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

A MeetPeDRgour blackbox friend who will help us explore
this journey:
d Yesterday: what is the PDR approach?
d Today: how to earn trust in the PDR approach (VVUQ?).

AVVUQ frameworkd NAFEMS/ASME.
AUserVVUQ.

d Tomorrow?...
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Chapter 7

A 1974: Patankar and Spalding conceive the PDR | s e

OF SHELL-AND-TUBE HEAT EXCHANGERS

approach for CFD: T

1. INTRODUCTION

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
interest to the process engineer.

As 2 consequence, the designer of process equipment must usually base
P i 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
ta 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 Duid-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

e

[Ref. 4]: Patankar SV and Spalding BR&;alculation procedure for the
transient and steashate behaviour of sklttube heat exchangers

In AfganNH and SchundlelEV (Eds.)Heat exchangers: design and
theory sourcebofp. 159176). McGrawHill, 1974.
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A 1974: Patankar and Spalding conceive the PDR B

OF SHELL-AND-TUBE HEAT EXCHANGERS

8.V. Patankar and D.B. Spaiding (*)

approach for CFD: e

8 Originally intended for modelling the fluid domain on the ST

sheltside of a heat exchanger without having to explicitly vy —— S

P s p
from these assumptions are then allowed for by empirically.derived correction

capture the tubes within a boefytted CFD grid. e BT T TS

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 configurations is
ta be explored; optimum configurations must therefore be determined experimental-
ly as a rule. )
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equipment design, by applying to a shelland-tube-heat exchanger & sophisticated
numerical procedure for calculating Buid-flow distributions. The exchanger geome-
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In AfganNH and SchundlelEV (Eds.)Heat exchangers: design and
theory sourcebofp. 159176). McGrawHill, 1974.
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The aim of the present chapter is to start a new fashion in process-
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A CALCULATION PROCEDURE FOR THE TRANSIENT
AND STEADY-STATE BEHAVIOR
'OF SHELL-AND-TUBE HEAT EXCHANGERS

8.V. Patankar and D.B. Spaiding ()
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1. INTRODUCTION

problem considered
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The aim of the present chapter is to start a new fashion in process-

design, by applying to a shelland-tube-heat exchanger a sophisticated
procedure for calculating fluid-flow distributions. The exchanger geome-

allege, Loadon, S.W.7, Exgland.
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Yesterday

A 1986: The first PDRCFD code is developed for
simulating vapour cloud explosions (through a JIP*):

*GEP 8686, Gas Explosion Programme sponsored by BP, Elf, Esso/Exxon, Mobil, Norsk Hydro and Statoil, running from 1980 to 1986.
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Yesterday

A 1986: The first PDRCFD code is developed for
simulating vapour cloud explosions (through a JIP*):

0 The strength of a vapour cloud explosion is known to be
strongly dependent upon the level of srrsthle congestion due ‘
to pipework and other obstructions within the flammable clouc iy
which are often too small to resolve with boditted meshing.

I With the PDR approach, the effect of smaflale congestion is instead
captured at the sulgrid level through equivalent porosity source terms and
q g empirical turbulent combustion corrections.

*GEP 8686, Gas Explosion Programme sponsored by BP, Elf, Esso/Exxon, Mobil, Norsk Hydro and Statoil, running from 1980 to 1986.
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A Late 1980s/1990s: Several PDR®ased CFD codes
are developed for modelling hydrocarbon vapour
cloud explosions, primarily in the offshore sector:
0 The PDR codes are commercial, bldwoix codes.

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

Yesterday Today Tomorrow?...
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Yesterday

A Late 19805/19903 Several PDIbased CFD codes

V' While an explosmn model may Iook |mpreSS|ve Wlthln the crROU!
( modelling software, it is important to remember that under thel'.
hood, the PDR CFD model is actually very simple:

A It is generally &egestyle geometry captured on a structur
orthogonal grid, with varying shades of grey representing the
volume and area porosity for the local level of congestion

A Correspondingly, empirical parameters for turbulent
combustion are assigned at each cell.
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A Late 1980s/1990s: Several PDRased CFD codes

Y _ L . : o hour
C The PDRCFD approach is amperfect but pragmatiapproachi..
for modelling vapour cloud explosiodst allows us to consider
explosion dynamics in angineeringay.

orthogonal grid, with varying shades of grey representing the

. . ] I ’

volume and area porosity for the local level of congestion Corresponding PDR model (actually used by CFD solver)

A Correspondingly, empirical parameters for turbulent e IJ'r -y I B SR
combustion are assigned at each cell. L ’] e =
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A Late 1980s/1990s: Several PDRased CFD codes

were develaned for modellina hvdracarbhon vanour
C The PDRCFD approach is amperfect but pragmatiapproachy..
for modelling vapour cloud explosiodsit allows us to consider
0 explosion dynamics in angineeringay.
6 eome I’y S I’epresen eaimrte SO e equa en Geometry model viewed as CAD
boxes/cylinders approach.
I Industry validation campaigns (for example, MERGE and BFETS) a

undertaken to provide a basis for earning trust in the PORD tools.
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W
C

o)
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re develoned for modellina hvd
The PDRCFD approach is amperfect but
for modelling vapour cloud explosiodst alls
explosion dynamics in angineeringay.

Geometry IS representea in terms of tl

boxes/cylinders approach.

I Industry \
undertake

10000

Simulation {mbar)

8

8

BFETS {ull=cale experimenis *

BFETS {ullscale experimenis wilh walerspray ©
BG MERGE (medium and large scale)

BG MERGE (small scale)

BG-180m3 chamber

BG-180m3 chamber wilh wale rspray

Shell SOLVEX (large =cale)

Shell SOLVEX (small scale)

CMA M24 15 scale module

CMR M24 : inlermodular gp

CMR 3D-CORNER

Experimeni = Simulaiion

Upper 20% line
Lower 20% line

“[Ref. 5]: Hansen OR, S tvalidation & CAodals)
for gas explosions, where FLACS is used as @xamadjeledescription, experier
and recommendations for model evaligtionPr oceedi ngs of
on Chemical Industry and Environment Ill, Krakow, Poland, R38@51999.

100 1000 10000

Experimeni {(mbar)
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A Late 1980s/1990s: Several PDRased CFD codes

were develaned for modellina hvdracarbhon vanour
C The PDRCFD approach is amperfect but pragmatiapproachy..
for modelling vapour cloud explosiodsit allows us to consider
0 explosion dynamics in angineeringay.

6 eome I’y S I’epresen eaimrte SO e equa en Geometry model viewed as CAD

boxes/cylinders approach.
I Industry validation campaigns (for example, MERGE and BFETS) a

undertaken to provide a basis for earning trust in the PORD tools.

i Blind comparison exercise in 1998 (part of BFEd 8dor predictive
performance led tdurther improvements in the PDIEFD codes

[ Ref. 6PncEampdp, @ FLMmMe® User Group meeting, Bergen, May 20@4:
Yesterday Today Tomorrow?...
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A 2000s: PDR approach starts to mature:
0 Research into explosions with other fuels, such as hydroge £
0 Development of the PDR approach on an unstructured mes gt
0 Fluiddstructure interactiond 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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A 2000s: PDR approach starts to mature:

0 Research into explosions with other fuels, such as hydrogen.
0 Development of the PDR approach on an unstructured mesh.

0 Fluiddstructure interactiond direct coupling with FEA.
d Increasing commercial use (following Piper Alpha).
0 NORSOK Z013 for CFBbased probabilistic ERA.

Yesterday

NORSOK STANDARD Z-013
Edition 3, October 2010

Risk and emergency preparedness assessment

Today

Frequency [per year]

1.E-02
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A 2010s: PDR approach continues to mature:
d Growing user base of commercial PDR codes.
d High-Performance Computing (HPC).

d Automation/Simulation Data Management (SDM)
Implemented by advanced users (users develop
Integrated ecesystem around PDICFD tools).

0 Opensource codes and academiehouse codes.
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A 2010s: PDR approach continues to mature:A New validation campaigns:
d Growing user base of commercial PDR codes. 0 HySea 0 DOWSES.
d High-Performance Computing (HPC). 0 MEASURE. OFM GI obal

6 Automation/Simulation Data Management (SDM)A Comparisons with existing data:
Implemented by advanced users (users develop 5 o 4o FLAME. 8 RUT facility

Integrated ecesystem around PDIECFD tools). _ ,
. d Fraunhofer LANE.O BakerRisk e st s €
d Opensource codes and academiehnuse codes. _ _ o
A Incident investigations:

I

0 Buncefield. d Kjorbo.
d Jaipur. dé
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[Ref. 8]: LinkedIn poshttps://www.linkedin.com/posts/gexc@s_processsafetyonsequencemodelliFtpcsactivity-7302633161547513858

_Dyu/?utm_source=share&utm_medium=member_desktop&rcm=ACoAAATcQoQBItzQPCgxkhgqoy2vOHUZLIZrJO3|
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The Improvement Journey - 1

eck S my-% |

. ; . co i |

realworld data from lots of experiments and incidents, CoNPETENCE CULTURE
65 YTl -

ensuring accurate and
A o Wi [eauhPDR-CFD software] you get results yo
can trust o

UNCONSCIOUS

contr ol ri sks and i (COMPETRSCE g

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

Abercus 7 Queends Garvdw.abercus.éomer deen AB15
© 2025 Abercus. All Rights Reserved.


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

Today

Trevor Kletz Keynote Lecture 0 Ken Rivers (UK HSE, formeiChemEPresident)

AoWith over 40 yeawodd o VvV a = ‘
expenment@ur PDRCFD softwar(.a]dellvers The Improvement Journey - 2
reliable modelling result : w
AoOur automated framewor k eckf._s__ijmulay“ s t
realworld data from lots of experiments and incidents, comrTor CULTURE L
ensuring accurate andj|rel RINE. T € LgY_._r
A o Wi [eauhPDR-CFD software] you get results yo |
cantrust 0o control risks and iBlbr o V| eomsa

“CHRONIC UN ASE” - M
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[Ref. 10]: Rivers (2025), "Process Safety Leadership: meeting emerging challenges in the UK
industry", Hazards 35, Birmingham, November 2025.
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AoWith over 40 yeawodd o val i dati on fromure:—:,! t
. . NCONSCIOUS competence:
experiment$our PDR-CFD software]delivers ) e e

reliable modelling resultso. ( knowledge instinctively.
AoOur automated framewor k| eofciesgokpgences j| Muedsuat i ons agai
} Id data f lot f . t d inci t you develop the knowledge
reaiworld data from lots of experiments and inCidents,| yo, need and are aware of it.

ensuring accurate and|rel i abl e essé:fte:shs O Gonscious incompetence:
A 0 Wi [¢uhPDRCFD software] you get results you you become aware of

. . , your lack of knowledge.
cantrust o contr ol ri sks and IncTERods oVn&once™S o

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 06 mindset shift that goes beyond compliance

[Ref. 10]: Rivers (2025)Ptocess Safety Leadership: meeting emerging challenges in the',HaratdstBb, Birmingham, November 2025.
[Ref. 11]:www.macmillancentreforlearning.co.uk/tf@irney-from-unconsciousncompetenceo-unconsciousompetenceadaptedfrom-noekbirch-1970sby-malcolmmacmillan/
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AoWith over 40 yeawodd o val i dati on fromure:—),! t
. . NCONSCIOUS competence:
experiment$our PDR-CFD software]delivers ) e e

reliable modelling resultsod. ( knowledge instinctively.
AoOur automated framewor k| eofciesgokpgences j| Muedsuat i ons agai
} Id d f | f . d inci you develop the knowledge
reatwor gta rom lots of experiments and incidents,  you need and are aware of it
ensuring accurate and | reliable ressé:fte:shsoGonsciousincompetence;
A 0 Wi [¢uhPDR-CFD software] you get results you you become aware of
| g K q . , your lack of knowledge.

cantrust o contro ri sks an IncdhEHods iRoNpdtenceS 0

you are not aware of
what you do not know.

Measure

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

CHRONIC UNEASE 06 mindset shift that goes beyond compliance

Where are we in terms of CFD for simulating explosionts?

[Ref. 10]: Rivers (2025)Ptocess Safety Leadership: meeting emerging challenges in the',HaratdstBb, Birmingham, November 2025.
[Ref. 11]:www.macmillancentreforlearning.co.uk/tf@irney-from-unconsciousncompetenceo-unconsciousompetenceadaptedfrom-noekbirch-1970sby-malcolmmacmillan/
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experimentgour PDR-CFD software]delivers ! T s
reliable modelling resultsod. | knowledge instinctively. l
AoOur automated framewor k| eohciesgokpgences j| Muedsuat + 0 A-s— —a-g a1 S t
} Id data f lot f . t di ;l t you develop the knowledge
rearworld data from lots of experiments and INCIAENts,| yo, need and are aware of it
ensuring accurate and|reliable ressmhsoGonsciousincompetence;
A 0 Wi [¢uhPDR-CFD software] you get results you you become aware of
| . K q . = your lack of knowledge.
cantrust o contro ri sks an IncdhEHods iRoNpdtenceS - L :

you are not aware of
what you do not know.

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

CHRONIC UNEASE 06 mindset shift that goes beyond compliance

Where are we in terms of CFD for simulating explosionF?

[Ref. 10]: Rivers (2025)Ptocess Safety Leadership: meeting emerging challenges in the',HaratdstBb, Birmingham, November 2025.
[Ref. 11]:www.macmillancentreforlearning.co.uk/tf@irney-from-unconsciousncompetenceo-unconsciousompetenceadaptedfrom-noekbirch-1970sby-malcolmmacmillan/
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what you do not know.

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

CHRONIC UNEASE 06 mindset shift that goes beyond compliance

Where are we in terms of CFD for simulating explosioan?

[Ref. 10]: Rivers (2025)Ptocess Safety Leadership: meeting emerging challenges in the',HaratdstBb, Birmingham, November 2025.
[Ref. 11]:www.macmillancentreforlearning.co.uk/tf@irney-from-unconsciousncompetenceo-unconsciousompetenceadaptedfrom-noekbirch-1970sby-malcolmmacmillan/
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VVUQ framework o NAFEMS/ASME

ASME V&YV process diagram

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

A From the conceptual model stem two branches:

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

d The physical experimentation branch comprises quality
assurance and uncertainty quantification activities.
A At the bottom there is a quantitative
comparison between the outputs from each
brancha this is validation.
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[Ref. 12]: Standard for Verification and Validation in Computational Solid MechaSME V&V 10:2019

[Next validation case in the hierarchy ]
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[Ref. 12]: Standard for Verification and Validation in Computational Solid MechaSME V&V 10:2019
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A 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. i

ty
q tft ’Vld' S q tft

A At the bottom there is a quantitative Q -

comparison between the outputs from each
brancha this is validation.

— = Assessment activities
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ASME V&YV process diagram

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

A From the conceptual model stem two branches:

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

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

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

Abstraction

Modelling and Conceptual Physical
simulation model experimentation
branch branch
prar
ination > Experiment
design
Code
ificati Approximation, Test set -up and Instrumentation
verification ngglementaton instru menta?ton q; ity assurance
\ ’
Computational | Preliminai Validation Revise
s model ations experiment P model,
4 simulation or
. experiment
Sp!utpn Calcul Iato Data acquisition Dt q Ity
verification
Simulation Experimental
results results
Uncertainty _ validation ~ Uncertainty
quantification A
outputs o outputs
Validatio
M delling, simulati

experimental acti vtles

Yes

— = Assessment activities

[Next validation case in the hierarchy ]

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

Abercus 7 Queends Garvdw.abercus.éomer deen
© 2025 Abercus. All Rights Reserved.



http://www.abercus.com/
http://www.abercus.com/
https://www.asme.org/codes-standards/find-codes-standards/standard-for-verification-and-validation-in-computational-solid-mechanics

VVUQ framework o NAFEMS/ASME

ASME V&YV process diagram

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

A From the conceptual model stem two branches:

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

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

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

Abstraction
Modelling and Conceptual Physical
simulation model experimentation
branch branch

pra

Mathematical ination > Experiment
model design

Approximation, Test set-up and !
mplementation instrumentation q

nstrumentation
?Iity assurance

Code
verification

i \
Sp!uthn Calculation Data acquisition Data quality
verification assyrance

Simulation
results

; ’
Experimental P,
results i
g
itative Experimental
ison outputs

N v
Computational Preliminary Validation Revise
e model calculations experiment e model,
’ \ simulation or

Validation requirements

Modelling, simulation and
experimental activities

Yes
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ASME V&YV process diagram

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

Abstraction

A Verification is the realm of mathematics
Does the code

and addresses the gquestiare the work as intended?

Modelling and
simulation
branch

Conceptual
model

Physical
experimentation
branch

Coordination

underlying equations being solved correctly?
Grid sensitivity,

Mathematical
model

Code

verification | Approximation,
- mplementation
time-step sensitivity .
Computational Preliminary
- model calculations
4
- T
Solution Calculation
verification

Simulation
results

Sensitivity of
outputs to inputs

Uncertainty
guantification

Modelling, simulatio
= experimental actlvmes

Yes
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brar
| Experiment
design

Test set-up and
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quallty assurance
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experiment
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Experimental
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ASME V&YV process diagram (Compentot ameseonty sasmay o e

A Verification is the realm of mathematics T

Conceptual Physical
DoeS the Code simulation model | experimentation
branch branch

and addresses the questicre the work as intended:
underlying equations being solved correctly?

L : _ Grid sensitivity, -

A Validation is the realm of physics and time-step sensitivity =N | N

addresses the questioare the underlying A )

| Experiment
design

I I - Sp!utiqn Calculation Data acquisition Data quality et
equations being solved the correct equations? verfcaton 1 i
SenSitiVity Of Unce\rtaintyreSUItS Ur::::::ty [

guantification
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outputs to inputs

Experimental
outputs

Modelling, simulation and

Compariso
with experiment - - 2
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ASME V&YV process diagram

A Who is responsible for VVUQ?
d Code verification?
d Solution verification?
d Simulation UQ?
d Validation?

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

Abstraction

Modelling and Conceptual Physical
simulation model experimentation
branch branch

Coordination Experiment

design

Mathematical
model

Code
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Implementation instrumentation qu{allty assurance

\
Computational Preliminary Validation
e model calculations experiment
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Simulation Experimental P/
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Experimental
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Modelling, simulation and
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ASME V&YV process diagram
A Who is responsible for VVUQ?

d Code verification? Developer

d Solution verification?
d Simulation UQ?
o Validation?

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

Physical
experimentation
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ASME V&YV process diagram

A Who is responsible for VVUQ?
d Code verification? Developer
d Solution verification? User
d Simulation UQ?
d Validation?

Validation case in the hierarchy

(Component, subassembly, assembly or system)
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ASME V&YV process diagram

A Who is responsible for VVUQ?
d Code verification? Developer
d Solution verification? User
d Simulation UQ? User
d Validation?

Validation case in the hierarchy
(Component, subassembly, assembly or system)
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P d
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ASME V&YV process diagram (Componentsapasamh ssamo o e

A If a developer asserts that its PBEFD code is oelingan expeﬁﬂq%f;%:{ion
validated, this strictly refers to the validation of ST h branch
Its own internal workflows. Develo

A Unless the codewnghe entire lefthand branch,
such that a user cannot interfere with It,
validation 1s not of the code, but of the
combination of code plus user/workflow.

A Users should undertake validation for themselves, user
to understand how their own predictions compare =
to experi ment é

V4
Solution
verification

Uncertainty
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Blind benchmarking

7N - AN
Shwezs . . )
Examples of past blind benchmarking s
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)
NAFEMS SCMWG Makarov D et al, Intl J Hyd Ener, 34(6), 2800-14, 2009. , 2]
Greg Westwater (Chair), Alexander Karl, Steve Howell, Jim Wood :2 e FLACS-14
T T FLACS-1
T ;ﬁ 71 —FLACS2 R
= . ﬁ FLACS-2
100 [H
D p—— KD1 +‘ H}i Af\f
0 ] st apA A
01 . § 60 e [ — FLACS-2 - t&; %M J'\rn._
il 5 v =
L /mié D' = 7S g 30 ; %" 7 0.04 005 006 007 008 009 0.10
_[_E é/*(:\l ’ L345m 3 306m | 18m g fg f Ltf"\k . Time (s)
o ;//C = £ K3 ks 0 t‘iﬁ"\'\:M\#
s W
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Blind benchmarking

T\ -
wNWC2s

Examples of past blind benchmarking w

The importance of

blind benchmarking ) . ) o )
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
Sensor 18

113 4
LES_MCS] ExP_INERS ais
e
~ e
¥ 1 e
£ ¢
o a0 50
e

Blind benchmarking is the true test of any simulation appr@ac wl
and whenever blind comparisons are undertaken, there are u
differences between participants, often significant differences.

West wat er G, THe anpdrtanée,of blihd berchnarkMAFEMS dVorl/Ganaless]2023 0
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Blind benchmarking

) p
ahwez

Examples of past blind benchmarking =

The importance of

blind benchmarkin
g [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 " " " r T —n Table 2: Comparison of simulated time to flashover and maximum

02 DI 1 —D1 average temperature in the smoke layer of the main compartment with
8000 E1 5 . ] —52 experimental data.
) Timeto  Maximum Average Smoke
_ ___21 Stmulation Flashover[s]  Layer Temperature [°C]
< 6000¢ Al 50 790
= —E1 A2 290 500
x - 522 B 840 690
v L E2 il C » flashover 200
4000 j ne
T L/ === o
A E2 C DI 200 720
A2 ' 4, o « EXP D2 80 1150
* R E1 180 900
2000 for W00 E2 180 610
__________________ i [ Fl 720 590
// """" / F2 850 720
0 == : T xperimental 300 750
0 200 400 600 800 1000 1200 Xperimenta
timn [=1

artment. Legend for the different curves:

Blind benchmarking is the true test of any simulation appr@achgs =i,
and whenever blind comparisons are undertaken, there are u
differences between participants, often significant differences.

[ Ref . 13]: Westwater G, Theanpdrtanée,of blhd lveechnharkiBaFEMS tVorld/Gangress]2023 0
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Blind benchmarking

SNwC2s RS
Exa 10000 T T T T T —A2 \\Q}
The importance of —IZE);
blind benchmarkin . —_
g [Jimwd- 8000 B st One,
G. Rein F1
NAFEMS SGMWG (Presen g 6000 ---A1
Greg Westwater (Chair), Alexander Karl, Steve Howell, Jim Wood E. - E1
10000 D: _F2 d .
% 4000 :(D:2 compartment with
8000
« EXP ;
i 6000 2000
©
& 4000
2000/ T r [mmmm=. -‘1/4 ........
200 400 - 600 800 1000 1200
o= time [s]
0 tima a1
Blind benchmarking is the true test of any simulation appr@achgs =i,

https://era.ed.ac.uk/bitstream/handle/1842/2704/Rejn_
RoundRobinModelling_FSJ09_preprint.pdf;sequende=1

and whenever blind comparisons are undertaken, there are usually

. E
[ Ref . 13]: Westwater G, The anpdrtanée,of bkhd beechmarkBAFEMS WVorMd/GCangtess]2023 o
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Blind benchmarking

Contents lists available at ScienceDirect

EXP: Stratified
Journal of Loss Prevention in the Process Industries 10 EXP: 21% hom.
journal homepage: www.elsevier.com/locate/|lp ’: "...'.'°"""°¢:::::=“‘..'.".. P ceeee B M-1 (010)
o - = g -
K3 ' —--@- M-2 (n/a)
Blind-prediction: Estimating the consequences of vented hydrogen Q ) - -9 M3 (n/a)
deflagrations for inhomogeneous mixtures in 20-foot ISO containers S € @ M-4
: " — - -4 (n/a)
Trygve Skjold™”", Helene Hisken", Laurence Bernard’, Lorenzo Mauri’, Gordon Atanga®, w) [1+]
Sunil Lakshmipathy”, Melodia Lucas’, Marco Carcassi‘, Martino Schiavetti’, Q o N <. coceadiabi i e kel S .' M-5 (010)
Vendra Chandra Madhav Rao”, Anubhav Sinha’, Jennifer X. Wen’, Ilias C. Tolias", b ~—~
Stella G Ginnnl.‘ssi' , Alexandros G. Venelsanos.;", Jam(?s R. Stewnr.[‘. Olav Roald Hansen", ‘ E' Q sseeeye M-62a (006)
Chenthil Kumar”, Laurent Krumenacker', Florian Laviron', Romain Jambut, Asmund Huser q>) i:') wewiwiles NEED (007)
" g- — -A- M-6¢ (0.08)
§ = —A~ M-6d (0.10)
. P e— PP @+ M-7a (0.10)
& ----6- M-7b (0.15)
= — -—6- M-7¢ (0.20)
1 ——~ M-7d (0.30)
FO P2
Obstacle configuration
[ Ref . 147 : Blh#&jedictioth: EStimating tha tonseqoences of vented hydrogen deflagrations for inhomogeneotfsohiS0resia?td J. Loss Prev. Proc. Ind. 61 pp 2286, 2019
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TT251003PR001-B UKELG 65 (BP Sunbury, November 2085)rust and VVUQ for explosion simulations with CFD
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Validation domain

A PDRCFD may now have a 4fear track record, but the core experience is
perhaps largely focussed within the offshore sector considering hydrocarbon
vapour cloud explosions within large platforms.

A There is now increasing interest in new applicatiéris/drogen, renewables,
battery energy storage, e@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?
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TT251003PR001-B UKELG 65 (BP Sunbury, November 2025)rust and VVUQ for explosion simulations with CFD
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Validation domain

A PDRCFD may now have a 4fear track record, but the core experience is
perhaps largely focussed within the offshore sector considering hydrocarbon
vapour cloud explosions within large platforms.

A There is now increasing interest in new applicatiéris/drogen, renewables,
battery energy storage, e@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?

A What does a 46year track record really mean anyway? .i='
d Are the people who developed the PB&FD code during those 40 years still there and mvolvﬂ.
d Is the knowledge from those people still woven into dayday practice within the organlsatloﬂ

d Did we manage to resolve all of the key knowledge gaps during thoM
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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
Computational Fluid Dynami

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

Abstraction

Conceptual

model ' B
Modelling and Physical
simulation experimentation
branch branch

Coordination

Experiment

Mathematical
model

Approximation, Test set-up and Instrumentation
Implementation instrumentation quality assurance

design

Code
verification

N\
Preliminary Revise
- calculations model,
’ simulation or
] experiment

Solution
verific‘ation

Data acquisition Data quality

assurance

~

7’
~

Uncertainty Validation Uncertainty
quantification = 291N S quantification

Quantitative
comparison

Modelling, simulation and
experimental activities

Yes

— = Assessment activities

[Ref. 15]: Standard for Code Verification in Computational Fluid Dynamlésh S141:2024

[Next validation case in the hierarchy ]
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@chg - : : : :
e New ATAA Standard for A Code verification is the process of establishing the
o Code Verification of CED correctness of the computational algorithms and
e st their implementation in a CFD code.

A The standard requires:

0 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.

d This involves plotting the trend of the discretization error
against the discretization step on a{og graph.

0 In order to calculate the discretization error, an exact
reference solution is needadlthis error is the difference
between the CFD prediction and the reference solution.

Standard for Code Verification in
Computational Fluid Dynami

[Ref. 15]: Standard for Code Verification in Computational Fluid DynariésA S141:2024
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N

L—&Cﬂdwﬂimﬂﬂ%? the process of establishing the
Methods for code verification wy

computational algorithms and
On a log-log graph, the plot N in a CFD COde.

should form a straight line,
the gradient of which is the 1 .
observed order of accuracy I reS .

Numerical error

Log scale

AR S 1412024

I Standard

- st Sttt 5s by comparing the observed order
First-order . .
A pmputational solutions from the code
e '/ ? I of accuracy of the code.

Second-order

may st be accurare o o0 iecimal | T € trend of the discretization error
places, but the trend is in error .

ation step on adlog graph.

the discretization error, an exact

» Neededlthis error is the difference
between the CFD prediction and the reference solution.

[Ref. 15]: Standard for Code Verification in Computational Fluid DynariésA S141:2024

Log scale

#Discretisation steps
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A Commercially available PBE&FD codes are generally blabkx tools, so users
dondot have the full functionality neeé

AJust because a user cannot apply the
candot do anything. There are -GFDoodess | r
can do for themselves:
0 Symmetry checks.
d Rotational checks.

AUsers should focus on what t hey c aiiams

| | |
BR[|
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Symmetry checks

Looking downward

Looking horizontally
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Symmetry checks

Looking downward

Looking horizontally

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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Symmetry checks

Looking downward

Looking horizontally

0I5 *002 >0.025 001 >004 005 006 008 >0 002 0I5 02 >0
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Symmetry checks

Looking downward

The predictions may be close in the higkhighY
guadrant in this case, but they are not identical.

Looking horizontally
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Symmetry checks

Looking downward

The predictions may be close in the higfhighY
guadrant in this case, but they are not identical.

Looking horizontally

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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Symmetry checks

Looking downward

Looking horizontally
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Symmetry checks

Looking downward

Looking horizontally
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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 lowX/low-Y quadran
does not match that for the higik/highY quadr ant i n ' S <clasee N

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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Symmetry checks

Looking downward

Looking horizontally

Symmetry is not preserved the prediction for the lowX/low-Y quadran =
does not match that for the higi/highY quadr ant i n 'S clasee N =.

0.01 0.1 ocepemresen 1 =

Ium 0012 20015 002 0025 001 004 005 006 an_l 5012 3005 02 025 03 S04 305 06 m]u sz ss s s25 23 a4 s a6 -

Note the colour scale is logarithmic
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\\ +Y
Symmetry checks
Looking downward
€ ar e t-CFB soRddsstill tethered to the stagger
meshing approach that was commonplace 40 years ag
X +X

Looking horizontally

Symmetry is not preserved the prediction for the lowX/low-Y quadran o
: : : =

does not match that for the higik/highY quadr ant i n 'S clasee N |==
0-01 0- 1 Overpressure [barg] 1 10 |-.

Ium 20012 0015 =002 0025 001 004 005 0.06 me 5002 005 202 3025 03 04 05 06 m_a]:\ B2 w15 k2 25 23 w4 a5 6 >g] |==
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Rotational checks

H ds35 MERGE Test Bl - (Geometry B, Methane)
ZQr
Hazardsy Import
PDR-CFD approach for simulating oxplosions: Cylinders, 0 deg Cylinders, 45 deg Boxes, 0 deg Boxes, 45 deg
is a generafized mesh object approach misleading?
[E—— — ol Mt
i P e
— 2 ®
o ot
(= (m]s
(@] (] ®
. c < o1
Boxes/cylinders o 2
[} > =
s S |2 N
=} o
e 3 5
(= o
(@] (=]
C ® =] ®
s} o
BEB6a00660005a00, SO OOl slatetalatatatetatstelatetatetsl TGO G OGO
2, ®
>
bt \ (=] X
& 2 o S
B 5 &
. . [ N\ C )
Generalised mesh objects F;[ 3 o % |
lfJ” BL )
Ll
o} o %
C =]
P
enaistatststststetetatsiststataty | SR ¥ |acoooaacooaooonge | OAOICICROI R SROIIAOK .-.
l
Overpressure [barg] “--.
I ———— T —————— T /s
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 ‘
i | | |
| |
N ) I N A B
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Rotational checks

H ds35 MERGE Test Bl - (Geometry B, Methane)
Zar
Hazardsy 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?
p—— p—_—— e~
s P oy
Lt . " o J
& 3
0 C ]’:
@ od o
@ g ®
<
Boxes/cylinders % o 3
® o &
< e 3
@ s}
© o
) [s] 2
® o ®
[ehesst g — » < 0600000000000000 ORI OO}
2, ®
3 S
9
[f\ (=]
& 2 o S
8 o o <
% 5 (=] S C X
Generalised mesh objects o 3 o % i
2 o ) .
o % 0 %
[s]s 7 0
BL 2 B .
elefststatststatststatetatatatate K ST OOLY lacoanaaseaannanas | ORISR X0 .
0.01 0.1 overpressure[barg] 1 B
B TR H
rD.OI >0.012>0.015 >0.02 >0.025 >0.03 >0.04 >0.05 >0.06 >0.01>0.| >0.12 >0.15 >02 >0.25 >03 =>04 >05 >06 >0.1 >l >l2 >1.5 2 >25 >3 >4 >5 > >SI .
%chmutions .
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Rotational checks

MERGE Test Bl - (Geometry B, Methane)
Import

Cylinders, 0 deg Cylinders, 45 deg Boxes, 0 deg Boxes, 45 deg

PDR-CFD approach for simulating explosions:
is a gemeralized mesh object approach misleading?

i <hill:

Steve Houl Pranlcl Middha
Abcreas Ab

Cylinders

nAAAAA~ARANAAANNA
]BDDU%DDDDSDDUDE

Boxes/cylinders

O jul
@ i Qo0
A ARSI

With the tradltlonal boxes/cyllnders approach, each object has princi
directions and noralignment from the CFD grid is clearly apparent.
Non-alignment of boxes/cylinders with the grid can have a significant
impact upon the prediction of overpressuéethis is already well known
and PDRCFD software tools have incorporated warnings about this. |

1DDDE\HUCDDI’J

é
?

i
200000060000
0T -
*'(‘rﬁ”*rL aonooce

Isom >0.01250.015 >0.02 >0.025 >0.03 >0.04 >0.05 >0.06 >o.o1>o.[ 5012 >0.15 02 025 >03 >04 >05 >06 >o.1>| 512 515 2 25 >3 >4 35 36 >sI

r vV.U4Ll = V.41 e 2 [barg] 1 10

@chdutiuns
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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?

i <hill:

Steve Houl Pranlcl Middha
Abcreas Ab

. = =
Boxes/cylinders 48000000000 I000

)
I
I
I

With the tradltlonal boxes/cyllnders approach, each object has princi
directions and noralignment from the CFD grid is clearly apparent.

Non-alignment of boxes/cylinders with the grid can have a significant
impact upon the prediction of overpressuéethis is already well known
and PDRCFD software tools have incorporated warnings about this. |
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@chdutiuns

U.UL - U.L —_— ¥ [barg] 1 10
s e—
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'
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Rotational checks

MERGE Test Bl - (Geometry B, Methane
Hazards3s
Z!
o 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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0.01 0.1 oOverpressure[barg] 1 B
- W B
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%chmutions .
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Rotational checks

Some PDRCFD codes are moving towards a

MERGE Test Bl - (Geometry B, Methane)

Boxes, 45 deg

generalised mesh object approach with direct CAD __ ©rinders 0 dee Crlinders, 45 deg Boxes, 0-deg

import. With this approach, there is no concept o
principal directions.
Predictions for boxes/cylinders and generalised

mesh objects are identical, as expected. But with

i ]DUE!U’!DOF\DDLJDGF[

mesh objects, rotational effects may go unnotice

Generalised mesh objects

0.01
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0 . 1 Overpressure [barg]
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Rotational checks

| I
Some PDRCFD codes are moving towards a MERGETAEE {sametory Nestang
generallsed meSh ObJeCt approach Wlth dlreCt CA\D Cylinders, 0 deg Cylinders, 45 deg Boxes, 0 deg Boxes, 45 deg

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

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

| I
Some PDRCFD codes are moving towards a MERGETAEE {sametory Nestang
generalised mesh object approach with direct CAD __ ©rinders 0 dee Crlinders; 45<deg - _Soxexddeg - Soxes d5ieg

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

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

| I
Some PDRCFD codes are moving towards a MERGETAEE {sametory Nestang
generalised mesh object approach with direct CAD __ ©rinders 0 dee Crlinders; 45<deg Boxes, 0-deg - Baiossnen.] -

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

Predictions for boxes/cylinders and generalised
mesh objects are identical, as expected. But with

mesh objects, rotational effects may go unnotice

JUDUJJDSDDUJDOL

Generalised mesh objects

At i ot vt A i A A bt st s

200000

10ga00

]
(5]
oo
{Bje
ac
Qe

050000088000
i J.JUUI_L!LH:HJULUU

—
JI')IJCJ ]jl'!fjﬂﬂrldﬂ("l_[‘

Qg
ac
gl
oL
a
|}
iE

£
.?
i e

001 O 1 Overpressure [barg] 1

rOAOI >0.012>0.015 >0.02 >0.025 >0.03 >0.04 >0.05 >0.06 >0.l)1>0.| >0.12 >0.15 >02 >0.25 >03 =>04 >05 >06 >0.BI>I >l2 >15 >2 >25 >3 >4 >5  >6 >8'

PDR
iritied

%ch.m PR

Aber cus 7 Queends Garwivw.abercus.eomer de en AB15
© 2025 Abercus. All Rights Reserved.



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

UserVVUQ 0 code verification

Rotational checks

| |
Some PDRCFD codes are moving towards a MERGETAEE {sametory Nestang
generallsed meSh ObJeCt approach Wlth dlreCt CA\D 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, rotatlonal effects may go unnoticegk: — e |
— r sanassnasaan e

There remain plenty of open questions about the PDR appro |

and how it is implemented within individual PIORD codes. |

O . o 1 O . 1 Overpressure [barg]
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Validation case in the hierarchy
(Component, subassembly, assembly or system)

A 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.

Code Approximation, Test set-up and Instrumentation
erific ; i q urance

A It is auser activityrelating to convergence and TN
estimating the error in the computational solution: ’
d The mesh/timestep resolution.
d Iterative convergence.

A Code verification is aerror evaluationprocess,
whereas solution verification Is amnror estimation

/
Solution
verification

processo no exact solutions are available.
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Figure 2.35 Grid resolutions MERGE type E g ry with domais ded 50% outside the
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 | 7485 (1 min) 61 mbar 043 239 Pas -ll
15x15x15 222 s (4 min) 153 mbar 042s 375 Pas

20x20x20 | 902 5 (15 min) 184mbar || 0.44s 405 Pas ‘ l
24x24x24 | 1.576's (25 min) || 187 mbar 034s 508 Pas . .

30x30x30 [ 4.173s(1h) 217 mbar 0.37s 508 Pas ‘.-.
40x40x40 12.800s (4 h) 205 mbar 0.33s 535 Pas ‘--.
60x60x60 68,5885 (19h) 100 mbar 041s 318 Pas
[ _JumE
| |
IR [ [ |

Abercus 7 Queends Garvivw.abercus.éomer deen AB15
© 2025 Abercus. All Rights Reserved.



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

TT251003PR001-B UKELG 65 (BP Sunbury, November 2085)rust and VVUQ for explosion simulations with CFD

UserVVUQ 0 solution verification

Sensitivity of overpressure to grid spacing 0 PDR-CFD training (1994 report)

TI2S0LR00| 6 HAZARDS 38 Bemingham - Trust s0d WU fer extlonion dimissior with CFD N

Hazards35

oy MERGE XN O D3

Trust and VVUQ for explosion simulations with CFD

Steve Howell, Prankul Middha and Francesco Chille

M 4a3an3e Y e MIRST 0w Y

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 044 s 405 Pas l
24x24x24 | 1.5765(2Smin) || 187 mbar || 0.345 508 Pas .
30x30x30 [ 4.173s(1 h) 217 mbar 037s 508 Pas .
40x40x40 12.800s (4 h) 205 mbar 033s 535 Pas .
60x60x60 68,5885 (19h) i 100 mbar i 04ls 318 Pas .
- 1
Ll B
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MERGE Case 23: Geometry E, methan ¢
! ©
£ o
[-9
Resolution | CPU-time (HP735) | Max. pressure | Time of max. press. | Press. impulse g
6x6X6 52s 5 mbar 0.72s 58 Pas § «
2x12x12 | 7485 (1 min) 61 mbar 043s 239 Pas E '
15x15x15 | 2225 (4 min) 153 mbar || 0.42s 375 Pas o
20x20x20 | 9025 (15 min) 184 mbar || 0.44s 405 Pas .l
24x24x24 | 1.5765 (25 min) || 187 mbar 034s 508 Pas | -.
37 508 P
0x30x30 | 4.173s(1h) 217 mbar 037s 535:, . 6 6 " o s -.
st s A 055 Number of grid cells across congested region -.
60x60x60 | 68.588 5 (19 h) 100 mbar 041s 318 Pas -.
i |

| | |
B | | | |
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MERGE Case 23: Geometry E, methan &
£ o
- — — . ) a
Resclution | CPU-time (HP735) | Max. pressure | Time of max. press. | Press. impulse g
6x6x6 52s 5 mbar 0.72s 58 Pas g
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 4 8 6 32 o4 128
th® |BANREN 205 mhar — i Number of grid cells across congested region
60x60x60 68.5885 (19 h) 100 mbar 041s 318 Pas
| S—
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MERGE Case 23: Geometry E, methéw

Resclution | CPU-time (HP735) | Max. pressure | Time of max. press. | Press. impulse

Maximum predicted peak overpress@@®[mbar]

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

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

Grid recommendations at the time
were for 13 cells across the cloud.

(This could be reduced if bounded by a solid surfac
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MERGE Case 23: Geometry E, meth

This graph is plotted on letpg axesd

Resclution | CPU-time (HP735) | Max. pressure | Time of max. press. | Press. impulse
6x6x6 52s 5 mbar 0.72s 58 Pas 0 o .

12x12x12 74.8 s (1 min) 61 mbar 043s 239 Pas the Varlatlon In the overpressure
15x15x15 222 s (4 min) 153 mbar 042s 375 Pas IS 120% Wlthln 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 13 cells across the cloud.

(This could be reduced if bounded by a solid surfac
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MERGE Case 23: Geometry E, methé‘ue;

Resclution | CPU-time (HP735) | Max. pressure | Time of max. press. | Press. impulse

There was also a second data seri

L based on a reduced simulation dom
12x12x12 748 s (1 min) 61 mbar 043s 239 Pas i

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 13 cells across the cloud.

(This could be reduced if bounded by a solid surfac
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Looking down

PDR 1
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The graph on the left shows the maximum
predicted peak overpressure for two Transducer 1
different PDRCFD codes for Looking across
MERGE Case 23 (Geometry E, methane) at

Transducer 1, which is at the centre of th
footprint of the congested region. i Groynd
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