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H21 Project

Aim: to assess the feasibility of converting the existing UK natural gas distribution
network to transport 100% hydrogen

H21 Phase 2 aims: to provide safety critical evidence to support the viability of a 100%
hydrogen live community trial, which will be undertaken later in Phase 3

Funded by energy regulator for Great Britain (OFGEM) under the Network Innovation
Competition (NIC)

Led by Northern Gas Networks (NGN), partners include all the GB gas distribution
network operators (GDNQOs) and National Gas Transmission

Work presented here undertaken collaboratively by the Health and Safety Executive’s
Science and Research Centre (HSE) and DNV N
Focus of this presentation: purging the < 7 barg gas distribution network >
— Assess current basis of safety for purging natural gas pipelines ZI
— Examine implications of switching to 100% hydrogen
— Scope exclude purging downstream of the emergency control valve

https://h21.green/
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Current Natural Gas Pipeline Purging

= |nstitute of Gas Engineers and Managers Safety Recommendations IGEM/SR/22

= British Standard BS EN 12327 on pressure testing, commissioning and
decommissioning of gas infrastructure

= (Gas distribution company procedures on main laying and service laying, and
assoclated other procedures

= Direct purging between natural gas and air is used in the majority of applications

Rider (see notes)
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Principles of Distribution Pipeline Purging

= (Gas distribution pipelines operate at relatively low pressures

" Three pressure tiers: Low Pressure (LP) < 75 mbarg
Medium Pressure (MP) 75 mbarg — 2 barg
Intermediate Pressure (IP) 2 barg — 7 barg

= Displacement purging is used to commission and decommission pipelines with direct
transfer between air and natural gas In most cases

= Purging velocity must be sufficient to produce piston-type flow and avoid the buoyant
natural gas stratifying in the pipeline
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NGN Procedure on main and service laying NGN/PM/MSL/1

= Example of direct purging requirements: rider and vent sizes needed to achieve the
minimum purging velocity, for given upstream driving pressures

Mominal pipe dia Min air inlet hole Min. size of Min. size of
Recommended rider and vent diameters (mm) for rider Minimum or equivalent Min Typical & vent/ejector COMpressor compressor used
Mominal pipe inlet pressures of distance for pipe dia. purg;a Purge diameters used on inlet on ejector Ejector
diameter or release of velocity | Velocity size
equivalent pipe 21 squeeze-off from PE . : : mm
diameter mbar 30 mbar TS5 mbar | 350 mbar 2 bar e e 5 e - o MetIn. | m*min | ft¥min or | m¥min fé/min
position (mm)
0 to 150mm 0 to 150mm
(0 to 180 mm PE) 32 32 32 32 32 15 0 to 180mm PE 06 15 32 1 1.9 (70) - N/A 50mm
(0-6in.) 0 to 6in
151 to 200mm
151 tfa ii:.'_.{;ﬂmm 63 63 63 30 30 15 (8in) 0.7 14 63 15 2.8 (100) | OR | 2X2.0 | (2X70) | 50mm
- 201 to 250mm
: 0.8 1.2 6.3 2 3.9 140 OR 2X2.0 2X70 50
il 2 63 63 63 63 63 30 (10in) (140 (2X70) | SOmm
(10in.) 251to 315mm
251 to 301mm (12in) | 63 63 63 63 63 30 {31?:;%%) 09 L I 2 n/a - | 28 | (2100) | S0mm
: an 316 to 400mm
301 to 450mm (18in) 90 90 (2463) 63 63 45 (355 PE) 10 15 9235[;: 9 ) 2x2.8 | (2x100) 150
(14 & 16 in)
. 180 125 90
451 to 600mm [Ed-ln} 180 {2:{125] {EZ{BD:I {2:{53] 63 60 {SEE note 1j| 401 ;1984ig?mm 10 20 _ 4 _ 7%3.9 (2x140) 150
. 180 180 125 90 451 to 500mm
501 to 600mm
: 1.25 2.0 - B - 2%3.9 2x140 150
901 to 1200mm (48in) | - 250 250 180 90 : (24 in) N/A 14
(2x180) (2%180) (2x125) (2x%63) < ;gﬂ?iﬁ?’“m 15 17 : 6 | 2x78 | (3x275) | 250
o _ _ , 791 tggli}[}mm 15 20 .| © .‘”5’“ 8 %78 | (4x275) | 250
Commissioning mains by direct purging o) ejector
110 1060mm 17 18 : 8 - | ox7.8 | (axe75) | 250
(42 in) ] ] ’
1051 to 1200mm 12 inlet
(48 in) 1.7 1.8 - 8 ejector 2%7.8 (4x275) 250

© Crown Copyright HSE 2023
Table C15 - De-commissioning mains by direct purging
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Minimum purging velocity requirements for natural gas

© Crown Copyright HSE 2023
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Minimum purging velocity requirements for natural gas

AGA requires
Re= 4,000

British standards

require velocity
= 0.6 m/s

© Crown Copyright HSE 2023
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Froude number:
to avoid stratification

Inertial forces V
Fr =

= = > 0.7
Buoyancy forces \/ g'd

Reynolds number:
to keep flow turbulent

Inertial forces pVd
Re = —; — = 4,000
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Properties of methane and hydrogen

Methane, CH Hydrogen, H
Molecular mass (g/mol)2 16.043 2.016
Density (kg/m3)*2 0.68 0.08
Dynamic viscosity (uPa.s)*@ 11 8.7
Molecular diffusivity in air (cm?2/s)b 0.196 0.611
Lower flammable limit (% v/v)°© 4.4% 4.0
Upper flammable limit (% v/v)4 15 75
Detonation cell size (mm)® 250-310 15
Minimum ignition energy (mJ)d 0.26 0.01
Laminar burning velocity (m/s)c 0.37 3.2
Equipment Group® A IIC

* Properties given at 15°C and standard atmospheric pressure

T The lower explosive limit for methane is quoted in some sources?b as 5.0 % v/v
& Source: https://encyclopedia.airliguide.com

b Source: Roberts (1963)

¢Source: BS EN 60079-20-1:2010

d Source: Drysdale (1998)

© Crown Copyright HSE 2023

¢ Babrauskas (2003)
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Implications of switching to hydrogen

"= Froude number requirement

V Dgir — P
Fr = I — 9 air gas _ _ _
g'd g Y (pair + pga5> -5 6.5 times higher velocity
S
E for Reynolds number
Fry
Pair — P S 4
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Scientific basis for natural gas purging practices

= Purging research undertaken by British Gas and CERC in 1990’s
— Marshall, Cleaver & Hinsley (1992), Darby (1993), Daish & Linden (1991)
— Laboratory experiments to visualise stratification in pipes using saline and fresh water

— Purging experiments in polyethylene (PE) pipes with diameters of 50 mm, 75 mm, 150 mm
and lengths 40 m to 260 m, with purging velocities in the range 0.1 to 1.5 m/s

— Tests Iincluded straight, horizontal pipes, pipes fitted with 90-degree and 180-degree bends,
and pipes angled upwards/downwards with 3° and 6° slopes

— Flammable gas mixtures ignited in the largest diameter pipes

— Horizontal steel pipes with diameters 305 mm and 574 mm and lengths 100 m, purging
velocities from 0.3 m/s to 2.4 m/s, some mixtures ignited

— Tests on longer 300 m pipes fitted with several bends and inclined sections
— Measurements during actual purging operations on the gas network (3.6 km and 10 km)

= Research undertaken by American Gas Association and Southwest Research Institute
— Johnson, Svedman & Kuhl (1997), AGA (2001)

© Crown Copyright HSE 2023
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Scientific basis for natural gas purging practices

= Results from British Gas experiments on natural gas (Marshall, Cleaver & Hinsley, 1992)

© Crown Copyright HSE 2023
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Purging velocity too low,
4 Pv=24ms 55 cloud growing due to
stratification and mixing

Higher purging velocities give stable
flammable cloud size as a fraction of
swept length, i.e., flammable cloud
occupies approximately 8% of swept
volume at later stages
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Scientific basis for natural gas purging practices

= Mathematical model developed by Daish & Linden (1991) to predict flammable gas cloud
size during direct purging operations

Concentration, C

Ci
Buoyam h
______________________ 1
Gas L \
| Pure
liow Mixed layer Euue(?ygaanst
Air . ~Angle, 6,
—s
Waedge longth R T
6dge langt Explosive zone oy |
{a) Profile darivod from axparimantal data {b)- Proiile assumed lor data analysis / """""""""" R/
e e
I Swep! pipe voluma Flammable mixing zone Height, h Pure air

. 1
hl_i

(U; — U3)
Ui + Ui —U,
1 h;—hi>( 1 2)

~3n(hi = hD) (sin® 8, — sin® 8,)

Qs = (43— p)

= Qriginal Fortran implementation of Daish & Linden (1991) model purchased by HSE

= Verification tests undertaken and substance properties then altered from natural gas to
hydrogen

© Crown Copyright HSE 2023
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Implications of switching to hydrogen

= Model predicts a much larger flammable volume for hydrogen

25%

© ¥
| E O 20% A
Explosive volume a_s a 3 5 —se=Hydrogan d = 574 men
percentage of the pipe v E g O ~a -Hydrogen d = 305 mm
volume for purging hydrogen 3 £ -@- Hydrogen d = 150 mm
o T o - rogend =50 mm
and methane through four £, a. ea Covesnem >
. . . .. T —w— ned= mm
pipes of different diameter £ %" h N R A -Methane d = 305 mm
with a pipe lengthof 80m £ g .. ety SR @ Methane d = 150 mm
E & E P -&--Methane d = 50 mm
_-.:_.-..__-E..____:____E_:__t_j__—__:__*:ﬁ_w-—é
®x + 0= e TTEEEEs
1 1.5 2z 2.5 3
Purging velocity (m/s)

=  Example: 305 mm diameter pipeline
— Minimum purging velocity to avoid stratification: V-, = 0.9 m/s, V, = 1.6 m/s
— Explosive volume is 2% of the pipe volume for methane, 13% of the pipe volume for hydrogen

© Crown Copyright HSE 2023
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Ilgnition likelihood and potential conseguences

Lower minimum ignition energy: 0.01 mJ for hydrogen, 0.26 mJ for methane
Unable to rule out potential for electrostatic ignition of flammable gases in pipe
Flame could also propagate into pipe from ignited airborne cloud (flame arrestors?)
Run-up from deflagration to detonation within approximately 60 pipe diameters

Basis of safety for natural gas is that maximum overpressure inside pipeline of < 2 bar
can be withstood by pipeline without damage

Higher pressures likely in hydrogen detonations: possible projectile damage?

Detonation observed In ignition tests with stoichiometric hydrogen mixtures in 10 m
long lengths of 180 mm diameter main and (separate) 32 mm diameter service pipes

Decision taken to proceed with indirect purging of hydrogen distribution pipelines,
using nitrogen to avoid producing flammable mixtures in the pipeline

— Avoids need for flame arrestors, with their associated large pressure drop

— Introduces additional risks from handling high-pressure nitrogen gas supply
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Related research on hydrogen pipeline purging

HyDelta (https://hydelta.nl)

— KIWA Netherlands purging experiments using two pipelines 200 m long, with
nominal diameters of 100 mm and 200 mm

— “the use of nitrogen is (for the time being) recommended for safety-technical
reasons in order to avoid flammable mixtures in the pipeline”

HyPurge

— SGN commissioned Steer Energy to conduct a series of hydrogen pipeline purging

experiments to support the H100 Fife neighbourhood hydrogen trials in Scotland
(https://www.sgn.co.uk/H100Fife)

— Evidence supporting H100 trials is currently being reviewed by HSE
— Proposed to purge mains using indirect purging with nitrogen



https://hydelta.nl/
https://www.sgn.co.uk/H100Fife
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Related standards

= European Industrial Gas Association (EIGA) Doc 121/14.

— “Nitrogen or other inert gas shall be used to purge hydrogen from the pipeline
before loosening or disconnecting flanges, instruments, etc. Dead ended legs of
the pipeline system that cannot be swept by nitrogen shall be pressure purged.
The number of pressure purging cycles shall be evaluated for each specific job.”

= ASME B31.12 code on Hydrogen Piping and Pipelines

— “Before cutting by torch or welding on a line that may contain a mixture of
hydrogen and air, it shall be made safe by displacing the mixture with hydrogen,
air, or an inert gas. Caution must be taken when using an inert gas to provide
adequate ventilation for all workers in the area.”



PROTECTING PEOPLE ¢\
AND PLACES HSE

H21 Experimental Programme

= Two series of experiments at the DNV Spadeadam test site

1. "Microgrid” network of interconnected PE pipelines from 63 mm to 630 mm in diameter,
and lengths of a few tens of metres with parts operating at LP, MP and IP pressures

1 fgi cE
/ 3
)},’/i E% mé Eg E o E g ~ E © g E @ E ~ E
— Designed primarily for various operational and demonstration / N A IR
purposes (not principally for purging measurements) 2| LA _TE} b ) ;%: i
; 3. 4 ’5'5‘;,. . 14 41 L 16 -;'.*IT
— No direct measurements of concentration within the pipelines ""
— Purging conditions inferred from pressure drop measurements and e
concentrations measured at the vent exit |
mages © DNV

https://h21.green/news/hydrogen-testing-on-the-h21-microgrid-has-begun/

© Crown Copyright HSE 2023
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H21 Experimental Programme

2. Dedicated pipeline purging rig: two straight 100 m lengths of PE pipe with diameters of
125 mm and 315 mm

= 32 tests including both direct and indirect purges (with nitrogen) of both hydrogen and
natural gas, commissioning and decommissioning purges, and conversion-style purges
from natural gas to hydrogen

= Range of purging velocities corresponding to Froude numbers ranging from 0.3 to 1.3
= Concentrations measured at top and bottom of pipeline to assess stratification

Images © DNV

© Crown Copyright HSE 2023
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H21 Experimental Programme

Analysis of experimental data completed in June 2023

Results indicated that hydrogen did not stratify at low velocities, I.e., at low Froude
number and low Reynolds numbers

Results appear to be consistent with findings from HyDelta and HyPurge experiments
Postulated that this effect is due to high molecular diffusivity of hydrogen

Methane, CH, Hydrogen, H
Molecular diffusivity in air (cm?/s) 0.196 0.611

Final report on H21 purging work submitted as evidence for regulatory review to
support future procedures used In hydrogen village trial
https://www.redcarhydrogencommunity.co.uk/

Currently awaiting feedback from HSE reqgulatory review
Report to be published in due course on https://h21.green/
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Molecular diffusivity effects

Preliminary analysis: one-dimensional molecular diffusion

oc 0%C
ot  0x2
. ] _ _ t
Key parameter controlling the rate of diffusion is: Dﬁ

If it takes 10 seconds to reach uniform concentrations in the 50 mm space, and the 200 mm

space Is 4 times larger than the 50 mm space, then since x Is squared, the time taken to reach
uniform concentrations in the 200 mm space is not just 4 times longer but 4% = 16 times longer,

l.e., 160 seconds

Methane — Air Hydrogen — Air

1.2 1.2

© Crown Copyright HSE 2023
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Future Work

= Mathematical model for purging of natural gas previously developed for British
Gas In the 1990s did not take into account molecular diffusion effects

= Recent experiments indicate that these effects improve the efficiency of hydrogen
purging, especially in small diameter pipelines

= Useful to develop a new purging model that accounts for molecular diffusion to
Improve our understanding of the physics and enable results to be extrapolated
from purging experiments to wider range of cases

= Model could also be used to explore use of direct purging for hydrogen

= Aim to partner with stratified flows research group at the University of Cambridge

— High-performance computing
— World-class laboratory facllities

http://www.damtp.cam.ac.uk/use
r/pfl4/Publications 2 files/56hid

96.pdf

© Crown Copyright HSE 2023
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Conclusions

Reviewed scientific basis of current natural gas distribution pipeline
purging practice
Examined implications of switching to hydrogen

Concluded that indirect purging with nitrogen Is necessary, at least in the
Immediate future for hydrogen trials

H21 experiments undertaken to support development of new purging
procedures for hydrogen: final reports to be published soon

Tests Indicated that hydrogen does not stratify at low purging velocities
Future work to examine the impact of molecular diffusion effects
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Thank you for listening

= Contact: simon.gant@hse.gov.uk

= This report and the work it describes were undertaken by the Health and Safety Executive
(HSE) under contract to Northern Gas Networks (NGN). Its contents, including any opinions
and/or conclusions expressed or recommendations made, do not supersede current HSE policy
or guidance

= Many thanks to co-authors: Ann Halford, Simon Coldrick, Dan Allason, Clara Huéscar Medina,
Jonathan Hall, Russ Oxley, Ryan Mallinder, Nell Travers, Stuart Dalziel, Paul Linden

= Also, thanks for useful correspondence during the project from: John Roach (BOC-Linde), Derek
Miller (Air Products), Simon Jallais (Air Liquide), Lal Kam (Town Gas), Les Harris (WWU and
previous chair of the IGEM/SR/22 panel), Sikander Mahmood and Kevin White (Cadent), Nancy
Thomson and Innes Maclver (SGN), Andy Durber (Blue Flame), Dave Lander (Dave Lander
Consulting) and Chris Lea (Lea CFD Associates Ltd).

© Crown Copyright HSE 2023
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