch branch
Mathematical Coordination | Experiment
model design
Code Approximation, Test set-up and Instrumentation
"""ﬁ“ﬂ’“ Implem entation instrumentation ‘l"'mf"-“m““
Rewvise
Computational Preliminary Validation model,
model caleulations experiment simulation or
experiment
Soluﬁon Calculation Data acquisition Data qua]lty
we rlﬁ‘utlon assurance
]
Simulation Experimental ,f,
results results il

Uncertainty

~Validation ~| quantification

Experimental
outputs
Validation requirem ents Requirements
satisfied? DY
_ Modelling, simulation and
T experi

xperimental activities

Slmulaﬁn-n Quanticative

comparison

Hl

- Assessment activities

[ Mext validation case in the hierarchy ]
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User VVUQ - validation

User YVUQ (Sandia FLAME)

* What is there to present here!

— Validation is a quantitative comparison of simulation outputs
to experimental outputs.
Mo iz Test 3 (no obstacles, top vent = 50% open, H2 = 20.8%)

PDR-CFD vi PDR-CFD v4

Developer’s own
validation (8 inch) | 12xnxn

Recommended
maximum grid
size (4.8 inch)

Overpressure [barg]

15 2002 »0025 2003 >004 »005 >006 >008 >00 002 >015 02 >025 03 04 05

Validation case in the hierarchy
(Component, subassembly, assembly or system)
I
Abstraction
Conceptual
model '
Modelling and Plhysical
simulation experimentation
branch branch

Mathematical
model

Code Approximation,
™ "ﬁ“‘?’“ Implem entation
*d Computational

model

;
r
i

Solution Calculation
werification
1

v

{l

Simulation
results

g
g
]

ce
quantification

Validation requirem ents

Requirements
satisfied?
Modelling, simulation and

experimental activities

= = = Assessment activities

Coerdination [ Experiment
design

Test set-up and Instrumentation
instrumentation qu:lltynumnoa

’
b Rewvise
Preliminary Validation madel,
calculations experiment Ty simulation or
b experiment
L]

Data acquisition Data quality

assurance
"
Experimental ,f’
results i

Yes

i

[ Mext validation case in the hierarchy ]
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User VVUQ - validation

TABLE 6.1

User VVUQ (Sandia F LAM E) . Summary of the Test Pa.ramert.'errs 'Ia.nd ._S:om.e -Test; Results

TESTS WITH NO OBSTACLES

Peak Equivalent

. ’ Test Top H, Mole  Peak Plah?jr Flame
No. Vent. Fraction, O ., Spe :
* What is there to present here! il S il AL
S 12.4 - A
2. 50 9.7 . 2.8 54 -
. . . . . . . . 3 50 20.8 a 85
50 28.0 20 126 :
— Validation is a quantitative comparison of simulation outputs = ¢ 2 Ze. 2 am e
8 50 15.5 3.4 19 : . .
. I 7 0 - -12.0 1.2 ;6 C
m o 18.4 26 170 . .
to eXPerl enta OUtPUtS‘ g o 6.9 a 1.2° Limited burn.
) 10 o0 12.3 2.6 17 -
0 12'9 4. -~ 30
Mesh size Test 3 (no obstacles, top vent = 50% open, H2 = 20.8%) 12 o 247 95/1100%° 374  DDT near exit.
finch] 13 [ 12.0 : All data lost.
FRR.CROM! EoR-cED V4 14 0 30.0 250/2100%°_ 932" DDT near exit.
) 15 13 15.4 31 50
Developer’s own s ia 3o e o P
idati i «12x . " Some data lost.
validation (8 inch) | 12xnxn }; 13 igj a6 fas ata lost
19 13 24.8 85/850°  160°  DDT at 1/3 length.
20 13 20.7 “7g 4sm3 } .
: TESTS WITH OBSTACLES : e ‘.
21 0 10-15% 650 580 Wo mixing fans
22 0 15.0 3100 - 700 - DDT near exit ..
23 0 14.5 1200 - 540 _
Recommended 54 50 15.5 Py —46
. . 25 50 19.7 1500 - 890 DDT near exit
maximum gl"ld 26 50 ° 28.5 2000 1860 Box obstacles, DDT
. . 27 50" 13:1 g O - .
size (4.8 inch) 28 50 14.9 9 33.4
45x4x4 29 50 18.5 23 130

DDT = Deflsgration-to-Detonation Transition
a) Indicates pressure signal within the noise level.
b) Plestic top sheet restraint gave faster value early in test. .
¢) Indicetes horizontal propagation velocity of thin layer below rcof. -
d) First pressure value refers to deflagration, the second to detonation.
e) Based on dypamic pressure transducers, somewhat uncertain.
f) Peak plenar equivalent flame speed is highly uncertain because

it was inecreasing rapidly neer the channel exit.
g) Peak planar eq. flame speed highly uncertain due to esrly DDT.

Overpressure [barg] [Ref. 16]: A. Sherman, Martin Philip and Tieszen, SR and Benedick, William B (1989), FLAME facility:
2001 50012 005 5002 20025 003 004 005 006 008 01 012 015 02 0% 03 04 05 06 08 2 22 S 1 2 3 5 % 8 The effect of obstacles and transverse venting on flame acceleration and transition on detonation
for hydrogen-air mixtures at large scale. https://www.nrc.gov/docs/MLO0717/ML071700076.pdf.

Abercus 7 Queen’s Gardens Aberdeen ABI5 4YD www.abercus.com
© 2025 Abercus. All Rights Reserved.



http://www.abercus.com/
http://www.abercus.com/
https://www.nrc.gov/docs/ML0717/ML071700076.pdf

User VVUQ - validation

TABLE 6.1

User VVUQ (Sandia F LAM E) " Summary of the Test Pa.ramert.'ers Iand .Some -Test, Results

TESTS WITH NO OBSTACLES

Pea.k Equivalent
. ’ Test vTcp g‘ Mole l l:]ea.k l;lan:]r Flame
No. . ionf :
* What is there to present here! ot T S S e
T~ 5o 12.4  ——
r— o BN ia 7 2 R R4 wa
. . . . . . . . 50 20.8 . a 65
— Validation is a quantitative comparison of simulation outputs 3__5%% oy b
8 50 15.5 - 3.4 © 19
. I 7. 0 12°0 1.2 : ;6 Jl
"o 18.4 26 170
to experll nenta OUtPLItS. 87 9. LR 6 170, Sealere)
) 10 o0 12.3 2.6 17
0 12'9 4. -~ 30
Mesh size Test 3 (no obstacles, top vent = 50% open, H2 = 20.8%) 12 o 247 95/1100%° 374 near exit.
finch] 13 [ 12.0 : data lost.
FRR.CROM! EoR-cED V4 14 0 30.0 250/2100™° 032 9:32f DDT ear exit.
) — 13 15.4 31
Developer’s own {g B L 5 75
idati i «12x .9 : data 1
validation (8 inch) | 12xnxn }; 13 ig_.-?‘ a6 a5 . 4 te ata lost.
19 13 24.8 -e5/850°  160° 2t 1/3 length.
20 13 20.7 78 483 .
- TESTS WITH OBSTACLES 5 J i
21 [§] 10-15% 650 580 mixXing fans
22 0 15.0 3100 - 700 - near exit ..
23 0 14.5 1200 - 540
Recommended 54 50 15.5 Py —46
. . 25 50 19.7 1500 - 890 near exit
maximum gl"ld 26 50 ° 28.5 2000 1860 *x obstacles, DDT
. . 27 50" 13:1 g 15 .
size (4.8 inch) 28 50 14.9 9 33.4
45x4x4 29 50 18.5 23 130

)

MF I I I
InJJﬂnﬁeﬂ pressure a:gnnl within the noise level l.‘

d) First pressure value refers to defl rntion, the second to detonation. 2
e) Besed on dynamic pressure transducer ot L, NI E— —-
f) Peak _plnnnr aqu:vn}ent flame speed is bxgb.ly uncertain because

it was increasing rapidly neer the channel exit.
g) Peak planar eq. flame speed highly uncertain due to esrly DDT.

Overpressure [barg] [Ref. 16]: A. Sherman, Martin Philip and Tieszen, SR and Benedick, William B (1989), FLAME facility:
2001 50012 005 5002 20025 003 004 005 006 008 01 012 015 02 0% 03 04 05 06 08 2 22 S 1 2 3 5 % 8 The effect of obstacles and transverse venting on flame acceleration and transition on detonation
for hydrogen-air mixtures at large scale. https://www.nrc.gov/docs/MLO0717/ML071700076.pdf.
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Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

*  “With over 40 years of|validation|from real-world » (———— _'\
. . O Unconscious competence:
experiments, [our PDR-CFD software] delivers , you use this
reliable modelling results™. | knowledge instinctively.
*  “Our automated framework checks simulations against Conscious competence: MeasureNs — — — — — —
. .. you develop the knowledge
real-world data from lots of experiments and incidents, you need and are aware of it
ensuring accurate and reliable results”. Systems e —
*  “With [our PDR-CFD software], you get results you you become aware of
. . i »s i your lack of knowledge.
can trust to control risks and improve safety”. T — :
nconscious Incompetence. Measure
. . . you are not aware of
In his presentation, Ken pointed out that very often, what you do not know.

Audit, learning from others
Alert to incidents and sharing/learning from them

a state of unconscious competence can look very much
like a state of unconscious incompetence...

Where are we in terms of CFD for simulating explosions? L

CHRONIC UNEASE — mindset shift that goes beyond compliance

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK industry", Hazards 35, Birmingham, November 2025.
[Ref. I 1]: www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch- 1 970s-by-malcolm-macmillan/
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Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

Elf Unconscious competence: \
I

you use this
knowledge instinctively.

With [our PDR-CFD software], Comscions competence: e~ —

you get results you can trust”. you develop the knowledge
you need and are aware of it.

Conscious incompetence:
you become aware of
your lack of knowledge.

Systems

Unconscious incompetence: Measure
you are not aware of
what you do not know.

Audit, learning from others
Alert to incidents and sharing/learning from them

CHRONIC UNEASE — mindset shift that goes beyond compliance

Where are we in terms of CFD for simulating explosions? E

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK industry", Hazards 35, Birmingham, November 2025.
[Ref. 11]: www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch- | 970s-by-malcolm-nacmillan/
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Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

We are not in a state of unconscious competence.

“With [our PDR-CFD software],
you get results you can trust”.

x | . \
Unconscious competence:

you use this
I knowledge instinctively.

Conscious competence: Measure = m— —— —— — — ——
you develop the knowledge
you need and are aware of it.

Conscious incompetence:
you become aware of
your lack of knowledge.

Systems

Unconscious incompetence: Measure
you are not aware of
what you do not know.

Audit, learning from others
Alert to incidents and sharing/learning from them

CHRONIC UNEASE — mindset shift that goes beyond compliance

Where are we in terms of CFD for simulating explosions? E

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK industry", Hazards 35, Birmingham, November 2025.

[Ref. 11]: www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch- | 970s-by-malcolm-nacmillan/
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Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

x | . \
Unconscious com petence:

you use this

We are not in a state of unconscious competence.

an I knowledge instinctively.
With [our PDR-CFD software], :
s Conscious competence: Measure = m— —— —— — — ——
you get results you can trust . you develop the knowledge
; ; you need and are aware of it.
The PDR-CFD approach is an imperfect but pragmatic Systems Conscious incompetence:
. . . you become aware of
approach for modelling vapour cloud explosions — it allows e ek o e i,
us to consider explosion dynamics in an engineering way. Unconscious incompetence: Measure
—_— — —_— — m——— you are not aware of
what you do not know.

Audit, learning from others
Alert to incidents and sharing/learning from them

CHRONIC UNEASE — mindset shift that goes beyond compliance

Where are we in terms of CFD for simulating explosions?

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK industry", Hazards 35, Birmingham, November 2025.
[Ref. 11]: www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch- | 970s-by-malcolm-nacmillan/
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Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

i ] EI Unconscious competence: \
We are not in a state of unconscious competence. you use this
w.N — I knowledge instinctively.
With [our PDR-CFD software], :
s Conscious competence: Measure™ —— —— — —— — —
you get results you can trust . you develop the knowledge
— you need and are aware of it. f _______ _
The PDR-CFD approach is an imperfect but pragmatic Systems || Consciousincompetence:
— A . . ) - you become aware of I
approz . WS lack of knowledge.
PP In the 1980s/1990s, we were in a state of | | YSRGS 52 |
us to « . . . Unconscious incompetence: Measure — — — — — — — _—
conscious Incompetence — the community was you are not aware of
well aware of the shortcomings of the PDR e
. Audit, learning from others
approaCh and worked togither to IMprove. Alert to incidents and sharing/learning from them

CHRONIC UNEASE — mindset shift that goes beyond compliance

Where are we in terms of CFD for simulating explosions?

- 00

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK industry", Hazards 35, Birmingham, November 2025.
[Ref. I 1]: www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch- 1 970s-by-malcolm-macmillan/
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Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

We are not in a state of unconscious competence.

e

In the 2000s and early 2010s, perhaps we were |

progressing towards conscious competence!?

Conscious competence:
you develop the knowledge
you need and are aware of it.

EI Unconscious competence: \
you use this

I knowledge instinctively.

T DR AP DTOACTT TS AT D erTeC T DUt DraeTatie Ne——— — — — — —5ystems | Conscious incompetence:
you become aware of I
: lack of knowledge.
In the 1980s/1990s, we were in a state of — | el b |
Unconscious incompetence: MeasureNs mm — — — — — — —~

conscious incompetence — the community was '
well aware of the shortcomings of the PDR
approach and worked together to improve.

— ____

you are not aware of
what you do not know.

Alert to incidents and sharing/learning from them

Audit, learning from others

CHRONIC UNEASE — mindset shift that goes beyond compliance

- 00

Where are we in terms of CFD for simulating explosions?

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK industry", Hazards 35, Birmingham, November 2025.
[Ref. I 1]: www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch- 1 970s-by-malcolm-macmillan/

Abercus 7 Queen’s Gardens Aberdeen ABI5 4YD www.abercus.com
© 2025 Abercus. All Rights Reserved.

0 0 eqc ciole


http://www.abercus.com/
http://www.abercus.com/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/
http://www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch-1970s-by-malcolm-macmillan/

Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

We are not in a state of unconscious competence.

“With [our PDR-CFD software],
you get results you can trust”.

x | . \
Unconscious competence:

you use this
I knowledge instinctively.

Conscious competence: Measure = m— —— —— — — ——
you develop the knowledge
you need and are aware of it.

Conscious incompetence:
you become aware of
your lack of knowledge.

Systems

Unconscious incompetence: Measure
you are not aware of
what you do not know.

Audit, learning from others
Alert to incidents and sharing/learning from them

CHRONIC UNEASE — mindset shift that goes beyond compliance

Where are we in terms of CFD for simulating explosions? E

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK industry", Hazards 35, Birmingham, November 2025.

[Ref. 11]: www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch- | 970s-by-malcolm-nacmillan/
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Today

Trevor Kletz Keynote Lecture — Ken Rivers (UK HSE, former IChemE President)

We are not in a state of unconscious competence.

“With [our PDR-CFD software],
you get results you can trust”.

In 2025, have we fallen back to a
state of unconscious incompetence!?

Conscious competence:
you develop the knowledge
you need and are aware of it.

x | . \
Unconscious Competence:

you use this
I knowledge instinctively.

Measure\ — — — — — — —

Conscious incompetence:

Systems
you become aware of
[ — - your lack of knowledge.
I Unconscious incompetence: Measure
you are not aware of ?
I what you do not know. .
) — — — _ Audit, learning from others

Alert to incidents and sharing/learning from them

CHRONIC UNEASE — mindset shift that goes beyond compliance

Where are we in terms of CFD for simulating explosions? ‘

[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK industry", Hazards 35, Birmingham, November 2025.

[Ref. 11]: www.macmillancentreforlearning.co.uk/the-journey-from-unconscious-incompetence-to-unconscious-competence-adapted-from-noel-birch- | 970s-by-malcolm-nacmillan/
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Today

e 2020s: Push for democratisation:
— Direct CAD import.

— Shift away from boxes/cylinders towards
generalised mesh objects.

— “With [our PDR-CFD software], you get results you can trust
to control risks and improve safety”.

Tomorrow!...

Yesterday
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Today

e 2020s: Push for democratisation:
— Direct CAD import.

— Shift away from boxes/cylinders towards
generalised mesh objects.

— “With [our PDR-CFD software], you get results you can trust
to control risks and improve safety”.
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Today

e 2025: Is this where PDR-CFD really is for VCE!?

— Have we started getting lazy? Who undertakes VVUQ!?
Have we forgotten about the fundamental importance
of rigorous VVUQ for PDR-CFD?

Tomorrow!...

Yesterday
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Today

e 2025: Is this where PDR-CFD really is for VCE!? Wiiat are Al kalluchationse

— Have we started getting lazy? Who undertakes VVUQ!?
Have we forgotten about the fundamental importance
of rigorous VVUQ for PDR-CFD?

— There is an important debate in artificial intelligence
around Al hallucinations.

Tomorrow!...

Yesterday
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Today

e 2025: Is this where PDR-CFD really is for VCE!?

— Have we started getting lazy? Who undertakes VVUQ!?
Have we forgotten about the fundamental importance

of rigorous VVUQ for PDR-CFD?

— “With [our PDR-CFD software], you get results you can trust” —
are we hallucinating?

Tomorrow!...

Yesterday
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Today

e 2025: Is this where PDR-CFD really is for VCE!?

— Have we started getting lazy? Who undertakes VVUQ!?
Have we forgotten about the fundamental importance
of rigorous VVUQ for PDR-CFD?

— “With [our PDR-CFD software], you get results you can trust” —
are we hallucinating?

— Are we actually in serious trouble?

Yesterday
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Tomorrow?
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Tomorrow?

| NS 4 ||

“The future’s not set. There’s no fate

but what we make for ourselves.”

John Conner (Los Angeles, 1995).
. = :

Yesterday Today Tomorrow?!...
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Tomorrow?

“With [our PDR-CFD software],
you get results you can trust”
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Tomorrow?

“With [our PDR-CFD software],
you get results you can trust”
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Tomorrow?

i “With [our PDR-CFD software],
kﬁj you get results you can trust”
Fo _

»

FABIG

FIRE AND BLAST INFORMATIO!

Lunchtime Webinar - |13 January 2021
The benefits of blind benchmarking of
Probabilistic Explosion Risk Analysis (ERA) studies

This should not be a surprise to anyone: we've seen it recently in the | ®@®0®808 PS5
i Norwegian sector with the shift away from CFD-based methods in - 090000
N NORSOK Z013 in favour of RispEX for probabilistic ERA — the il
symptoms were clearly there but they were not addressed.

“The future’s not set. There’s no fate

but what we make for ourselves.”
John Conner (Los Angeles, 1995).
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Tomorrow?

i “With [our PDR-CFD software],
kﬁj you get results you can trust”

- —~ FABIG

i R’p I’ FIRE AND BLAST INFORMATIO!

Trust in CFD is hard earned but easily eroded.

Lunchtime Webinar - |13 January 2021
The benefits of blind benchmarking of
Probabilistic Explosion Risk Analysis (ERA) studies

This should not be a surprise to anyone: we've seen it recently in the | ®@®0®808 PS5
i Norwegian sector with the shift away from CFD-based methods in - 090000
N NORSOK Z013 in favour of RispEX for probabilistic ERA — the il
symptoms were clearly there but they were not addressed.

“The future’s not set. There’s no fate

but what we make for ourselves.”
John Conner (Los Angeles, 1995).
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Tomorrow?

“With [our PDR-CFD software],
you get results you can trust”
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Tomorrow?

The PDR-CFD approach is an imperfect but pragmatic
approach for modelling vapour cloud explosions —

it allows us to consider explosion dynamics in an
engineering way but it needs much further work...
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Tomorrow?

The PDR-CFD approach is an imperfect but pragmatic
approach for modelling vapour cloud explosions —

it allows us to consider explosion dynamics in an
engineering way but it needs much further work...
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Tomorrow?

The PDR-CFD approach is an imperfect but pragmatic
approach for modelling vapour cloud explosions —

it allows us to consider explosion dynamics in an
engineering way but it needs much further work...
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TT251003-PR-001-B UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

Closing remarks

* George Box: all models are wrong but some are useful.

— In order to understand whether the PDR approach is useful for simulating vapour cloud explosions,
we really need to understand how it behaves with respect to:

- Geometry handling — code verification.
- Grid size and time step — solution verification.
- Version to version — code verification, validation.

" Industry sector to industry sector — validation domain.

— We need to develop methodologies around handling uncertainties in our modelling approaches — -‘H
not just for CFD, but for all of the predictive tools we have in our toolbox. ‘-.|==

— We need to acknowledge the issues, not hide them! Then we can address them. ‘J===
| |

B | | |

Abercus 7 Queen’s Gardens Aberdeen ABI5 4YD www.abercus.com
© 2025 Abercus. All Rights Reserved.



http://www.abercus.com/
http://www.abercus.com/

TT251003-PR-001-B UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

Closing remarks

* “With [our PDR-CFD software], you get results you can trust”.

* This is only a marketing statement, so what is all of the fuss about!...

|
B
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TT251003-PR-001-B UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

Closing remarks

* “With [our PDR-CFD software], you get results you can trust”.

* This is only a marketing statement, so what is all of the fuss about!...

. but is it just a statement? Or is it indicative of the culture within the
PDR-CFD community in 2025/

It is not aligned with safety culture thinking, and in the long run,
it will erode hard-earned trust in CFD, and rightly so.

I

]

* We are all marketing folks — all experienced users of the PDR approach have ‘--E
a responsibility to call out this kind of misleading statement... L
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Closing remarks

* Democratisation will come to PDR-CFD for vapour cloud explosions, eventually,
but we must not force it prematurely — we are not ready for it yet...
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Closing remarks

* Democratisation will come to PDR-CFD for vapour cloud explosions, eventually,
but we must not force it prematurely — we are not ready for it yet...

... slow and steady is the safe way forward, otherwise we risk eroding our
hard-earned trust in PDR-CFD for simulating vapour cloud explosions.
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TT251003-PR-001-B UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

Closing remarks

* This may not be an easy message for us to receive...
... but equally, this is not an easy message to deliver either.

* Along the improvement journey we may encounter CHRONIC UNEASE,
but we need to face it and embrace it rather than avoiding the journey.

* Regarding the VVUQ presented herein, don’t take Abercus’ word for it!:

— Go and examine the YVUQ section in the manual for your chosen PDR-CFD software and

please check for yourself. PDR-CFD users — this is your responsibility, as a minimum. ih
— The YVUQ section presents VVYUQ work activities performed by the PDR-CFD developer — -
A

other user will get from the code, so you should undertake your own VYYUQ for yourselfx‘=-.
B | | |

|
it represents what they get from their own CFD code and does not necessarily reflect what any
I
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TT251003-PR-001-B UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

The way forward...

* Private message in reaction to some of Abercus’ recent conference presentations
(from an operator): “[ received your papers, thank you for sharing them. You guys do a
lot of good work. If only the industry had the same rigour and energy to work through
the technicalities!!”

| | |
I —— ] | | |
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TT251003-PR-001-B UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

The way forward...

* Private message in reaction to some of Abercus’ recent conference presentations
(from an operator): “[ received your papers, thank you for sharing them. You guys do a
lot of good work. If only the industry had the same rigour and energy to work through
the technicalities!!”

* Thank you for your encouragement...

H

|
.
|
| |
| |

| | |
BR[|
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UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

TT251003-PR-001-B

The way forward...

* Private message in reaction to some of Abercus’ recent conference presentations

(from an operator): “[ received your papers, thank you for sharing them. You guys do a
lot of good work. If only the industry had the same rigour and energy to work through

the technicalities!!”

* Thank you for your encouragement...
... but Abercus worries that it does not do enough!

EEESEE
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TT251003-PR-001-B UKELG 65 (BP Sunbury, November 2025) — Trust and VVUQ for explosion simulations with CFD

The way forward...

* Private message in reaction to some of Abercus’ recent conference presentations
(from an operator): “[ received your papers, thank you for sharing them. You guys do a
lot of good work. If only the industry had the same rigour and energy to work through
the technicalities!!”

* Thank you for your encouragement...
... but Abercus worries that it does not do enough!

* And it becomes very difficult to have rigorous conversations with some of our J

i

4

clients when this conversation is not an open conversation within our communltyi==
B | | |

HEEEL
BEREEEEE
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The way forward...

* The community needs your help!:
|. We need folks at the top of the hierarchy to ask for

evidence of YVUQ by users of the PDR-CFD codes.

If no one in a position of authority is asking for it, what
are the drivers to voluntarily undertake VVUQ!?

2. We need access to experimental validation data
in order to enable users to perform their own VVUQ.

This has been a significant barrier to users’ VVUQ in
the past — unless you were party to the original |JIPs, for
example BFETS in the 1990s, much of the information
needed for VVUQ has not been available...

e R b ST :»-W‘ = : St [ e o ‘;- -t
[Ref. 17]: Johnson DM, Allason D and Cronin PM, “Large scale experimental
research of VCEs — A summary from one viewpoint”,

J. Loss Prev. Proc. Ind. 89,105287, 2024.

Abercus 7 Queen’s Gardens Aberdeen ABI5 4YD www.abercus.com
© 2025 Abercus. All Rights Reserved.

0 0 eqc ciole



http://www.abercus.com/
http://www.abercus.com/
https://doi.org/10.1016/j.jlp.2024.105287

The way forward...

* The community needs your help!:

3. We urgently need to have clarity on who is
responsible for YVUQ! Users or PDR-CFD
developers!?

Unless a PDR-CFD code owns the entire left-hand
branch, such that a user cannot interfere with it,
validation is not of the code, but of the
combination of code plus user/workflow.

We don’t have complete agreement on this, even
within the authorship of this paper, let alone within
our industry! Without clarity on this issue, there
exists a responsibility gap that needs resolution.

Validation case in the hierarchy
(Component, subassembly, assembly or system)

Abstraction

Modelling and
simulation
branch

Conceptual
model

Physical
experimentation
branch

D eve I (0] p er Mathematical c°°rd'"“'°"( Experiment
model design
verification | Approximation, Test set-up and Instrumentation
mplementation instrumentation qu{ahty assurance

n T
Solution Calculation
verification

Simulation
results

Uncertainty
quantification

Validation

Quantitative.
comparison

Requirements
satisfied?

Yes

Validation requirements

Modelling, simulation and
experimental activities

= = Assessment activities

N N\
Computational Preliminary Validation Revise
- model calculations experiment e model,
V3 ) \ simulation or

Data acquisition Data quality

assurance
1
: /7
Experimental Lo
results

Uncertainty
uantification

Experimental
outputs

4

1 experiment

r4
©

[Next validation case in the hierarchy]

Abercus 7 Queen’s Gardens Aberdeen ABI5 4YD www.abercus.com
© 2025 Abercus. All Rights Reserved.

0 0 eqc ciole


http://www.abercus.com/
http://www.abercus.com/

The way forward...

* The community needs your help!: 10000
4. We need PDR-CFD developers to release the o
underlying data for their validation studies — S 6000

static images in the validation section of a user manual cuilermo Rein @ « .

Professor of Fire Science | Mechanical Engineer | Director of Research | ...

is not good enough, it cannot be rigorously scrutinized.

Steve Howell, if one day | become president of a fire engineering society
(but | doubt it), | will create a committee on blind benchmarking of fire
modelling .

|deally PDR-CFD developers would develop this into
validation tutorials, taking users through the YVYUQ

https://www.linkedin.com/posts/drstevehowell_tonight-at-730pm-on-the-anniversary-of-activity-73966019055333 13024-
MT]3?utm_source=share&utm_medium=member_desktop&rcm=ACoAAATcQoQBItzOPCgxkhqoy2vOHUZLIZr]O3I|

process and comparing with real experimental
validation referents...

. We need to organize regular blind benchmarking
exercises, so that we can identify user variation with
the PDR approach and address it together, within the
PDR-CFD community — this should become normality.

Maximum overpressure (bar)

Obstacle configuration

Impulse (bar ms)

10 +

FO P2
Obstacle configuration

<eceo@l- M-1(0.10
—--@- M-2 (n/a)
- —-@ M-3(n/a)
= =-@- M-4 (n/a)
«++<-@+ M-5(0.10)
«eeeefve M-6a (0.06)
----=/x- M-6b (0.07)
— --A- M-6c (0.08)
— M-6d (0.10)
cesee®e M-72(0.10)
----&- M-7b (0.15)
— - M-7¢ (0.20)
——o~ M-7d (0.30)
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The way forward...

* The community needs your help!:

3 SCOPE FOR EXPLOSION SIMULATIONS

6- When P rocu rl ng C FD eXP I OSion Stu d I es’ we n eed to The explosion simulations shall be carried out using the latest version of a Computational
Fluid Dynamic (CFD) based model such as | N (o cquivalent).

stop demanding that studies be completed with the
latest version of a particular CFD code. The choice of
CFD code should be dictated by rigorous VVUQ.

Who owns the legal liability when the latest version
of a specific software is demanded by procurement?

/. In our marketing, we need to be honest about the
current status of the PDR approach for simulating
VCE explosions. Statements like “With [our PDR-CFD
software], you get results you can trust” do great damage
to the credibility of the approach in the long-run.

Trust in CFD is hard earned but easily eroded.
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The way forward...

* The PDR Alliance has recently been established to provide an open forum to
explore issues relating to the PDR approach (www.pdr-alliance.org):

— Trygve Skjold and Helene Hisken (University of Bergen).

Yoo
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T

ALLIANCE
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The way forward...

* The availability of experimental validation data may have previously been a barrier to
users undertaking VVUQ), but there are some important recent developments:

— PHMSA has recently prepared a validation database for vapour cloud explosions and dispersion
(2025 — Filippo Gavelli, Blue Engineering and Consulting, USA):

* https://primis.phmsa.dot.gov/rd/projects/854/

- https://primis.phmsa.dot.gov/rd/FileGet/20198/03903-PP-
008 (Model Validation_Database_for_Vapor_Cloud Explosion) - Appendices.zip

— There is also a sister database for fire (OSTI, USA):
- https://www.osti.gov/biblio/2588296
- https://www.osti.gov/servlets/purl/2588296
— FABIG (Fire And Blast Investigation Group) will soon release the BFETS geometries, to complete
the data needed for VVUQ — keep an eye on the FABIG website in the coming weeks.

* If you have or know of any experimental data suitable for validation — get in touch!

Lol
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Contact us

Enquiries can be directed to:
steve.howell@abercus.com
www.abercus.com

www.linkedin.com/in/drstevehowell
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