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Background

= Climate change: UK to bring all greenhouse gas emissions to net
zero by 2050 (Rt Hon Chris Skidmore, BEIS, 27 June 2019)

= Several ongoing projects investigating if it is technically feasible
and safe to replace natural gas with hydrogen in the gas network,
In commercial/residential buildings and gas appliances

Existing gas

network

— HyDeploy: 20% hydrogen in natural gas
— H21: 100% hydrogen }

— H100: 100% hydrogen in a new gas network

— Hy4Heat: hydrogen appliances, gas quality criteria, meters

© Crown Copyright HSE 2020



RESEARCH AND ¢y
GUIDANCE FROM HSE

Aims

To address the following questions:

= Does hydrogen leak more than natural gas?
— If so, by how much?

= \What is its effect on the size of the flammable cloud?

= What are the implications for gas industry procedures,
like IGE/UP/17?

© Crown Copyright HSE 2020
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Gas Properties
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=== GasVLe model predictions using the Wilke-Brokaw formula with the Dean-Stiel density correction

https://www.dnvgl.com/services/gasvie-8331

— Davidson, T.A. (1993) A simple and accurate method for calculating viscosity of gaseous mixtures, Report of Investigations 9456,
US Bureau of Mines. https://stacks.cdc.gov/view/cdc/10045/cdc_10045 DS1.pdf

m Kobayashi, Y., Kurokawa, A. and Hirata, M. (2007) Viscosity measurement of hydrogen-methane mixed gas for future energy
systems, Journal of Thermal Science and Technology, 2(2), p236-244. https://doi.org/10.1299/jtst.2.236,
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Gas Properties

Flammability Limit (% v/v)
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Sources:

https://encyclopedia.airliguide.com

https://webbook.nist.gov
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Coward, H.F. and Jones, G.W. (1952) Limits of flammability of gases and vapors, US Bureau of Mines Bulletin 503
https://apps.dtic.mil/dtic/tr/fulltext/u2/701575.pdf
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Release Rate
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A COMPARISON OF H,, CH; AND C;Hy FUEL LEAKAGE IN
RESIDENTIAL SETTINGS

M. R. SwaIN and M. N. Swain
Department of Mechanical Engineering, University of Miami, Coral Gables, FL 33124, 1.5 AL

{Received for publication 19 May 1992)

Abstract—One of the boundary conditions for modeling gas cloud motion from 2 residential gas leak is the leakage rate
ai the source of the clowud, The literature presenis estimates of the leakage rate of hydrogen relative to methane or propane
hased on diffusion, laminar flow and wrbelent flow. These three methods vield significantly different values for the
relative leakage raie of hydrogen. An experimenial study was therefore conducied 1o measure the relutive leakage rate of
hydrogen compared with methane or propeane for various leaks. The resubts from the experimental study were used as input
to a computer model to predict combustible gas cloud size and motion in residential kitchens

INTRODUCTION

Present concern about possible changes in climate due 1o
the greenhouse effect has renewed interest in the use of
hydrogen as a fuel, The analysis presented here was made
to compare hydrogen leakage, from premise fuel lines
(residential gas distribution systems), with that of methane
or propane. Gas leakage in premise fuel lines increases
energy consumption and sets the stage for accidental com-
bustion,

where A is the cross-sectional area of the leak, [2is the dif-
fusion constant of the gas, and 8c/dx is the concentration
gradient. If we compare the leakage rate of hydrogen with
that of methane, using diffusion, the area for leakage is the
same for both gases (same leak) and dc/dx is defined by the
length of the leak pathway which remains the same for each
gas. Therefore, the ratio of molar flow rates between
hydrogen and methane would be:

https://doi.org/10.1016/0360-3199(92)90025-R
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Laminar and Turbulent Flow

Water
N Reynolds number
Dye o
Laminar flow _ pUD p DenSity
Re = u U Velocity
D Pipe diameter
:-:L\‘ p Dynamic viscosity
SRR
V’
Turbulent flow

Re < 2000 Laminar

|: 2000 < Re < 4000 Transitional
V 2 25Z8335
Re > 4000 Turbulent

Turbulent flow (observed with an electric spark)

https://en.wikipedia.org/wiki/Osborne Reynolds

© Crown Copyright HSE 2020
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Release Rate

Laminar
APrDA AP Pressure drop
) _ T D Leak diameter
Volume flow rate Viaminar = T587,; L I Leak path length

u  Dynamic viscosity

For the same pressure, leak diameter and leak length:

VHZ _ HcHa _ 1.1 X 10_5 _
VCH4 - 283 8) - 8.7 X 10_6 -

1.23

Source:

Swain, M.R. and Swain, M.N. (1992) A comparison of H,, CH, and C;Hg fuel leakage in residential
settings, Int. J. Hydrogen Energy, 17(10), p807-815. https://d0oi.org/10.1016/0360-3199(92)90025-R

© Crown Copyright HSE 2020


https://doi.org/10.1016/0360-3199(92)90025-R

RESEARCH AND
GUIDANCE FROM HSE

Release Rate

Turbulent

D25\AP AP Pressure drop

Volume flow rate Veurbutent = 0.354m —— D Leak diameter
JfLp Friction factor

f
L Leak path length
p Density

For the same pressure, leak diameter and leak length :
VHZ _ PcH4 _ Mcpa _ E — 93
Vcra PH? My, 2

Swain, M.R. and Swain, M.N. (1992) A comparison of H,, CH, and C;Hg fuel leakage in residential
settings, Int. J. Hydrogen Energy, 17(10), p807-815. https://d0oi.org/10.1016/0360-3199(92)90025-R

Source:
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Release Rate

Subsonic, below approx. 0.9 barg ¢, Discharge coeff.

Leak area
Pressure (abs.)
Molecular mass
Compressibility
Ideal gas const.
Temperature
Ratio of specific
heat capacity

* iy = M 2y [ _ (Fatm
Mass flow rate m—CdAP\/ZRT(y_l) 1 ( )

/N
X

®
3

N————"
Uy
~
~<

N ~SINZTU

For the same pressure, leak diameter and leak length:

r
2
1.000 |— = 0.35 forP = 21 mbar T
Mua _ c [ Muz _ < «} 16 9 <—_ Gas distribution
Mena subsonic Mcya \/? pressure
1.026 [—— =0.36 for P = 0.9 barg
16
Choke pressure

*Source:

BS EN 60079-10-1. Explosive atmospheres, Part 10-1: Classification of areas — Explosive gas
atmospheres, BSI Standards Publication, ISBN 978 0 580 96948 5, 2015.
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Release Rate

Choked, above approx. 0.9 barg

C; Discharge coeff.

Ideal gas const.
Temperature
Ratio of specific
heat capacity

A Leak area
P Pressure (abs.)
M/ 2 \@D/G-D M Molecular mass
Mass flow rate* m = CdAP\/)/ 7RT (V n 1> Z Compressibility
R
T
14

For the same pressure, leak diameter and leak length:

mHZ MHZ 2
=C ’— = 1.025 /— = (0.36

*Source:

BS EN 60079-10-1. Explosive atmospheres, Part 10-1: Classification of areas — Explosive gas
atmospheres, BSI Standards Publication, ISBN 978 0 580 96948 5, 2015.
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Release Rate

Converting between volume, mass and energy

m M., V 2
Mass _H2 _ H2 TH2 _ 7 193 =015
Mega  Mepga Veya 16

' v 285.8
Energy _QHZ — Qnz _H2 1.23 = 0.40 Q Heat of
Qcua QcnaVeys 8908 combustion

* “Gross” heats of combustion used here, i.e. water produced in the combustion
reaction is condensed into liquid, and the heat of combustion value accounts
for the resulting release of latent heat

* To calculate the heat released in a fire, it is more appropriate to use the “net”
heat of combustion, which is 5 — 15% lower, since water remains as vapour in
that case. Also need to consider combustion efficiency and radiative heat
fraction. Such analysis is left for future work

© Crown Copyright HSE 2020
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Volumetric Release Rate
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Ratio of hydrogen blend to
methane volumetric flow rate
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Mass Release Rate
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Energy Release Rate
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Dispersion
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ISBN 0-08-024772-5

VERTICAL TURBULENT
BUOYANT JETS

A Review of Experimental Data

By CofY D -
CHING JEN CHEN

lowa Institute of Hydraulic Research
The University of lowa, lowa City, lowa 52242, U.S.A.
And

WOLFGANG RODI

Sonderforschungsbereich 80
Universitdt Karlsruhe, Karlsruhe, Germany
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Dispersion

Jets k  Model constant

2 po Gas density
X pg, Air density
D Leak diameter
x Axial distance

Gas concentration (Po)
. y=k
(mass fraction)

Distance to LFL for hydrogen
Distance to LFL for methane

1 1 1
XH2 _ (PHz )23’6114 _ (MHZ >2yCH4 _ ( 2 )2 2.8 _ 35
XCH4 PcHa) YH2 Mcha) Yu2 16/ 0.29 .

LFLs expressed as
mass fractions (% w/w)

rown Copyright HSE 2020
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Intermediate Jet-Plume

= 5
: 16 _2 Fr
Gas concentration .. _ 4 4. 8<P0> (ﬁ) 3 A
(volume fraction) Pa D 0,
X
D
Ug
g
Buoyant plumes
1 5

Gas concentration ¢* = 9.35Fr3 <P0> (_)‘5
(volume fraction)

rown Copyright HSE 2020

PoUg

Fr =
9D (pg — po)

Froude number
Gas density

Air density

Axial distance
Leak diameter

Exit velocity
Gravitational accel.
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Dispersion

B. C. R. EWWAN AND K. MOODIE

For choked jet releases

BOUNDARY

N REFLECTED

Effective source SHOCK

/ diameter, D¢ ¢
1

Po\? Desr
Pa) X+ a

Gas concentration
(mass fraction) y = k(

Effective source LINE
offset distance, a :

1.) Birch, A.D., Hughes, D.J., Swaffield, F., 1987. Velocity decay of high pressure jets,
Combust. Sci. and Tech. 52, 161-171, https://doi.org/10.1080/00102208708952575

1
D P [Pam\r+1) (CE+D)

2.) Ewan, B.C.R and Moodie, K., 1986. Structure and velocity measurements in underexpanded

jets, Combust. Sci. and Tech. 45, 275-288, https://doi.org/10.1080/00102208608923857
1

1 Y
D P, \?2 2 \r-1
D P, Y +1

© Crown Copyright HSE 2020
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Dispersion

Factor of 3.5 increase
in distance to 50% LFL

/ for pure hydrogen
relative to methane

/ ——Jet (subsonic)

/ / ----Jet (choked, 7 barg)
/ ------- Jet (choked, 85 barg)

»
o

w
w

w
o

N
()

Ratio of hydrogen blend to methane
distance to 50% LFL , x,, / Xci
N
o

1.5 ——Intermediate Jet-Plume
10 |—— —Plume
0.5
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Hydrogen volume fraction, f,,
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Pressure (barg)

Pressure (barg)
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When is it a jet or a plume?
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Quadvent model
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Quadvent 2

Publications and

Products o - )
Building on the success of the original Quadvent - a software tool that accurately calculates the gas cloud volume V, for the classification of

hazardous areas - HSE is pleased to announce an updated and improved version: Quadvent 2.

Read about how Quadvent 2 can support your hazardous area classification in our white paper.

Training and
Events

@uadvent

Monitoring

Research and .
Consultancy What is Quadvent 2?

Under the requirements of the Dangerous Substances and Explosive Atmospheres Regulations 2002 ', an organisation must identify and
classify areas of the workplace where explosive atmospheres may occur.

Historically, he gas cloud volume V- required for area classification had 1o be estimated using a methodology defined in BS EN 60079:10-1
(2009).

https://www.hsl.gov.uk/publications-and-products/quadvent-2

Webber, D.M., lvings, M.J. and Santon, R.C., 2011. Ventilation theory and dispersion modelling
applied to hazardous area classification, J. Loss Prev. Process Ind. 24(5), 612-621.
https://doi.org/10.1016/}.jlp.2011.04.002

© Crown Copyright HSE 2020
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Comparison to Quadvent model

Hydrogen, 100% LFL

Hydrogen, 50% LFL

” \ \ Poi
: @< N | oint A
: . JET INTER- ,% : . JET INTER- A PLUME Q‘Jadvent
% ) MEDIATE % ) MEDIATf/,f / Pressure = 10 barg - A

AT Orifice diameter = 0.1 mm

U;]rifice Di;:neter (ml)
\\“::::‘“: E | N \“‘.::‘:\‘: _ 100% LFL 50% LFL
| X INTER- 3 T . JET INTER- A
MEDIATE -~ 3 MEDIATE .
| / . / o . ome Hydrogen distance (X,) 0.11m 0.22m
" PLUME ]
O 001 “©

o oaeter S o Methane distance 0.030 m 0.062 m
(Xcha)

Ratio of hydrogen to 3.6 3.6
methane distances

(Xp2/Xcha)

(bakg)

00001 0.001

© Crown Copyright HSE 2020
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Comparison to Quadvent model
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Hydrogen, 100% LFL

\

Hydrogen, 50% LFL

Point A

00001

0.001

©

001 01 1
Orifice Diameter (m)

. JET INTER- X PLUME s .
MEDIATE .~ E
01 @"' t £
" 10 100

JET INTER- \*
MEDIATE -~
& o1 ’,/‘/®

Pressure = 10 barg

Methane, 50% LFL

(Juadvent

Orifice diameter = 0.1 mm

0.11 m 0.22m
0.030 m 0.062 m

3.6 3.6

| % MED'ATE i / ® MEDT;"’;:UME Hydrogen distance (Xy,)
©/,,»' PLUME - ©
: Orifice Diameter (m) » » Orifice Diameter (m) Methane distance
(Xcha)
0 Ratio of hydrogen to
/ methane distances
(Xpp/Xcha)
S
f_,«#/ / .......
&/__/ . .
Chen and Rodi (1980) for jets
gives (Xyo/Xcys) = 3.5t0 3.6
0 0.2 0.4 0.6 0.8 1

Hydrogen volume fraction, f,,,
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Comparison to Quadvent model

-

ressure (barg)

Hydrogen, 100% LFL Hydrogen, 50% LFL

W 4 N POi
¥ e oint B
INTER- * PLUME g L JET INTER- M i advent
- O Pressure = 0.1 barg Qu

Orifice diameter = 100 mm

©

001 01 1
Orifice Diameter (m)

w
tn

w
o

N
n

N
=)

Hydrogen distance (Xy,) 34 m 57 m
o
orfce dlametr () orfce lametr () Methane distance 12 m 23 m
(Xcha)
Ratio of hydrogen to 2.9 2.4
methane distances
//' —Jet (subsonic) (XHZ/XCH4)

----Jet (choked, 7 barg)

=
tn

/ / ------- Jet (choked, 85 barg)

g
o
|

distance to 50% LFL , Xy, / Xcua

o
n

Ratio of hydrogen blend to methane

o
o

/:-:““/{f/ iate Jet-Plume
Chen and Rodi (1980) for intermediate
and plumes gives (X ,/Xcpq) = 2.3 10 1.5

Hydrogen volume fraction, f,,,
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Comparison to Quadvent model

€}

. JET

Hydrogen, 100% LFL

INTER- A PLUME
MEDIATE
@"' 1 E 01

©
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Orifice Diameter (m)
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Hydrogen volume fraction, f,,,
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MEDIATE -

A PLUME

Foint & Quadvent

Pressure = 0.01 barg
Orifice diameter = 500 mm

—Jet (subsonic)

Hydrogen distance (Xy,) 93 m 146 m
Methane distance 49 m 84 m
(Xcha)

Ratio of hydrogen to 1.9 1.7
methane distances

(Xpi2/Xcpia)

----Jet (choked, 7 barg)
------- Jet (choked, 85 barg)

iate Jet-Plume

Chen and Rodi (1980) for plumes and
intermediate gives (Xy,/Xcp,) = 1.510 2.3
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Comparison to Quadvent model

/ Conclusion: \

« Quadvent gives similar results to the Chen
and Rodi (1980) correlations for the limiting
conditions of momentum-dominated jets and
buoyancy-dominated plumes

* Independent check supports the earlier
\_  analysis using empirical correlations -/
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Gas accumulation models

NaturalHy project

~

Gas-air mixture

—3 | €—
\ Qplume g

|

e—

Gas jet
Qrelease

rele

-—
]

Lowesmith, B.J., Hankinson, G., Spataru, C. and
Stobhart, M. (2009) Gas build-up in a domestic
property following releases of methane/hydrogen
mixtures, Int. J. Hydrogen Energy, 34(14), p5932-

5939.

https://repository.lboro.ac.uk/articles/Gas build-

up in a domestic property following releases of

methane hydrogen mixtures/9242582

© Crown Copyright HSE 2020
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O.upper

Ventilation

openings

Qlower

Gas-air mixture

Air

Qlower

HSE simplified model:
* Fully-mixed upper layer
* No jet model

* No wind: buoyancy drives
flow


https://repository.lboro.ac.uk/articles/Gas_build-up_in_a_domestic_property_following_releases_of_methane_hydrogen_mixtures/9242582
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Institution of
g.lfngineers £ Managers
Utilization Procedures Founded 1863
IGE/UP/1 Edition 2 Royal Charter 1929
Reprint with Amendments Patron
August 2005 Her Majesty the Queen

Communication 1716

Strength testing, tightness testing and
direct purging of industrial and commercial
gas installations

https://www.igem.org.uk/technical-services/technical-
gas-standards/utilisation/ige-up-1-edition-2-a-2005-
strength-testing-tightness-testing-direct-purging-of-
industrial-and-commercial-gas-installations/

© Crown Copyright HSE 2020
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IGE/UP/1

IGEfUP/1 Edition 2 - Reprint with Amendments. August 2005
5.5 MAXIMUM PERMITTED LEAK RATE (MPLR)

MPLR. is the maximum permitted leak rate of the operating gas when the
pipework is at OP. For a new installation, MPLR is a fixed value dependent only
on the operating gas and is based on an energy release rate of 0.054 MJh™.
Hence, MPLR for other gases not included in the tables can be calculated (see
A4.1). The tightness test may use a different test gas and/or be at a pressure
other than OP. Both of these will affect the measured leakage. The tables
included in this section account for this for the common range of fuel gases and
specified test pressures. Separate calculations would be needed for other gases
or different pressures (see Appendix 4 or 5).

5.5.1 Mew installations and extensions

MPLR as shown in Table 7 shall apply irrespective of the location of the
pipework.

Naote: The prescribed test procedures will be capable of detecting the leakage rates shown.

GAS TYPE MPLR (m*h™)
at OP
NATURAL 0.0014
BUTANE 0.00044
PROPANE 0.00057

LPG/AIR (SNG) | 0.0013
LPG/AIR (SMG) | 0.0021
COAL GAS 0.0029

TAEBLE 7 - MPLR (NEW INSTALLATIONS AND EXTENSIONS)

© Crown Copyright HSE 2020
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IGE/UP/1

Based on previous analysis, can we answer these
guestions?
1. Isaleak of gas at the MPLR laminar or turbulent?

2. For an installation with a natural gas leak equal to the MPLR,
how would the leak rate change if the gas was switched to
hydrogen? What would be the implications in terms of
flammable cloud size?

3. The MPLR for different gases is based on equivalent energy
content (in MJ/hr). What would be the MPLR for hydrogen using
this approach? What would be the implications in terms of the
flammable cloud size?

© Crown Copyright HSE 2020
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Is the MPLR Laminar or Turbulent?

Methane MPLR volumetric flow rate 0.0014 m3/hr

Laminar flow calculation

_ Methane MPLR hole diameter* 0.095 mm

Methane MPLR Reynolds number 330
Subsonic flow calculation
Methane MPLR hole diameter 0.080 mm

_ Methane MPLR Reynolds number 395

Assumed pressure = 21 mbarg

APED* 2},/ (y 1)/y P Y
Viaminar = m Msubsonic = CdAP ZRT( P )

Conclusion: Flow through leak is laminar

© Crown Copyright HSE 2020
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Volumetric Release Rate

3.5

¢
2.5 4

2 = — - Choked
1.5 - ===-Subsonic

1 Lo ===""" I PP Turbulent
0.5 //
0
0 0.2 0.4 0.6 0.8 1
Hydrogen volume fraction, f,,

Laminar

Ratio of hydrogen blend to
methane volumetric flow rate
[ Y
kY

Volume flow rate unchanged with up to 70% hydrogen
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IGE/UP/1: Scenario 1 calculations

w
n

w

Scenario 1

g
n
S

N
S

= = Choked

il _ Flow rates calculated using 0.095 mm

----Subsonic

P B T, Turbuler hole size that gives MPLR flow rate for
emner methane at pressure of 21 mbarg

\

E

o©
n

Ratio of hydrogen blend to
methane volumetric flow rate

o

o

0.2 0.4 0.6 0.8 1
Hydrogen volume fraction, f;,

20% 50% 100%
Hydrogen Hydrogen Hydrogen

Lower flammability I|m|t (% v/v)

Volumetric flow rate for the hole

diameter calculated for the

methane MPLR (0.095 mm) 0.0014 0.0014 0.0014 0.0017
assuming laminar flow (m3/hr) and

pressure of 21 mbarg
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Gas Accumulation Results (Scenario 1)

Flow rates calculated using 0.095 mm hole size that gives
MPLR flow rate for methane (pressure = 21 mbarg)

&
— 120%
Ll
—

1m 45 100%
8 ——100% H2 (0.0017 m3/hr)
B0 oo — ——50% H2 (0.0014 m3/hr

. S 80% /____7 o ( )
S ——20% H2 (0.0014 m3/hr)
60% A
v \l, g / —Methane MPLR (0.0014 m3/hr)

o

40%
05m / o /
0.05 mm wide

0%
opening top and 0 5 10 15 20 25
bottom Time (hours)

Conclusion: for gas installations tested to IGE/UP/1 with
natural gas, the calculation shows there is no increased risk of

forming a flammable cloud from adding 20% or 50% hydrogen
into natural gas

Gas leak in
metering cupboard

© Crown Copyright HSE 2020
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IGE/UP/1: Scenario 2 calculations

Scenario 2

IGE/UP/1 Edition 2 - Reprint with Amendments. August 2005

Calculate flow rates from 0.054 MJ/hr

5.5 MAXIMUM PERMITTED LEAK RATE (MPLR)

MPLR is the maximum permitted leak rate of the operating gas when the
pipework is at OP. For a new installation, MPLR is a fixed value dependent on
on the operating gas and is based on an energy release rate n
Hence, MPLR for other gases not included in the tables can be calculated (see
A4.1). The tightness test may use a different test gas and/or be at a pressure

H dro oen H dro oen Hydrogen
4.0

| Lower flammability limit (% v/v) |

Gross heat of combustion (MJ/m?3) 37.7 32.6 24.9 12.1

Volumetric flow rate that gives an
energy flow rate of 0.054 MJ/hr 0.0014 0.0017 0.0022 0.0045

(m3/hr) — Scenario 2

\ S

Increased flow rates with increased
hydrogen content due to low heat of
combustion per unit volume for hydrogen
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Gas Accumulation Results (Scenario 2)

Flow rates calculated using MPLR energy
release rate of 0.054 MJ/hr

1/m 180%
160% =l
A ~
1‘ __140% £
X /’
— ’
o 120% !
!

"l_—l 100% .'I -------------------------

1m 8 ° ] U ----100% H2 (0.0045 m3/hr)

Qo ?j 80% ," ’,"’ — """'::_: --=-50% H2 (0.0022 m3/hr)
] -
c i A L7 _— -==-20% H2 (0.0017 m3/hr)
8 0% i
v \l, o i/ ,/ Methane MPLR (0.0014 m3/hr)
o 40% ," l”t//
] Y4
7 7
0.5m 20% 1/
[/
0.05 mm wide

opening top and 0 5 10 15 20 25
bottom Time (hours)

Conclusion: increased risk of forming a flammable cloud if

Gas leak in hydrogen blend MPLR is calculated from 0.054 MJ/hr

metering cupboard
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IGE/UP/1: Scenario 3 calculations

Scenario 3

GAS TYPE MPLR (mi Y

| . .
NATURAL 0.0014 ] What would happen if we fixed the
S S MPLR for hydrogen blends to be the
LPG/AIR (SNG) | 0.0013 same as that for natural gas
LPG/AIR (SMG) | D.0021 .
COAL GAS 0.0029 (i.,e. 0.0014 m3/hr)?

TABLE 7 - MPLR (NEW INSTALLATIONS AND EXTENSIONS)

H dro oen H dro oen H dro oen

| Lower flammability limit (% v/v) |
Volumetric flow rate that gives an

energy flow rate of 0.054 MJ/hr 0.0014 0.0014 0.0014 0.0014
(m3/hr) — Scenario 2

© Crown Copyright HSE 2020
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Gas Accumulation Results (Scenario 3)

No increased risk of
producing flammable

/ cloud

Flow rates all set to 0.0014 m3/hr
(the current MPLR for natural gas)

1 m 180%
/ oo / Hydrogen‘”Ch
A T / clouds are more
. 140% .
S // buoyant, producing
= 12 / higher ventilation
1m :,5, 100% / flow rates and lower
(5] o 80% — concentrations
Q
\l, & ——100% H2 (0.0014 m3/hr)
40% | ——50% H2 (0.0014 m3/hr)
0.5 20% - ——20% H2 (0.0014 m3/hr)
0.05 mm wide - —Methane MPLR (0.0014 m3/hr)
opening top and 0 5 10 15 20 25
bottom Time (hours)

Is the solution to make the MPLR for hydrogen blends
equal to the MPLR for natural gas on a volumetric (not
energy) basis, equal to 0.0014 m3/hr?

Gas leak in
metering cupboard

© Crown Copyright HSE 2020
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Conclusions

The aim of this work was address the following questions:

= Does hydrogen leak more than natural gas?
— If so, by how much?
= What is its effect on the size of the flammable cloud?

= What are the implications for procedures, like
IGE/UP/1?

© Crown Copyright HSE 2020
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Conclusions

Does hydrogen leak more than natural gas?

* Laminar leaks:
— Blends < 70% v/v hydrogen, no change in volume flow rate
— Blends > 70% v/v hydrogen, increase up to factor of 1.23 for pure hydrogen

* Turbulent/choked/subsonic leaks:
— Increase in volume flow rate up to factor of 2.8 for pure hydrogen

w
n

W

o
n
ey

N
A
\

- - = Choked

====Subsonic

\

—‘
e

-
e I PR Turbulent

Laminar

|

o
(o

Ratio of hydrogen blend to
methane volumetric flow rate
Y
%

o
o

0.2 0.4 0.6 0.8 1
Hydrogen volume fraction, f,
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Conclusions

What is its effect on the size of the flammable cloud?

* For free vertical releases, an increased size of flammable cloud

relative to natural gas _
Factor of 3.5 increase

in distance to 50% LFL

/

4.0

W
n

N w
w o

——Jet (subsonic)
// / ----Jet (choked, 7 barg)
S - R Jet (choked, 85 barg)

\
\

distance to 50% LFL , x,, / X4
N
o

Ratio of hydrogen blend to methane

e e ——Intermediate Jet-Plume
/
1.0 _.-éé — | ——Plume
0.5
0.0
0 0.2 0.4 0.6 0.8 1

Hydrogen volume fraction, f,,,
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Conclusions

What are the implications for procedures, like IGE/UP/1?

* For gas installations tested to IGE/UP/1 with natural gas, the gas
accumulation model gave no increased risk of forming a flammable
cloud from adding 20% or 50% hydrogen into natural gas

* If the MPLR for hydrogen is defined using an energy flow rate of
0.054 MJ/hr there is an increased risk of producing flammable clouds

* If the MPLR for hydrogen is defined as the same volume flow rate as
natural gas (0.0014 m3/hr), there is no increased risk of producing a
flammable cloud (including blends with up to 100% hydrogen)

GAS TYPE MPLR (m*h™)
at OP .
NATURAL 0.0018 =1—— Solution:
BUTANE 0.00044 Hydrogen 0.0014 m3/hr?

PROPANE 0.00057
LPG/AIR (SNG) | 0.0013
LPG/AIR (SMG) | 0.0021
COAL GAS 0.0029

TABLE 7 - MPLR (NEW INSTALLATIONS AND EXTENSIONS)
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Thank you

Any questions?

For a copy of HSE Research Report RR1169, please
contact: simon.gant@hse.gov.uk
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Ratio of specific heat capacities

35 __60
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g S ® o 40
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® 5 15 ydrogen © 2 ydrogen
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a5 2 8
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o 0 8 0
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2
1.8
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® 16
[}
£ — °Cf bbook
L — Data at 15 °C from NIST webboo
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o
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0.2
0
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When is the flow laminar or turbulent?

0.6 . 06
i c
S Eos ™ E 05 ——
v £04 6 Eos
5 303 ~___ % £03
2 == /_..—-
% T 0.2 I — _E Q -
£ g 5 202 -
x .S @2 //
_— x
1]
0.0 S 00
20 40 60 80 0 1 2 3 4 5
Pressure, AP (mbar) Flow Path Length, L (mm)
Assuming leak flow path length of L =5 mm Assuming pressure of P = 21 mbarg

Maximum limiting hole diameters for laminar flow: == hydrogen, == methane

Conclusion: hydrogen more likely to produce laminar flow than methane
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Ratio of distance to 100% LFL and 50% LFL, using Birch et al.

(1987) and Ewan & Moodie (1986) models for choked releases

Birch et al. (1987) Ewan & Moodie (1986)

4.0 4.0
[} Q
E 3.5 . E 35 :
T 3 R /
g F3.0 / £ 530
g~ o~ /
= 4 = P i

100% T F25 / § 225 ——Jet (subsonic)
a2 / / s / / ----Jet (choked, 7 barg)
) 2520 d
LF L o 2 j/ / g e / / ~~~~~~~ Jet (choked, 85 barg)
2 w15 0 w15 " .
o e S0 - —— Intermediate Jet-Plume
S e ] °
S £ /____.-«" [ S ¢ /
fo B0 ——— £2.0. __é—-'{:;——-—"“/ —Plume
©
o o °
g oS § 05
o
0.0 0.0

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Hydrogen volume fraction, f,, Hydrogen volume fraction, f,,,
4.0 4.0
[} Q
S .35 & 35
s 3 ; £ 3 ;
£330 £330 . .
9 e § VA 7/ Conclusion:
50% T ;25 / 25 /
o [
LEL 2 %20 A S 33, ~ All four
% @ / 7 g @ / ~
£51s B £21s - results
Z g _é&/"’/ zg __.éé_/-;——// .
5 510 5 510 practically
'g T 0.5 ‘9' o 0.5
[v] . © . . .
& & identical
0.0 0.0
© Crown Cc 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Hydrogen volume fraction, f,, Hydrogen volume fraction, f,,,



RESEARCH AND
GUIDANCE FROM HSE

IGE/UP/1

IGEfUP/1 Edition 2 - Reprint with Amendments. August 2005
5.5.2.6 Test criteria

The test criteria given in Table 8 shall be applied.

GAS TYPE MPLR (m® h! (st))
LOCATION OF PIPEWORK
Inadequately | Adequately Adequately
ventilated ventilated ventilated internal
areas internal area area. Volume 60m?®

(Area type A) | volume = 60m’ | or greater, external
rate per m® of exposed, or buried
smallest space (Area type C and D)

volume

(Area type B)
NATURAL 0.0014 0.0005 0.03
BUTANE 0.00044 0.00016 0.0098
PROPANE 0.00057 0.0002 0.0123
LPG/AIR(SNG) 0.0013 0.00046 0.0277
LPG/AIR(SMG) 0.0021 0.00075 0.045
COAL GAS 0.0029 0.001 0.062

TABLE 8 - MPLR (EXISTING INSTALLATIONS) ASSUMING TTP = OP

© Crown Copyright HSE 2020
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Jet Correlation

Concentration
(mass fraction)

Pa/Py
0.66 CO,-air: a [44],v[87]
1.0 smoke - air [48)

1.68 air AT, = 200°C [53]
20 air AT, = 300°C [45)
7.2 He - air [44]

———— similarity law
Acg _ Po 12 D
Aco"Ac' (Po ) X

(with Agy= 5.4)

1
2 -
pa y b) Temperature / concentration decay

Original as it appearsin
Chen and Rodi (1980)

Ratio of hydrogen to
methane distance to LFL

1 1

XH2 _ (pHZ >E YcHa4 _ (MHZ )E YcHa4
XCH4 PcHa) YH2 Mcys) Yu2

© Crown Copyright HSE 2020
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Jet Correlation

Ratio of hydrogen to z Moo \Z
methane distance to LFL TH2 _ <sz> Yot _ ( = ) yeus
XcH4 PcHa) YH2 Mcha) Yu2
Mass fraction y as function of B fMyqas
volume fraction f Y= fMgas + (1 — )My,
Using LFL.,, = 5.0 % v/v (0.05)(16.043) — 0.028

YCHs = 10.05)(16.043) + (1 — 0.05)28.97

Using LFL.,, = 4.4 % v/v _ (0.044)(16.043) B
. YeH = 10.044)(16.043) + (1 — 0.044)28.97 0.025

Using LFL,,, = 4.0 % v/v (0.040)(2.016)

_ = 0.0029
YH2 = 0.040)(2.016) + (1 — 0.040)28.97
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Jet Correlation

Ratio of hydrogen to E 3
methane distance to LFL ZHz (pHZ) YeHs (MHZ ) Yers
XCcH4 Pcu4a) YH2 Mcya) Yu2
) 1
Using LFL.,, = 5.0 % v/v xwz _(2)228 _ .
(in mass terms 2.8 % w/w) Xcpa \16) 029 7
1
. 2\2 2.5
Using LFL, = 4.4 % v/v XH2 _ (2 )T 40
& Htcra v/ Yeme  \16) 029~ >0

(in mass terms 2.5 % w/w)

rown Copyright HSE 2020
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Jet Correlation: Choked

Where did these formulae come from for the flammable cloud size for
choked releases?

Birch et al. (1987)

1 1
XH2 _ (MHZ )2 Verua [ (Vuz) _ (i)zﬁlloz =35
XcHa Mcya) Yuz f(Vena) 16/ 0.29
Ewan & Moodie (1986)
1 YH2 _ YCH4

Mcys Vera + 1| Yuz \Yu2 +1 Yeua + 1

XH?2 [MHZ (Yu2 + 1) FJ’CH4 < 2 )”Hz_l ( 2 YcHa—1
XcH4

© Crown Copyright HSE 2020
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Jet Correlation: Choked
(Birch et al., 1987)

1
Concentration L (P 2 Dosys Concentration offset distance,
(mass fraction) - \p,) x+a a, is small and is ignored
d, Pl 2 |\,
Velocity ratio , rhd \/[Cﬂ}i ;‘ﬁ) Ak
Vs 1 patm< 2 )‘m]
_=Cd+_1_ —yy=1
V2 YCa Py \yr+1 V= P}[Cﬂ+[l-—%(i} ]f}-c”]
A\ y+ 1
4
Critical pressure 2 /ty-1)
B = Pytm m
LEVEL 2— : ‘I\ —
Effective source diameter -
) 1 S N
- 1 2 FIGURE 1 Super-critical gas release.
Derr e, Z(2Y ¢ +—[1 L
D ip\y+1 T yC, P

© Crown Copyright HSE 2020
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Jet Correlation: Choked
(Birch et al., 1987)

Effective source diameter
1 9
o 2HC+1[1PC
1 \y+1 7y, 2

For pressures much higher than the critical pressure (P > F.)
1

Dery
D

1

2
Derr _ Cd£<i>y—1{cd+i[1_0]} 1] Missing y in Birch
b Fa\y +1 vCa et al. (1987) paper
1
Y 2
TR
D ip\y+1 vCy
d_ . J[ﬁ 2]
1 d PP \y+1]  (G+1)]
Derr _ ﬂ(i)y_lL
D 0p,\y +1 (yC2 +1)




RESEARCH AND ¢y
GUIDANCE FROM HSE

Jet Correlation: Choked
(Birch et al., 1987)

Concentration Do
. k
(mass fraction)

N[ =

Effective source diameter D;ff —

P 2 y—-1 Y
P \y+1 (yC:+ 1)

N =

1

2 y-1 Y
y+1 (yCz +1)

Ratio of hydrogen to f(Yy)

methane distance to LFL

1 1

XH2 <MH2 >§yCH4 fVu2) _ < 2 )E 2.8 1.02 = 3.5
Vuz f(Ycua) . .

16

0.29

XCH4 Mcya




Jet Correlation: Choked
(Ewan & Moodie, 1986)
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Concentration
(mass fraction)

Effective source diameter

Exit pressure

Source density

Combined: x =k

rown Copyright HSE 2020

1
P0\2 Desr Concentration offset distance,
k : .
x+a a, is small and is ignored

Thus the equivalent jet diameter may be given by

P\ 05
Deq -_— Dj(‘—"-) .
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Jet Correlation: Choked
(Ewan & Moodie, 1986)

Y
k[pg(y+1) 2DP( 2 >y—1
Pa

y+1

Ratio of hydrogen to
methane distance to LFL

1 YH2 __YCHa

XH2 [MHZ (Vg2 + 1) r y(;H4( 2 )VH2—1< 2 ) YcrHa—1
Mcys Vena + 1| Yuz \Yu2 +1 Yeua + 1

XCcH4
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Plume Correlation

Where did this formula come from for the flammable cloud size for
plumes?

1
3 2 g 1

3
XH2 _ (C&km)S ( Unz )5 (Mair — MCH4) _ (2)5 2 8)% (29 - 16>5 _1c
XCHa4 Crra Ucha Mgir — My 4.0 29 -2
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Buoyant Plume Correlation
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Concentration
(volume fraction)

Froude number

Combined:

© Crown Copyright HSE 2020

(

X

D

) -

1
-2 5
1 p0> 3 /x\"3
C* =9.35Fr3|— —
<pa (D)

Ug

Fr =
gD (pa — po)/po

1 1
9.35 Us

C*

3 P4 3
(gD <pa—po>/po> (%)

w
Uy

Pa Ug

_p <9.35>§< )E
=) \9ploa - po)

=1/3
cx = 9,35 FI/3 ‘o A%k
’ Pa [1)

Original as it appears in
Chen and Rodi (1980)
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Buoyant Plume Correlation

3

1
5 (9.35)§< p U )3
X =
C* ) \gD(pa — po)
Ratio of hydrogen to

methane distance to LFL ; 1
9.35)§< paUZo )5

(%
XH2 Ch2 9D (pa — pu2)
Xcga 3 1
- D (9'35>§ ( PaUCus >
Ceha 9D (pa — pcua)

w
[uny
N

XH2 _ <C§H4>§ (Pa - PCH4>g ( Unz )g
XCHA4 Crra Pa — PH2 Ucha
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Buoyant Plume Correlation

i 3 1 2
Ratio of hyglrogen to Xz (Cu\3 (Pa = pens\ ( Una \3
methane distance to LFL -\t —

XCH4 Pa — PH2 Ucha

Inserting values 3 L

(LFLgya = 5.0 % v/v) XHz _ (0.05)5 (28.97 — 16.043)5 (282 = 15

Xcya \0.04) \ 2897 —2.016

Inserting values 1

_ 5 — 5 2
(LFLCH4 =4.4% V/V) Xy _ 0.044 28.97 — 16.043 (2.82)5 = 1.4
XCHa 0.040 28.97 — 2.016

w

rown Copyright HSE 2020
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Intermediate Jet-Plume Correlation

Where did this formula come from for the flammable cloud size for
intermediate jet-plumes?

4 1 1 1 1

1
XH2 (CEH4>§( Uny >§ (Mair - MCH4>1_O <MCH4>Z B (O.OS)g 2 8)% (29 — 16>1_0 (16)Z 3
XCH4 Criz Ucha Mgir — My My, 0.04 ' 29 -2 2 '

N

© Crown Copyright HSE 2020
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Intermediate Jet-Plume Correlation

Concentration
(volume fraction)

Froude number

Combined:

5)' -

X =

4\5 % 1 \10 1 10 7
20
) ii(5) () @

7

- 5
C* = 4.4Fr <%) 16 (%)_Z

Ug

Fr =
gD (pa — po)/po

5 1 7

44 ( Ug >§ <pa)ﬁ
C*\gD (pa — po)/po) \Po
1

4 1 e
b (4.4)§( Ug )10 <pa>20
¢/ \gD (pa — po)/po) \Po

1 1

(1
Po

[y

j

-7/16

p =5/4
C* = 0.44 F”a(—“) (i)

Pa D

Original as it appears in
Chen and Rodi (1980)
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Intermediate Jet-Plume Correlation

1 1

1 i 1 0 7 (1)\*
20| —
(gD) ((pa — Po)) (Pa) (po>

4 1 1 1
XH2 _ (CEH4>5 ( Un2 )5 (Pa - pCH4>1O (pCH4>4
XCH4 Chz Ucha Pa — PH2 PH2
Inserting values X 0.05\5 1 (28.97 — 16.043\10 (16.043\
- . 1/28. . .
(LFLepyy =5.0% V/V) 5.~ (M) (2.82)5 ( 2897 — 2.016 > ( 2.016 > =43

4 1 1

Inserting values X2 0.044 3( )% 28.97 — 16.043\10 (16.043\% _
(LFLepyy = 4.4 % v/Vv)  xcus \0.040 28.97 — 2.016 2.016

4
5

_>p (4.4) U
X = o

Ratio of hydrogen to
methane distance to LFL

[=NE TN
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When are releases jets or plumes?

Transition from jet to plume is controlled

by parameter, B 1 i
YP 1/ipo\ *x o5 < E1R] 0 i
B Fr 2| — E s 0,

= <5
Pa

=P

B < 0.5 the flow is a momentum-dominated jet
0.5 < B < 5.0 theflowisinan intermediate state between jet and plume
B > 5.0 the flow is a buoyancy-dominated plume

1
Rearrange in terms of distance: b _ Fr_% (@) ‘1
B

Substitute in jet formula: y =54 <@> 2
Pa/ X

1
To give: )= 54 <@>2 [ poUs ] 2 (@>
" \pa/) [9D(pa — Po) Pa

© Crown Copyright HSE 2020
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When are releases jets or plumes?

1 1 1
v=ss(2) [t () '3
Pa) 19D (pa — po) pa) B

Rearrange in terms of release velocity:

1 1

g 24 (@)Z [gD (Pq — po)r
° " yB\p, Do

Equation for subsonic release velocity from BS EN 60079-10-1:
g _CaP | M 2y [1 _ (Patm><y‘””] (Patm>1/y
° " poA  po \ZRT (y — 1) P P

Equate the two equations for the release velocity:

1 1
ﬁ(ﬂ_o)‘* [gD(pa _Po)r _CGaP | M2y [1 - (Patm)@‘””] (Patm)l/y
yB \pq Po po | ZRT (y — 1) P P
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When are releases jets or plumes?

1 1 _
5.4 (P_0>4 [gD(pa - Po)r _GP | M2y ll - (Patm)(y v/ V] (Patm)” Y
yB \pq Po po |ZRT (y — 1) P P
Rearrange for the release diameter as a function of pressure:

2/ N3 2 -1/ 2/
o= [l G2 (%) (&) b - (o) o)™

Hydrogen, 100% LFL

This equation is used to draw

the line for subsonic releases ®
. 8 \
at th.e bounde?ry between jet i INTER- \ PLUME
and intermediate 3 MEDIATE -
£ o @-
B = 0.5 at boundary
. 0.0001 0.001 0.01 0.1 1 10 100

Orifice Diameter (m)
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When are releases jets or plumes?

Now for choked releases, using the Birch et al. (1987) pseudo-source model
1

_1 4
B =Fr 2 <@>
Pa Deff
Rearrange in terms of distance: _1
Deyr 1 <Po> +1
=Fr 2|— —
X Pa B
1
Substitute in choked jet formula: y = 5.4 (@)2 Deyr
Pa X
To give: 1 _1
_ Po | poU§ 2
y=54|—
Pa) 19Derr(Pa = Po)

Rearrange in terms of release velocity: )

F

1
>4 [gDeff(pa - Po)
Po

Po

Pa

(

© Crown Copyright HSE 2020
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When are releases jets or plumes?

1 1
5.4 (Po) [gDeff(pa — po)?

U
°~ yB \pq 0o

Equation for expanded jet velocity from BS EN 60079-10-1:

(y+1)
m CqaP A M 2 \o-1
UO = = )4
PoAerr  Po Aerr | ZRT \y +1
Birch et al. (1987) effective source dilameter: 1 where:
Degy c P/ 2 \r1 ooy 1 [1 PC] - A _ nD?/4 1
p ~ T [Mp\y+1 Ty, P Aesr T[Desz/4 Cors

Equating the velocities:

1 (y+1)
54<p> [gDeff(pa po) C4P M ( 2 )W-l)

Y
yB \p p pO eff ZRT\y +1
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When are releases jets or plumes?

1 (y+1)

54<P0) [gDeff(pa po) CyP M < 2 >W

14
YB \pa p " poC orf | ZRT\y +1

Rearranging the equation into orifice diameter and a function of pressure:
4 1 , o+ ]\

5 1 [ Do (yB)Z (p0> 2( C4P ) M ( 2 >(y—1>
= — Y
Cerr [9(Pa — Po)] \5:4/ \pq pOCeff ZRT \y +1

where:

This equation is used to draw f 10
the line for choked releases

at the boundary between jet
and intermediate

Hydrogen, 100% LFL

INTER- ,‘:‘I. PLUME
MEDIATE ]

J"
®'
P
—”
-

Pressure (barg)

B = 0.5 at boundary

. 0.0001 0.001 0.01 01 1 10 100
© Crown Copyright HSE 2020 i .
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When are releases jets or plumes?

Now for choked releases using the Ewan & Moodie (1986) pseudo-source model

Same derivation as before to give the orifice diameter in terms of pressure

5 1 2 (y+1)
b 1 [ Po ](yB) (po) 2( C4P ) M ( 2 )()’—1)
= - 14
Cerr 19(Pa — Po)|\4.99) \pa) \poClrs) | ZRT\y +1

Note that Ewan and Moodie use k = 4.99 instead of 5.4 in the concentration-decay formula
1
Ewan & Moodie (1986) effective source diameter: Desy _ _ P \?
D~ Cerr =

Patm

: 2\t Pseudo-source densit = L B
Exit pressure: P, = P (ﬁ) Y  Po=Pyg V+ 1

where P is the upstream stagnation pressure

Hydrogen, 100% LFL

where p, is the gas

density at ambient

INTER- A pLUME temperature
MEDIATE ]

-
®
p.
L
4

The above equations are used to draw the
line for choked releases at the boundary
between jet and intermediate

B = 0.5 at boundary

© Crown Copyright HSE 2020 0.0001 0.001 001 01 1 10 100

Orifice Diameter (m)

Pressuréd(barg)
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When are releases jets or plumes?

Why does the trend change at the o Hydrogen, 100% LiL
critical pressure from increasing D N

with P to decreasing D with P?
INTER- X PLUME

% MEDIATE |

Below the critical pressure (P < P..it), the £ o o

boundary between jet and plume is defined B o

by parameter B as follows: e Diameter (m) oo e

-2 B<0.5 jet
poU¢ *x ' 1€ .
B = — 0.5 < B < 5.0 intermediate
gD (pa = po) D B >75.0 plume

Substituting the concenicration decay formula for jets:

y =54 (@)z Deyy
pa) X

The resulting equation rearranged is:

So an increase in pressure, which causes an increase in

Uy = 5.4 <p0> [gD(pa _ pO)r velocity U is balanced by an increase in diameter D and
YB \pq we have the positive slope to the line in the diagram

© Crown Copyright HSE 2020
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When are releases jets or plumes?

Hydrogen, 100% LFL

Above the critical pressure (P > P..;;), the 100
diameter in parameter B becomes the

= 1@
H Eﬂ N
pseudo-source diameter, Dgsy: : = nter- X pLume
2 MEDIATE .~
1 g
= a o1 ®
54 (po gDeff(pa — Po)|?
UO B 0.01 - :
y pa pO 0.0001 0.001 0.01 01 1 10 100

Orifice Diameter (m)

1
Diameter D, is a function of pressure. In the Ewan & Moodie (1986) model D,¢s o< DP2

1
5.4 Po)
U, =c>= (£
0 yB(pa

1 2
9DP2(p, — Po)]
The flow is choked and so U is not a function of pressure . Rearranging the above equation:

Po

1 1 : . .
5 So an increase in pressure P is balanced by a
1 5.4 D — 2
— = <p0> [g (Pa po)] decrease in diameter D, hence the negative
P2 yBUO Pa slope to the line in the diagram

© Crown Copyright HSE 2020
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When are releases jets or plumes?

Is the velocity U really independent of pressure when the flow is choked?

Equation for expanded jet velocity from BS EN 60079-10-1:

(y+1)
m CaP A M 2 \o-1
UO = = y
PoAerr  Po Aerr | ZRT \y +1
Ewan & Moodie (1986) pseudo-source diameter
1 1 Y 2
Dess P, \2 P \2/ 2 \20-D A _ nD? /4 =< D )
D Patm B Patm y+1 Aeff T[Desz/4 Deff

So the area ratio A/A,fy is proportional to 1/P, which cancels the pressure term in the
equation for the pseudo-source velocity, Uy, i.e. the velocity U, is not a function of
pressure

© Crown Copyright HSE 2020
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When are releases jets or plumes?

How is the plume boundary calculated? Hydrogen, 100% LFL

Starting from the parameter B, which takes
a value of 5.0 at the plume boundary

1

1 4 X
B=Fr 2 <@> —
Pa) D

Chen & Rodi (1980) correlation for
concentration decay in plumes:

U0l 0.1 1 100

0.0001 0.001 ,
Orifice Diameter (m)

1

C* = 9.35Fr3 <p—°>_§ (f)_g

Pa
Combining the two equations:

1 41

Fr 2 <@) —

pa) B

1

1 "3
C* =9.35Fr3 (ﬂ)
Pa
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When are releases jets or plumes?

1 "3 41
C* =9.35Fr3 <@) Fr <@) —
Pa Pa B
Rearranging: 4 5 c
2 12 5/(py\ 12(1)3
C* =9.35Fre | — Fr 6| — —
Pa Pa B
5 _1 _3 5
U 2 4 /1\3
s s A A
9D(pa — pPo)] \Pa B
1 3 5

g = 235 [gD(pa = po)r <@>_Z <1>§
o Po pa) \B
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When are releases jets or plumes?

1 3 5
U - 9-35[gD(pa—po) 2(@) 4(1)3
o Po pa) \B

Equation for subsonic release velocity from BS EN 60079-10-1:

U. = m Cd 2)/ [1 (Patm)(y_l)/y] (Patm)l/y
7 poA~ po | ZRT (y— 1) P P

Equating these two equations for the velocity gives:

1 3 5
9.35 [gD(Pa = P2 (Po) * (13 _ CaP 2y [1 (Patm)(y_l)/ y] (Patm)l/ ’
c Po Pa B po ZRT (V - 1) P P

And rearranging:

> 00\ (1\ 3 (CP\Y( M 2y [ Pacm W‘””] I
D_lg(pa po)]<935> (Z) <§> <p0> {ZRT(y—l) 1_< P ) }( P )
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When are releases jets or plumes?

How is the plume boundary calculated when the flow is choked?

Starting from the equation for velocity
presented previously for subsonic plumes, but
using the pseudo-source diameter, D ¢y:

1 3 s
U — 9.35 lgDeff(pa - Po)r (@) 4 <1)3
o Po pa) \B

The equation for the choked flow velocity is:

(y+1)
_CdP 1 M < 2 )(y—l)

Us =

Combining these two equations for the velocity gives:

3 5

C* B

© Crown Copyright HSE 2020

Po

1 —_ —_
9.35 [gDeff(pa - pO)r (@) 4 <l>3 . CqP
Pa

= 0@
)
o JET PLUME
E MEDIATE
o >
& o1 @"
0.01
0.0001 0.001 0.01 0.1 1 10 100
Orifice Diameter (m)
(r+1)
1 M 2 \-D
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When are releases jets or plumes?

1 _3 5 (r+1)
9.35 [gDeff(pa — po)r <p0) 4 <1)3 Cq4P 1 M < 2 >(V—1)
" — ol = Y
C Do Pa B po CZf |" ZRT \y +1
5 (y+1)

1
9Derr(pa —po)|2  C* [po\* (1) 3(CqP 1 M [ 2 \o-D
o ~935\p,) \B po C%,) |V ZRT\y +1

Rearranging using the relation Dgsr = CprsD:

w

2 3 _10 2 (y+1)
= — )|z — 14
Cerf 19(Pa — Po)|\9:35) \pa) \B po Cors ZRT \y +1

The equations presented previously from Birch et al. (1987) or Ewan & Moodie (1986) are
then used for C,¢f in the above expression
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