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KEY MESSAGES 

Hydrogen has the potential to be used as part of decarbonising the future energy system. Hydrogen can 

be used as a fuel ‘vector’ to store and transport low-carbon energy.  

Several UK projects are investigating the potential use of the existing natural gas transmission and 

distribution network to transport either hydrogen, or blends of hydrogen and natural gas, from production 

or storage sites to domestic or commercial appliances, such as boilers,   cookers, fires and ranges. 

Mathematical modelling is important to inform risk assessments to ensure that levels of safety for the 

public are maintained.  

This report describes preliminary mathematical modelling of potential leaks from gas network assets such 

as valves and pipes when hydrogen, or hydrogen blends are transported or used. The research considers 

the potential impact of leak rates and the dispersion behaviour of the gas. It uses published information 

from laboratory-scale experiments.  

A modelling case study is presented to show how this might affect a commonly-used UK gas industry 

procedure for leak tightness testing. This research will be of interest to risk assessment specialists in the 

gas industry.  
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EXECUTIVE SUMMARY 

There is currently significant interest in the UK in using hydrogen both in existing natural gas appliances 

and new hydrogen-ready appliances within residential, commercial and industrial buildings as a means 

of reducing carbon dioxide emissions and meeting climate-change targets. Several ongoing projects are 

investigating the feasibility of supplying hydrogen to properties using either the existing natural gas 

distribution network or a new purpose-built gas network.  

Risk assessment is an important aspect of these projects. As part of the GB Gas Safety (Management) 

Regulations 1996, it must be demonstrated that changes to the gas quality do not prejudice the end users. 

To assess the risks when transitioning to low carbon gases, such as hydrogen, it is necessary to understand 

the likelihood of gas releases occurring and their consequences. This includes assessing leak rates, gas 

dispersion behaviour, ignition potential and the fire and explosion hazards. 

This report presents a preliminary analysis of leak rates and dispersion behaviour of hydrogen-methane 

blends (with up to 100% hydrogen) using established empirical correlations taken from the literature. 

Fundamental properties of hydrogen and hydrogen-methane blends are first presented. The ratio of 

hydrogen to methane leak rates is then calculated across a range of pressures, using equations for laminar, 

turbulent, subsonic and choked flow. The analysis shows that for laminar leaks there is no significant 

increase in the volumetric flow rate when adding up to 70% hydrogen, due to the viscosity remaining 

practically unchanged. For blends with more than 70% hydrogen, the volumetric flow rate increases up 

to 1.23 times the methane value (for 100% hydrogen). Subsonic and choked releases are shown to behave 

similarly to incompressible turbulent releases and produce volumetric flows rates that increase 

continuously, at a rising rate, as the percentage of hydrogen is increased, up to 2.8 times for 100% 

hydrogen as compared to the equivalent methane volumetric flow rate. 

The resulting behaviour of turbulent jets and buoyant plumes in air is then assessed in terms of the change 

in extent of the flammable cloud for hydrogen blends as compared to methane. For jets, it is shown that 

the flammable cloud extends 3.5 times further for 100% hydrogen than for methane. For buoyancy-

dominated plumes, the difference between hydrogen blends and methane is less significant.  

A model for gas accumulation in an enclosure with upper and lower ventilation openings is then presented 

and applied to study the gas tightness testing aspects of the Institute of Gas Engineers and Managers 

IGE/UP/1 procedure. Results from the analysis suggest that gas installations that have been leak tested in 

accordance with IGE/UP/1 should have no increase in risk of producing flammable clouds if the gas is 

switched from natural gas to a blend of 20% or 50% hydrogen in natural gas. However, the method used 

by IGE/UP/1 to define the Maximum Permitted Leak Rate (MPLR) for different gases in terms of energy 

content would lead to an increased risk of producing flammable clouds for hydrogen blends. It was shown 

that a possible solution to this issue could be to define the MPLR for hydrogen blends and 100% hydrogen 

to be the same as the current MPLR for natural gas in terms of volumetric flow rate instead of energy. 

The gas accumulation model predicts practically identical gas concentrations in terms of percentage LEL 

for pure methane, hydrogen blends and 100% hydrogen in that case. 
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1 INTRODUCTION 

There are several large-scale projects ongoing in the UK that are assessing the feasibility of supplying 

hydrogen to residential, commercial and industrial buildings. The H21 project2 is focussed on repurposing 

the existing gas distribution network, whilst the H100 project3  is proposing a new purpose-built network 

– in both cases for transporting 100% hydrogen. As part of the HyDeploy project4, a trial is currently

being undertaken at Keele University where a blend of 20% hydrogen in natural gas is being supplied to

properties across the campus. The UK Government Department for Business, Energy and Industrial

Strategy (BEIS) is also funding research under the Hy4Heat programme5 on developing new hydrogen

appliances, gas quality criteria and meters.

Risk assessment is an important aspect of these projects. As part of the GB Gas Safety (Management) 

Regulations 1996 (GSMR, 1996), it must be demonstrated that changes to the gas quality do not prejudice 

the end users. To assess the risks posed by the change in gas composition, it is necessary to understand 

the likelihood of gas releases occurring and their consequences. This includes assessing leak rates, gas 

dispersion behaviour, ignition potential and the fire and explosion hazards. 

The aim of this report is to address two fundamental questions relating to leak rates and dispersion 

behaviour: 

• For a given hole size, does hydrogen leak more than natural gas? If so, by how much?

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

The gas pressures of interest span the range from domestic supply pressures of around 21 mbarg to the 

operating pressure of the UK National Transmission System (NTS) of around 85 barg. This preliminary 

study is focused on above-ground leaks, rather than those from buried assets, although some of the models 

discussed here are relevant to both cases. 

The approach taken to answering these questions has been to use established empirical correlations taken 

from the literature and build upon previous work undertaken by others. The report starts by presenting 

the fundamental properties of hydrogen and hydrogen-blends. The ratio of hydrogen to natural gas leak 

rates is then calculated across a range of pressures, using equations for laminar, turbulent, subsonic and 

choked flow. The resulting behaviour of free jets and buoyant plumes in air is then assessed in terms of 

the change in extent of the flammable cloud for hydrogen (and hydrogen blends) as compared to methane. 

Finally, the UK Institute of Gas Engineers and Managers utilization procedure IGE/UP/1 is analysed to 

assess its implications for hydrogen. Throughout the report, to simplify the analysis, methane has been 

used as a substitute for natural gas. 

2 http://www.h21.green, accessed 25 November 2019. 
3 https://sgn.co.uk/about-us/future-of-gas/hydrogen/hydrogen-100, accessed 25 November 2019. 
4 https://hydeploy.co.uk/, accessed 25 November 2019. 
5 https://hy4heat.info, accessed 25 November, 2019. 

http://www.h21.green/
https://sgn.co.uk/about-us/future-of-gas/hydrogen/hydrogen-100
https://hydeploy.co.uk/
https://www.hy4heat.info/
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2 GAS PROPERTIES 

The primary gas properties relevant to release and dispersion behaviour are the density, viscosity, specific 

heat capacity and flammable limits. Pure hydrogen has a molecular mass of 𝑀𝐻2 = 2.016 g/mol and is

therefore around 14 times lighter than air at the same temperature and pressure. In comparison, methane 

has a molecular mass 𝑀𝐶𝐻4 = 16.043 g/mol, and has a density just over half that of air. The density of

gas mixtures is calculated from the volume-fraction weighted sum of the component gases, as shown in 

Figure 1a.  

Figure 1 a.) Density of hydrogen-methane blends (top); b.) Viscosity of hydrogen-methane 
blends: ■ measurements by Kobayashi et al. (2007), ▬ Davidson (1993) model predictions, 

▪▪▪ GasVLe model predictions (bottom).

Several methods have been proposed in the literature for calculating the viscosity of gas mixtures 

(Kreiger, 1951; Brokaw, 1968; Davidson 1993). The present work is based on the “simple and accurate” 

method presented in the US Bureau of Mines report by Davidson (1993), which takes as inputs the 

molecular masses and viscosities of the constituent gases. The model was coded into a spreadsheet and 

a.) 

b.) 
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verified by comparing results to the helium-neon mixtures presented in the Davidson (1993) report6. It 

was then used to predict the measurements of Kobayashi et al. (2007) for hydrogen-methane blends and 

gave good agreement with the data (Figure 1b)7. Predictions from the GasVLe software8 using the Wilke-

Brokaw formula with the Dean-Stiel density correction (see Reid et al., 1977) are also shown in Figure 

1b for comparison purposes. It is worth noting that the gas mixture viscosity does not decrease linearly 

from the methane viscosity to the hydrogen viscosity as the volume fraction of hydrogen is increased. 

Instead, the mixture viscosity remains nearly constant up to a hydrogen volume fraction of 70% v/v before 

decreasing to the hydrogen value.  

Coward and Jones (1952) reported that the flammability limits of hydrogen-methane mixtures could be 

calculated fairly well using Le Chatelier’s law (see Figure 2a). The flammable limit values used here for 

pure methane and hydrogen are taken from Coward and Jones (1952) and Zabetakis (1965), who gave 

the lower and upper limits for methane as 5.0% v/v and 15% v/v, and those for hydrogen as 4.0% v/v and 

75% v/v. Other sources in the literature provide slightly different values. For example, the British 

Standard on explosive atmospheres, BS EN 80079-20-1 (BSI, 2019), quotes the lower and upper 

flammability limits for methane as 4.4% v/v and 17% v/v. These flammability limit values are all 

measured for upward-propagating flames in flame tubes. Higher concentrations of 9.0% v/v are needed 

to sustain downward-propagating flames of hydrogen. A detailed discussion of the characteristics of 

upward and downward propagating flames, together with data from several experimental tests, was 

presented by Coward and Jones (1952). 

The ratio of the specific heat capacities (𝛾 = 𝑐𝑝/𝑐𝑣) is used to calculate the speed of sound in 

compressible gas mixtures and in formulae for choked and subsonic release rates (presented later in this 

report). The values of 𝛾 for pure methane and hydrogen are fairly similar (1.31 for methane and 1.41 for 

hydrogen at 15°C and 101,325 Pa)9. To determine the value of 𝛾 for methane-hydrogen mixtures, the 

specific heat capacities (𝑐𝑝 and 𝑐𝑣, in kJ/kg K) are calculated for methane-hydrogen mixtures from their 

mass-fraction weighted averages, and then 𝛾 is found from the ratio of these values. Results are presented 

in Figure 2b for three pressures (standard atmospheric pressure, 7 barg and 85 barg).   

  

 
6 It appears that there may be a mistake in the units of viscosity presented in the Davidson (1993) report. For example, the 

pure helium dynamic viscosity is presented as 194 µPa·s (or 1.94 × 10-4 Pa·s), whereas the value given by the AirLiquide 

encyclopedia (https://encyclopedia.airliquide.com) is 1.94 × 10-4 Poise. Since 1 Poise is equivalent to 0.1 Pa·s, this equates to 

1.94 × 10-5 Pa·s. Using the same viscosities as Davidson (1993), it was possible to reproduce the gas mixture viscosity graphs 

presented in his US Bureau of Mines report, which was taken as sufficient verification of the model for the purposes of the 

present work.  

7 The Kobayashi et al. (2007) measurements were taken at a temperature of 20 °C. Predictions from the Davidson (1993) 

model use pure component viscosities from https://encyclopedia.airliquide.com at the nearest temperature of 15 °C. GasVLe 

results are also for 15 °C. 

8 https://www.dnvgl.com/services/gasvle-8331, accessed 14 January 2020. 

9 Source: https://encyclopedia.airliquide.com, accessed 14 November 2019. 

https://encyclopedia.airliquide.com/
https://encyclopedia.airliquide.com/
https://www.dnvgl.com/services/gasvle-8331
https://encyclopedia.airliquide.com/
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Figure 2 a.) Flammability limits calculated using Le Chatelier’s law, ▬ lower, ▬ upper (top); 
b.)  Ratio of specific heat capacities (𝛾 = 𝑐𝑝 ⁄ 𝑐𝑣 ) at three different pressures: ▬ standard 

atmospheric pressure, ▬ 7 barg, ▬ 85 barg (bottom) 

 

a.) 

b.) 
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3 RELEASE RATES 

Leaks of gas from pressurized pipes and vessels can occur in several different flow regimes. In order of 

increasing velocity and/or hole size these are: laminar flow, turbulent flow (incompressible), subsonic 

flow (compressible and turbulent) and choked flow (sonic, compressible and turbulent). These are 

considered below and for each regime the release rate of hydrogen relative to the release rate of methane 

is calculated.  

3.1 LAMINAR FLOW 

Laminar flow occurs at low speeds through small holes, producing smooth flow paths and little mixing. 

The dimensionless quantity that is used to characterise when laminar flow occurs is the Reynolds number, 

𝑅𝑒, defined as: 

𝑅𝑒 =
𝜌𝑈𝐷

𝜇
 ( 1 ) 

where 𝜌 is the density, 𝑈 is the velocity, 𝜇 is the dynamic viscosity and 𝐷 is the characteristic length (e.g. 

diameter of the hole through which the flow is passing). Laminar flow is produced in pipes below 

Reynolds numbers of around 2,000 (Massey, 1990). At higher Reynolds numbers of between 2,000 and 

4,000 a transition occurs and for Reynolds numbers above 4,000 the flow is usually turbulent.  

Swain and Swain (1992) examined the ratio of hydrogen to methane flow rates for laminar flow using 

Darcy’s equation for the volumetric flow rate, 𝑉̇𝑙𝑎𝑚𝑖𝑛𝑎𝑟: 

𝑉̇𝑙𝑎𝑚𝑖𝑛𝑎𝑟 =
Δ𝑃𝜋𝐷4

128𝐿𝜇
 ( 2 ) 

where Δ𝑃 is the pressure drop between the inside of the pipe (or vessel) and the atmosphere, and 𝐿 is the 

length of the hole. For the same supply pressure and temperature, and the same hole shape and size, they 

showed that the volumetric leak rate of hydrogen relative to methane is given by the ratio of the dynamic 

viscosities of the two gases: 

𝑉̇𝐻2

𝑉̇𝐶𝐻4
=
𝜇𝐶𝐻4
𝜇𝐻2

=
1.1 × 10−5

8.7 × 10−6
= 1.23 ( 3 ) 

This can be converted into a mass flow rate using the formula: 

𝑚̇𝐻2

𝑚̇𝐶𝐻4
=
𝑀𝐻2
𝑀𝐶𝐻4

𝑉̇𝐻2

𝑉̇𝐶𝐻4
=
2

16
1.23 = 0.15 ( 4 ) 

The ratio of hydrogen to methane release rates can also be expressed in terms energy (or heat) fluxes of 

the two gases, using the heats of combustion (𝑄𝐻2= 285.8 MJ/kmol; 𝑄𝐶𝐻4= 890.8 MJ/kmol; CRC, 2008): 

𝑄̇𝐻2

𝑄̇𝐶𝐻4
=
𝑄𝐻2
𝑄𝐶𝐻4

𝑉̇𝐻2

𝑉̇𝐶𝐻4
=
285.8

890.8
1.23 = 0.40 

( 5 ) 

The “gross” heats of combustion are used above, meaning that water produced in the combustion reaction 

is condensed into liquid, and the heat of combustion value accounts for the resulting release of latent heat. 

“Net” heats of combustion are sometimes quoted in the literature, for which the water in the combustion 

products is assumed to remain in the vapour state. The gross value is around 5% to 10% higher than the 

net heat of combustion for hydrocarbon gases such as methane, and around 15% higher than the net value 
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for hydrogen. To calculate the heat released in a fire, it is more appropriate to use the net value, since 

water remains as vapour in that case. In addition, when assessing the heat load from thermal radiation 

from fires, it is necessary to take into account the combustion efficiency and radiative heat fraction. Such 

analysis is left to future work. 

Further results are shown in Figure 3 for hydrogen-methane blends. The viscosity of the blended gas in 

these plots was found using the Davidson (1993) model presented earlier. A notable feature of the right-

hand plot is that the volumetric flow rate of blended gas remains virtually the same as that of pure methane 

up to a hydrogen volume fraction of 70% v/v, due to the fact that the viscosity of the blended gas is similar 

to that of pure methane (see Figure 1b). This has important implications for projects like HyDeploy, 

which involve gas blends with 20% v/v hydrogen.  

To gain some practical appreciation for when laminar flow occurs in leaking assets, it is possible to 

rearrange the expression for the volumetric flow rate (Equation 2) and the Reynolds number (Equation 

1), to find the limiting (maximum) hole diameter for which the flow remains laminar: 

𝐷𝑙𝑖𝑚𝑖𝑡 = (
32 𝐿 𝑅𝑒 𝜇2

Δ𝑃 𝜌
)

1
3

 ( 6 ) 

Figure 4 presents two plots showing the behaviour of this equation for pure methane and pure hydrogen. 

The left-hand plot shows the limiting hole size for laminar flow as a function of pressure from 20 mbarg 

to 80 mbarg, assuming a path length of 5 mm. These values are relevant for leaks on above-ground assets 

in the Low Pressure (LP) natural gas network where the wall thickness is around 5 mm (e.g. the H21 

above-ground leakage tests with cast-iron assets). The results show that hydrogen produces laminar flow 

in larger holes than methane. The right-hand graph in Figure 4 shows the limiting diameter for laminar 

flow as a function of path length for a pressure drop of 21 mbar. This is relevant to leaks from gas fittings 

and pipework at domestic supply pressures. For a flow path length of 1 mm (approximately the wall 

thickness of a gas pipe in a domestic setting), hydrogen gives laminar flow in holes up to 0.3 mm in 

diameter, as compared to holes up to 0.17 mm diameter for methane. 
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Figure 3 Ratio of hydrogen-methane blend to pure methane releases rates for choked, 
subsonic, turbulent and laminar flows in terms of the mass flux (left), volume flux (right) and 

energy flux (bottom). 

 

Swain and Swain (1992) tested ten leaks in domestic gas pipes using methane, hydrogen and propane. 

Four leaks were fabricated by modifying home gas pipe fittings to simulate errors made during 

installation. The remaining six leaks involved gas pipes/fittings provided by a local (American) gas pipe 

company that had been removed from service due to excessive leakage rates. The holes in the first three 

tests were semi-circular in cross-section with diameters of 0.18 mm, 0.42 mm and 0.71 mm. Swain and 

Swain (1992) found that the majority of the leaks produced flow rates that indicated the flow was laminar 

at typical operating gas pressures. 
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Figure 4 Maximum limiting hole diameters for laminar flow: ▬ hydrogen, ▬ methane. The left-
hand plot assumes a flow path length of 5 mm, and the right-hand plot assumes a pressure of 

21 mbar. 

 

3.2 TURBULENT FLOW 

Swain and Swain (1992) also analysed the ratio of hydrogen to methane leak rates for turbulent flow, 

where they modelled the volumetric flow rate using Darcy’s equation, as follows: 

𝑉̇𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = 0.354𝜋
𝐷2.5√∆𝑃

√𝑓𝐿𝜌
 

( 7 ) 

where 𝑓 is the friction factor, which is assumed to be constant for turbulent flow. Using this equation, 

they showed that the ratio of hydrogen to methane volumetric flow rates is equal to the inverse of the 

square-root of the gas densities (assuming that the hydrogen and methane leaks are through the same hole, 

at the same release temperature and pressure): 

𝑉̇𝐻2

𝑉̇𝐶𝐻4
= √

𝜌𝐶𝐻4
𝜌𝐻2

= √
𝑀𝐶𝐻4
𝑀𝐻2

= √
16

2
= 2.8 

( 8 ) 

This result can be converted into mass and energy flow rates as before. The resulting ratio of the hydrogen 

to methane release rates in terms of mass is 0.35 and in terms of energy is 0.91. Results are presented in 

Figure 3 for hydrogen-methane blends. The hockey-stick shape to the energy release rate curve with a 

minima at a hydrogen volume fraction of around 0.8 is a consequence of combining the volumetric flow 

rate ratio (the curve sweeping upwards shown in Figure 3) with the heat of combustion of the hydrogen 

blend (a straight line that decreases linearly from the pure methane value of 890.8 MJ/kmol to the 

hydrogen value of 285.8 MJ/kmol as the hydrogen volume fraction increases from 0 to 1).   
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3.3 SUBSONIC FLOW 

In the analysis presented by Swain and Swain (1992), gas-compressibility effects were not taken into 

account. This assumption is appropriate for low gas pressures (e.g. domestic gas pressures of 21 mbarg) 

but it may produce errors at higher pressures.  

The critical pressure, 𝑃𝑐, is calculated as follows: 

𝑃𝑐 = 𝑃𝑎𝑡𝑚 (
2

𝛾 + 1
)

−𝛾
(𝛾−1)⁄

 

( 9 ) 

where 𝑃𝑎𝑡𝑚 is the atmospheric pressure and 𝛾 is the ratio of specific heats. The critical pressure, 𝑃𝑐, is 

0.85 barg for pure methane and 0.91 barg for pure hydrogen. For pressures below the critical pressure, 

the flow is subsonic (not choked) and the mass flow rate of a compressible ideal gas can be calculated as 

follows (BSI, 2015): 

𝑚̇ = 𝐶𝑑𝐴𝑃√
𝑀

𝑍𝑅𝑇

2𝛾

(𝛾 − 1)
[1 − (

𝑃𝑎𝑡𝑚
𝑃
)
(𝛾−1) 𝛾⁄

] (
𝑃𝑎𝑡𝑚
𝑃
)
1 𝛾⁄

 

( 10 ) 

where 𝐶𝑑 is the discharge coefficient, 𝐴 is the cross-sectional area of the opening, 𝑃 is the pressure inside 

the vessel or pipe, 𝑅 is the universal gas constant (8,314 J kmol-1 K-1) and 𝑍 is the compressibility 

correction factor, which takes a value of 1.0 for ideal gases. 

Using this equation, the ratio of hydrogen to methane mass release rates is: 

𝑚̇𝐻2

𝑚̇𝐶𝐻4
= 𝐶𝑠𝑢𝑏𝑠𝑜𝑛𝑖𝑐√

𝑀𝐻2
𝑀𝐶𝐻4

=

{
 
 

 
 
1.000√

2

16
= 0.35    for 𝑃 = 21 mbarg

1.026√
2

16
= 0.36    for 𝑃 = 0.9 barg

 

( 11 ) 

where 𝐶𝑠𝑢𝑏𝑠𝑜𝑛𝑖𝑐 contains the terms dependent upon pressure and the ratio of specific heats. This varies 

between bounding values of 𝐶𝑠𝑢𝑏𝑠𝑜𝑛𝑖𝑐  = 1.0 to 1.026 across the range of pressures from 21 mbarg to 0.9 

barg, which gives ratios of hydrogen to methane mass flow rates of between 0.35 and 0.36, i.e. practically 

identical values to the value obtained previously for turbulent flow. In terms of volumetric flow rates 

(using Equation 4) the ratios are between 2.8 and 2.9, and in terms of energy flow rates (using Equation 

5) the ratios are between 0.91 and 0.93. Results are presented in Figure 3 for hydrogen blends at a pressure 

of 21 mbarg. The plots show that subsonic releases exhibit practically the same behaviour as turbulent 

releases. 

 

3.4 CHOKED FLOW 

Choked flow is a limiting condition reached when the pressure in the pipe or vessel is above the critical 

pressure, 𝑃𝑐. The velocity of the gas at the orifice in this case is sonic (i.e. a Mach number of one). If the 

pressure is increased still higher, above 𝑃𝑐, the velocity of gas at the orifice remains fixed at the speed of 

sound, but the mass flow rate increases due to an increase in the density of the gas. In the UK gas 

distribution network, there are three pressure tiers: Low Pressure (LP) from 19 mbarg to 75 mbarg, 

Medium Pressure (MP) from 75 mbarg to 2 barg and Intermediate Pressure (IP) from 2 to 7 barg. Choked 
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flow is therefore only relevant for leaks from MP and IP assets. Gas pressures in domestic properties are 

typically around 21 mbarg, and therefore leaks within homes will not behave as choked releases.  

When the flow is choked, the mass flow rate is given by the following equation (BSI, 2015): 

𝑚̇ = 𝐶𝑑𝐴𝑃√𝛾
𝑀

𝑍𝑅𝑇
(
2

𝛾 + 1
)
(𝛾+1) (𝛾−1)⁄

 

( 12 ) 

For the same leak conditions (i.e. the same hole size, discharge coefficient, pressure and temperature), 

the ratio of the hydrogen to methane mass flow rates is then:  

𝑚̇𝐻2

𝑚̇𝐶𝐻4
= 𝐶𝑐ℎ𝑜𝑘𝑒𝑑√

𝑀𝐻2
𝑀𝐶𝐻4

= 1.025√
2

16
= 0.36 

( 13 ) 

The term 𝐶𝑐ℎ𝑜𝑘𝑒𝑑 in the above equation is a function of 𝛾 and is equal to 1.025 for the ratio of hydrogen 

to methane. The resulting ratio of mass flow rates is 0.36, which is practically the same as the value 

obtained previously for subsonic releases. In terms of volumetric flow rates, (using Equation 4) the ratio 

is 2.9, and in terms of energy flow rates (using Equation 5) the ratio is 0.93. Results for hydrogen blends 

are presented in Figure 3, and they show very similar behaviour to that obtained previously for turbulent 

and subsonic releases.  

The expansion of a compressible gas from a pressurized vessel or pipe to atmospheric pressure causes a 

reduction in the gas temperature (and hence an increase in the gas density). This decrease in temperature 

is a function of the ratio of specific heat capacities of the gas. For subsonic releases, the relevant equation 

for the density at the source is given in BS EN 60079-10-1 (BSI, 2015), and for choked releases, the 

following expression is given by Ewan and Moodie (1986): 

𝜌0 = 𝜌𝑔 (
𝛾 + 1

2
) 

( 14 ) 

where 𝜌0 is the gas density at the source and 𝜌𝑔 is the gas density at the upstream (stagnation) temperature 

in the vessel or pipe. Since 𝛾 is different for hydrogen and methane, the degree of cooling is different for 

the two gases. The results presented in Figure 3 do not take into account this difference in temperature, 

and instead the conversion from mass to volumetric flow rates has simply used the ratio of the molecular 

masses (as in Equation 4), which assumes that the hydrogen and methane temperatures are the same. 

Calculations have been performed which factor in the different densities given by the equation in BS EN 

60079-10-1 and Equation 14, and the effect is very small. For both subsonic and choked releases, the 

resulting error in the ratio of hydrogen to methane volume flow rates is a maximum of 4% in relative 

terms (i.e. a change in the ratio 𝑉̇𝐻2 𝑉̇𝐶𝐻4⁄  from 2.9 to 2.8).  

Before concluding this section, it is worth noting that for turbulent, subsonic or choked releases, the above 

analysis has shown that the ratio of hydrogen to methane release rates can be estimated quickly (with an 

error of less than a few percent) from the square-root of the ratio of the molecular masses of the two 

gases, i.e.: 

𝑚̇𝐻2

𝑚̇𝐶𝐻4
≈ √

𝑀𝐻2
𝑀𝐶𝐻4

                  ;                
𝑉̇𝐻2

𝑉̇𝐶𝐻4
≈ √

𝑀𝐶𝐻4
𝑀𝐻2

   

( 15 ) 
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The ratio of hydrogen to methane release rates is given by a single set of curves shown in Figure 3. In 

future work, it would be useful to revisit this analysis using realistic natural gas compositions. Properties 

such as the ratio of specific heat capacities may differ, particularly at high pressures. 
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4 DISPERSION 

4.1 JETS 

Chen and Rodi (1980) provided the following expression for the decay of concentration with distance in 

vertical buoyant jets issuing from a round orifice: 

𝑦 = 𝑘 (
𝜌0
𝜌𝑎
)

1
2𝐷

𝑥
 ( 16 ) 

where 𝑦 is the concentration expressed as a mass fraction, 𝑘 is a model constant, 𝜌0 and 𝜌𝑎 are the source 

gas density and ambient (air) density, 𝐷 is the source diameter and 𝑥 is the distance downstream from the 

source. A notable feature of this equation is that the concentration does not depend on the release velocity. 

Instead, the concentration at a given distance only depends on the source gas density and the diameter of 

the source. This behaviour is related to the entrainment of fresh air into the jet. Air entrainment rates are 

proportional to the centreline velocity of the jet (Ricou and Spalding, 1961). A faster jet releases more 

gas, but it also entrains air at a faster rate and these two effects balance each other out. Different values 

for the constant 𝑘 are proposed in the literature, which may relate to different initial conditions (George, 

1989) and a value of 5.4 from Chen and Rodi (1980) is often used. The dependence of concentration on 

the ratio (𝜌𝑎/𝜌0) originates from the work of Ricou and Spalding (1961) who studied the entrainment of 

air into jets of air, hydrogen, propane and carbon dioxide. The fact that their work included hydrogen jets 

lends some support to the analysis presented here. Further background to Chen and Rodi’s work is 

provided in the Appendix. 

Equation 16 can be rearranged in terms of the distance 𝑥 to the LFL concentration. The expression can 

then be used to assess the change in the distance to the LFL for hydrogen relative to methane, as follows: 

𝑥𝐻2
𝑥𝐶𝐻4

= (
𝜌𝐻2
𝜌𝐶𝐻4

)

1
2 𝑦𝐶𝐻4
𝑦𝐻2

= (
𝑀𝐻2
𝑀𝐶𝐻4

)

1
2 𝑦𝐶𝐻4
𝑦𝐻2

= (
2

16
)

1
2 2.8

0.29
= 3.5 ( 17 ) 

where the LFL mass fractions for hydrogen and methane are 𝑦𝐻2 = 0.29% w/w and 𝑦𝐶𝐻4 = 2.8% w/w. 

The above result shows that flammable hydrogen clouds will extend 3.5 times further than the equivalent 

flammable methane clouds in situations where there is a free unobstructed vertical jet release from the 

same round hole, at the same temperature and pressure. The result is insensitive to the pressure of the 

release, provided it is below the critical pressure (i.e. below around 0.85 barg).  

The fact that flammable hydrogen jets are larger than the equivalent methane jets is not related to the fact 

that the release rate of hydrogen is 2.8 times greater than methane (for a turbulent release). As noted 

earlier, the release rate does not feature in the relevant equation for gas concentration (Equation 16). 

Instead, the larger flammable cloud for hydrogen is caused by the significant difference in density 

between the gas and the surrounding air. The jet momentum is reduced quickly in hydrogen jets, since 

the air density is so much higher than the hydrogen density. This loss in momentum means that air is 

entrained at a slower rate into hydrogen jets than into methane jets. Since less air is entrained, hydrogen 

jets dilute more slowly and gas concentrations remain above the LFL for longer, giving a larger distance 

to the LFL. 

Above the critical pressure, gas releases are choked. The flow immediately downstream of the orifice 

features a series of expansion waves and shocks as the jet expands to reach atmospheric pressure. The 

behaviour of the jet downstream of the shocks resembles a subsonic jet produced by a larger source than 

the actual orifice. Models for this scenario using “pseudo” or “equivalent” source conditions have been 

developed by Birch et al. (1984, 1987) and Ewan and Moodie (1986) (see Molkov, 2015, for a recent 
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review and Ruffin et al., 1996, for further validation). Their models can be written in the following form 

for the mass fraction along the centreline of the jet: 

𝑦 = 𝑘 (
𝜌0
𝜌𝑎
)

1
2 𝐷𝑒𝑓𝑓

𝑥 + 𝑎
 ( 18 ) 

where 𝐷𝑒𝑓𝑓 is the effective diameter of the jet pseudo-source, and 𝑎 is an offset distance from the orifice 

to the “virtual” origin of the jet. Birch et al. (1984, 1987) derived their equation for concentration in terms 

of the volume fraction, not mass fraction, but their equation can be converted into the above form, as 

shown in the Appendix. Birch et al. (1987) provided the following expression for the effective diameter, 

𝐷𝑒𝑓𝑓: 

𝐷𝑒𝑓𝑓

𝐷
= 𝐶𝐷√[

𝑃

𝑃𝑎𝑡𝑚
(
2

𝛾 + 1
)

1
𝛾−1 𝛾

(𝛾𝐶𝐷
2 + 1)

] ( 19 ) 

where 𝐶𝐷 is the discharge coefficient, 𝑃 is the upstream pressure in the pipe or vessel and 𝑃𝑎𝑡𝑚 is the 

atmospheric pressure10. Birch et al. (1987) assumed a discharge coefficient of 1.0 and they also found 

that the concentration offset distance, 𝑎, was independent of the pressure and equal to 0.6 orifice 

diameters. This offset distance is small in comparison to the length of the flammable cloud and therefore 

in the analysis presented here it is ignored. Their model also assumed that the temperature of the gas at 

the pseudo-source is the same as the temperature of gas in the pipe or vessel (i.e. the density 𝜌0 in Equation 

18 is evaluated at the upstream temperature in the pipe or vessel).  

It is possible to rearrange Equations 18 and 19 to express the distance, 𝑥, to a particular mass fraction, 𝑦, 

and from there derive the following equation for the distance to the LFL for hydrogen relative to methane 

for a choked release: 

𝑥𝐻2
𝑥𝐶𝐻4

= (
𝑀𝐻2

𝑀𝐶𝐻4
)

1
2 𝑦𝐶𝐻4
𝑦𝐻2

𝑓(𝛾𝐻2)

𝑓(𝛾𝐶𝐻4 )
= (

2

16
)

1
2 2.8

0.29
1.02 = 3.5 ( 20 ) 

The function 𝑓(𝛾) in the above equation is the term on the right-hand side of Equation 19, without the 

pressures, which cancel since it is assumed the methane and hydrogen releases are from pipes or vessels 

at the same pressure. The ratio of specific heats changes relatively little between hydrogen and methane, 

and therefore the ratio of the two functions of hydrogen to methane, 𝑓(𝛾𝐻2 )/𝑓(𝛾𝐶𝐻4), is close to one. 

The analysis predicts that the distance to the LFL is 3.5 times larger for hydrogen than for methane, which 

is practically identical to the result obtained earlier for subsonic releases.  

Ewan and Moodie (1986) used a different expression for the effective pseudo-source diameter, as follows: 

𝐷𝑒𝑓𝑓

𝐷
= (

𝑃𝑒
𝑃𝑎
)

1
2
                 ;               𝑃𝑒 = 𝑃 (

2

𝛾 + 1
)

𝛾
𝛾−1

 

( 21 ) 

where 𝑃𝑒 is the exit pressure at the orifice. Their model assumed that the temperature of the gas at the 

pseudo-source was cooler than the upstream pressure due to expansion of the gas, and their equation for 

the resulting density of the gas was given earlier (Equation 14). Equations 14, 18 and 21 can be rearranged 

into the following expression for the ratio of the hydrogen to the methane distance to LFL: 

 
10 Birch et al. (1987) appear to have made two typographical errors in their paper when presenting this equation. Firstly the 

equals sign = was written as +. Secondly, the 𝛾 on the numerator of the final term was written as 1. 
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𝑥𝐻2
𝑥𝐶𝐻4

= [
𝑀𝐻2
𝑀𝐶𝐻4

(𝛾𝐻2 + 1)

(𝛾𝐶𝐻4 + 1)
]

1
2 𝑦𝐶𝐻4
𝑦𝐻2

(
2

𝛾𝐻2 + 1
)

𝛾𝐻2
𝛾𝐻2−1

(
2

𝛾𝐶𝐻4 + 1
)
−

𝛾𝐶𝐻4
𝛾𝐶𝐻4−1

= 3.4 ( 22 ) 

Inserting appropriate values for 𝑀 and 𝛾 into the above expression gives the result that the distance to the 

LFL for hydrogen is 3.4 times that of methane, i.e. similar to the values obtained previously using the 

Birch et al. (1987) pseudo-source for choked releases, and for the Chen and Rodi (1980) correlation for 

subsonic releases.  

The values quoted above are based on evaluating 𝛾 at a pressure of 7 barg and a temperature of 15 °C. If, 

alternatively, it is evaluated at a higher pressure of 85 barg, the values of 𝛾 for hydrogen and methane 

change slightly (see Figure 2b). Equation 20 then gives a ratio (𝑥𝐻2 ⁄ 𝑥𝐶𝐻4) of 3.3 and Equation 22 gives 

a ratio of 3.6. 

The distance to a concentration of 50% LFL is often used instead of 100% LFL in area classification to 

take into account the fact that concentrations in jets and plumes fluctuate over time due to turbulence, and 

therefore concentrations at times exceed the predicted mean concentrations (Webber, 2002). The results 

presented above are for the distance to 100% LFL. Since the equations are expressed in terms of the ratio 

of the mass fractions (𝑦𝐶𝐻4/𝑦𝐻2), and not the volume fractions, the results for the ratio of the distances 

(𝑥𝐻2 ⁄ 𝑥𝐶𝐻4 ) are around 1% larger for 50% LFL (i.e. for the subsonic case, the ratio is 3.50 instead of 

3.47). Figure 5 compares the ratio of predicted distances to the 50% LEL across the full range of hydrogen 

blends. The results show that choked releases behave similarly to subsonic releases across the range of 

gas compositions. 

 

Figure 5 Ratio of the distance to 50% LFL for hydrogen blends relative to methane 
(𝑥𝐻2/𝑥𝐶𝐻4 ) in free vertical turbulent round jets, plumes and intermediate jet-plumes. The 

results for the distance to 100% LFL are the same to two significant figures and appear nearly 
identical to those shown here for 50% LFL. The choked gas releases shown here are 

calculated using the Birch et al. (1987) pseudo-source but results are practically identical 
using the Ewan & Moodie (1986) model. 
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4.2 INTERMEDIATE JET-PLUME 

Chen and Rodi (1980) also provided correlations for the decay of concentration in releases where 

buoyancy forces are more significant (i.e. where gas disperses more as a plume than a jet). For the 

intermediate regime between jet and plume, they gave the following correlation: 

𝐶∗ = 4.4𝐹𝑟
1
8 (
𝜌0
𝜌𝑎
)
−
7
16
 

(
𝑥

𝐷
)
−
5
4
 

  ( 23 ) 

where 𝐶∗ is the volume fraction (not the mass fraction as used earlier in the jet correlation – see Appendix) 

and the constant of 4.4 is taken from Smith et al. (1986)11. The term 𝐹𝑟 in the above equation is the 

Froude number, i.e. the ratio of inertial to buoyancy forces, which is calculated12 from: 

𝐹𝑟 =
𝜌0𝑈0

2

𝑔𝐷(𝜌𝑎 − 𝜌0)
 ( 24 ) 

where 𝑈0 is the release velocity and 𝑔 is the acceleration due to gravity (9.81 m/s2). Following a similar 

approach to that used above for jets, the equation can be rearranged to express the ratio of the distance to 

the LFL for hydrogen relative to methane: 

𝑥𝐻2
𝑥𝐶𝐻4

= (
𝐶𝐶𝐻4
∗

𝐶𝐻2
∗ )

4
5

(
𝑈𝐻2
𝑈𝐶𝐻4

)

1
5
(
𝑀𝑎𝑖𝑟 −𝑀𝐶𝐻4
𝑀𝑎𝑖𝑟 −𝑀𝐻2

)

1
10
(
𝑀𝐶𝐻4
𝑀𝐻2

)

1
4

= (
0.05

0.04
)

4
5
(2.8)

1
5 (
29 − 16

29 − 2
)

1
10
(
16

2
)

1
4
= 2.3 

( 25 ) 

In the above equation, the ratio of the hydrogen to methane initial velocities (𝑈𝐻2 ⁄ 𝑈𝐶𝐻4 ) is 2.8 for 

turbulent releases (c.f. Equation 8 – assuming the hole size is the same for both the hydrogen and methane 

releases). The hydrogen and methane LFL volume fractions are taken to be 𝐶𝐻2
∗ = 0.04 v/v and 𝐶𝐶𝐻4

∗ = 

0.05 v/v (see Figure 2a). The equation shows that flammable hydrogen clouds will extend 2.3 times 

further than the equivalent flammable methane clouds in situations where the release is in the intermediate 

jet-plume regime. Further results for methane blends are presented in Figure 5. 

 

4.3 PLUMES 

Chen and Rodi (1980) gave the following correlation for the concentration decay along the centreline of 

vertical turbulent plumes, where the dispersion behaviour is dominated by buoyancy effects: 

𝐶∗ = 9.35𝐹𝑟
1
3 (
𝜌0
𝜌𝑎
)
−
1
3
(
𝑥

𝐷
)
−
5
3
 ( 26 ) 

which can be rearranged as before to give: 

 
11 Chen and Rodi (1980) presented a different value of 0.44, which may have been a typographical mistake (for further 

discussion, see Gant et al., 2011). In the analysis presented here, the constant cancels from the equation and therefore this 

ambiguity does not affect the findings. 

12 Other authors often define the Froude number as the square-root of the Froude number given here, as defined by Chen and 

Rodi (1980). 
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𝑥𝐻2
𝑥𝐶𝐻4

= (
𝐶𝐶𝐻4
∗

𝐶𝐻2
∗ )

3
5

(
𝑈𝐻2
𝑈𝐶𝐻4

)

2
5
(
𝑀𝑎𝑖𝑟 −𝑀𝐶𝐻4
𝑀𝑎𝑖𝑟 −𝑀𝐻2

)

1
5

= (
5.0

4.0
)

3
5
(2.8)

2
5 (
29 − 16

29 − 2
)

1
5
= 1.5 

( 27 ) 

This shows that flammable hydrogen clouds will extend 1.5 times further than the equivalent flammable 

methane clouds in situations where the release is in the pure buoyancy-dominated plume regime. 

 

4.4 WHEN DO JETS BECOME PLUMES? 

Chen and Rodi (1980) presented the following parameter to determine the extent of the jet and plume 

regions: 

𝐵 = 𝐹𝑟−
1
2 (
𝜌0
𝜌𝑎
)
−
1
4 𝑥

𝐷
 ( 28 ) 

where: 

𝐵 < 0.5     the flow is a momentum-dominated jet 

0.5 < 𝐵 < 5.0   the flow is in an intermediate state between jet and plume 

𝐵 > 5.0   the flow is a buoyancy-dominated plume 

From this equation, it can be seen that the transition from momentum-dominated (jet) to buoyancy-

dominated (plume) behaviour occurs nearer the source if the density difference (𝜌𝑎 − 𝜌0 ) is increased, 

the initial velocity (𝑈0 ) is decreased or the source diameter (𝐷) is decreased.  

Equation 28 can be combined with the equations presented earlier for jets and plumes, and rearranged to 

define the boundary between jet and plume behaviour at the point where the gas concentration reaches 

either 100% LFL or 50% LFL. Results from this analysis are presented in Figure 6 for methane and 

hydrogen in terms of the upstream pressure and hole size. The results show that hydrogen exhibits a 

greater tendency towards plume behaviour than methane, as expected from its lower density. The chevron 

shape to the three flow regions (jet, intermediate and plume) is due to the transition from subsonic to 

choked flow at the critical pressure (0.85 barg for methane and 0.91 barg for hydrogen). Below the critical 

pressure, when the release is subsonic, an increase in the pressure causes an increase in the release velocity 

and hence a higher Froude number (i.e. a greater tendency for the release to be jet-dominated). Above the 

critical pressure, when the release is choked, the velocity is capped at the speed of sound and an increase 

in the pressure produces a larger pseudo-source, which changes the behaviour. The Ewan and Moodie 

(1986) and Birch et al. (1987) models produce slightly different results when the flow is choked, as shown 

by the red and blue lines above the critical pressure. The coloured regions shown in the plot to distinguish 

between jet, intermediate and plume regions average between the results of these two choked-flow 

models.  

The reason for producing Figure 6 is to help the reader assess which flow regime applies for their case of 

interest (in terms of pressure and hole size). This knowledge of the flow regime can then be used in 

conjunction with Figure 5 to identify how large a flammable cloud of hydrogen-blended gas will be 

produced, relative to the equivalent cloud of methane. 
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Figure 6 Jet, intermediate and plume regions for round buoyant jet releases of methane (top) and hydrogen (bottom) in air. Plots on the 
left are for the 100% LFL and on the right for 50% LFL. Lines mark the boundary between the regions. Solid lines are for the jet-to-

intermediate boundary and broken lines for the intermediate-to-plume boundary. Line colours are:    ▬ subsonic, ▬ choked (Ewan and 
Moodie, 1986), ▬ choked (Birch et al., 1987). Symbols marked A, B and C are three scenarios modelled in the Quadvent-2 software. 
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4.5 QUADVENT-2 SOFTWARE COMPARISON 

As a check on the previous analysis, calculations were performed using the Quadvent-2 software13. This 

uses an integral-modelling approach to simulate the dispersion of jets and plumes, both in the open air or 

in ventilated rooms (Webber et al., 2011, 2020). It uses the entrainment model of Ricou and Spalding 

(1961), but does not rely upon the empirical correlations presented by Chen and Rodi (1980). Three 

release conditions were simulated, shown in Figure 6 as circular symbols A, B and C, which were chosen 

to be in the jet, intermediate and plume flow regimes, respectively. Table 1 compares the results from 

Quadvent-2 to those predicted from the Chen and Rodi (1980) analysis presented above. In some cases, 

such as Condition B (an orifice diameter of 0.1 m and pressure of 0.1 barg), the hydrogen release is 

predicted to be in the plume regime whilst the methane release is in the intermediate jet-plume regime (at 

the point where the concentrations reach 50% LFL). The above analysis predicts that the ratio (𝑥𝐻2 ⁄
𝑥𝐶𝐻4) will be 1.5 in the former case and 2.3 in the latter, and so the Chen and Rodi (1980) result is 

presented in the table as a range between these values.  

There is generally good agreement shown in Table 1 between the Quadvent-2 results and those obtained 

using the jet and plume correlations from Chen and Rodi (1980). For the jet release (Condition A), 

Quadvent-2 predicted the flammable hydrogen jet to extend 3.6 times further than the equivalent methane 

jet, and the Chen and Rodi analysis produces a value of 3.5. For the intermediate jet-plume case 

(Condition B), Quadvent-2 predicted values of (𝑥𝐻2 ⁄ 𝑥𝐶𝐻4)  to be 2.9 and 2.4 for the distance to 100% 

LFL and 50% LFL, respectively, whereas Chen and Rodi’s correlations produced a value of 2.3 and a 

range between 2.3 (intermediate jet-plume) and 1.5 (plume). For the final plume case (Condition C), 

Quadvent-2 predicted (𝑥𝐻2 ⁄ 𝑥𝐶𝐻4) values of 1.9 and 1.7, whilst the Chen and Rodi values were again in 

the range 2.3 to 1.5. 

The benefit of the analysis in Sections 4.1 to 4.4 over Quadvent-2 is that it shows how the flammable 

cloud size is affected by the addition of hydrogen across the full range of conditions from zero to 100% 

hydrogen (see Figure 5). The correlations explain how the flow changes with hole size and pressure, 

rather than just providing spot values for certain scenarios. The dispersion behaviour is also characterised 

for the upper and lower bounding cases of momentum-driven jets and buoyancy-dominated plumes. In 

principle, these results could be obtained from Quadvent-2, but it would involve several hundred 

individual Quadvent-2 calculations to produce equivalent plots showing the trends in model behaviour.  

The increase in the size of flammable clouds for hydrogen as compared to methane has been observed 

experimentally in work undertaken for the EMERGE project14 at the French laboratory, INERIS. 

Chaineaux and Schumann (1995) undertook experiments using a 5 m3 vessel that was initially pressurised 

to 40 bar and measured concentrations in free-jets of methane, propane and hydrogen using discharge 

orifices ranging from 25 mm to 150 mm in diameter. They found that the distance to LFL for hydrogen 

was around twice the distance for methane. The flammable cloud volume was also calculated to be 

approximately ten times larger for hydrogen. 

  

 
13 https://www.hsl.gov.uk/publications-and-products/quadvent-2, accessed 24 September 2019. 

14 Extended Modelling and Experimental Research into Gas Explosions (EMERGE) 

https://www.hsl.gov.uk/publications-and-products/quadvent-2
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Table 1 Comparison of Quadvent-2 predictions to the Chen and Rodi (1980) jet and plume 
correlations in terms of the ratio of the distances to LFL for hydrogen relative to methane 

(𝑥𝐻2 ⁄ 𝑥𝐶𝐻4 ) 

 A: Jet B: Intermediate 

Jet-Plume 

C: Plume 

Orifice diameter (m) 0.0001 0.1 0.5 

Pressure (barg) 10 0.1 0.01 

Release Rate (kg/s)    

 Quadvent-2 Hydrogen (𝑚̇𝐻2) 5.5 × 10-6 0.32 2.6 

 Quadvent-2 Methane (𝑚̇𝐶𝐻4) 5.5 × 10-5 0.90 7.2 

 Quadvent-2 (𝑚̇𝐻2/𝑚̇𝐶𝐻4) 0.36 0.36 0.35 

 Predicted (𝑚̇𝐻2/𝑚̇𝐶𝐻4), 
Equations 11 and 13 

0.36 0.36 0.35 

Distance to 100% LFL (m)    

 Quadvent-2 Hydrogen (𝑥𝐻2) 0.11 34 93 

 Quadvent-2 Methane (𝑥𝐶𝐻4) 0.030 12 49 

 Quadvent-2 (𝑥𝐻2 𝑥𝐶𝐻4⁄ ) 3.6 2.9 1.9 

 Predicted (𝑥𝐻2 𝑥𝐶𝐻4⁄ ), Equations 

20, 25 and 27 

3.5 2.3 2.3 – 1.5 

Distance to 50% LFL (m)    

 Quadvent-2 Hydrogen (𝑥𝐻2) 0.22 57 146 

 Quadvent-2 Methane (𝑥𝐶𝐻4) 0.062 23 84 

 Quadvent-2 (𝑥𝐻2 𝑥𝐶𝐻4⁄ ) 3.6 2.4 1.7 

 Predicted (𝑥𝐻2 𝑥𝐶𝐻4⁄ ), Equations 

20, 25 and 27 

3.5 2.3 – 1.5 1.5 
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4.6 GAS ACCUMULATION 

To investigate the build-up of gas in enclosed spaces, a modified version of the model developed by 

Lowesmith et al. (2009) has been investigated. This model simulates a jet release into a room and predicts 

the build-up over time of a stratified layer of buoyant gas near the ceiling. The enclosure has upper and 

lower ventilation openings in the walls through which gas and/or air can flow. In zero-wind conditions, 

the flow of air through the lower ventilation opening into the room is driven by the buoyancy of gas in 

the stratified layer, which forces itself out of the upper opening. The model was originally developed as 

part of the NaturalHy project by Lowesmith et al. (2009) and has been coded up independently by HSE. 

Further details of this work, which has been undertaken in support of the HyDeploy-2 project, will be 

published in due course.  

The main modifications to the original Lowesmith et al. (2009) model by HSE consisted of 

simplifications to fix the height of the buoyant gas layer in the model, and to remove the jet sub-model. 

The modified model assumes that the gas is released at the mid-height of the enclosure and that it becomes 

fully-mixed in the upper half of the space (i.e. immediately above the release point). Lowesmith et al. 

used a turbulent jet model to predict the initial dilution of the gas, but in the present model this is not used 

and instead the concentration in the stratified layer is calculated from fully mixing the release rate of gas 

and the inflow of fresh air. These simplifications were made because the focus of the present work is to 

examine the gas tightness testing aspects of the IGE/UP/1 procedure (see below). The release rates are 

very low in this case (i.e. laminar) and it is necessary to consider small enclosures, such as metering 

boxes. It was considered inappropriate to use the turbulent jet model to simulate these small laminar 

releases. The modelling approach was guided by the British Gas work documented in the book by Harris 

(1983), which was based on an extensive programme of gas release experiments. 
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5 EXAMPLE APPLICATION TO IGE/UP/1 

To illustrate how the work presented above can be applied in practice to the UK gas network, the 

IGE/UP/1 utilization procedure (IGEM, 2005) has been examined. The scope of this procedure is strength 

testing, tightness testing and direct purging of industrial and commercial gas installations. As part of the 

gas tightness testing process, the procedure introduces the concept of the Maximum Permitted Leak Rate 

(MPLR) of gas, which is the maximum flow rate of gas an installation is allowed to leak when the system 

is at the operating pressure. For new installations, the MPLR is defined on the basis of an energy release 

rate of 0.054 MJ/hr, which for natural gas equates to a volumetric flow rate of 0.0014 m3/hr. Different 

MPLR values are used for existing installations, depending upon the volume of the space enclosing the 

leak and the degree of ventilation.  

Based on the work presented earlier in this report, the following questions are addressed: 

1. Is a leak of gas at the MPLR laminar or turbulent? 

2. For an installation with an existing natural gas leak equal to the MPLR, how would the leak rate 

change if the gas was switched to hydrogen (or a hydrogen-methane blend)? What would be the 

implications in terms of flammable cloud size? 

3. The IGE/UP/1 procedure currently calculates the MPLR for different gases 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? 

To answer the first question: if the leak of gas is laminar, the flow rate will be governed by Equation 2, 

and if it is turbulent then the equations for turbulent or subsonic flow could be used (Equations 7 or 10). 

Using first the laminar flow equation, it is necessary to specify the length of the hole, 𝐿. Low pressure 

gas pipe wall thicknesses typically vary from 0.6 to 1.0 mm. The defect in the pipework/fittings producing 

the leak may not run straight through (perpendicular to) the pipe wall. Taking 𝐿 = 1 mm as a starting point 

for the calculation, Equation 2 gives the equivalent hole size as 0.095 mm for a supply pressure of 21 

mbarg. Assuming the gas in the pipework is at a temperature of 15 °C, the density of the methane at the 

orifice is 𝜌0 = 0.68 kg/m3 and the dynamic viscosity15 of the gas is 𝜇 = 1.07 ×10-5 Pa.s, the calculated 

Reynolds number (Equation 1) is around 330 (see Table 2), i.e. it is well below the transition Reynolds 

number of 2,000, which therefore indicates that the flow of methane is laminar. Figure 4 showed that if 

the gas is switched from methane to hydrogen and the flow is laminar for methane, then it will also be 

laminar for hydrogen. This analysis assumes that all of the gas leaks through a single, circular hole. If the 

gas leaks through a slot or through multiple smaller holes, then these too will be laminar since the 

characteristic dimension 𝐷 in the Reynolds number (Equation 1) will be smaller. 

Moving onto the second question, if the gas was switched from methane to hydrogen and the permitted 

hole size was unchanged (i.e. using the hole size calculated previously for methane of 0.095 mm), then it 

is possible to determine the flow rate of hydrogen blends using the laminar flow equation (Equation 2). 

For pure hydrogen, the volumetric flow is 1.23 times higher than the flow rate of methane, i.e. 1.23 × 

0.0014 = 0.0017 m3/hr. The release rates for 20% and 50% hydrogen blends are unchanged (i.e. 0.0014 

m3/hr). These release rates are summarised in Table 3 under the heading “Scenario I”. 

 

 

 

15 Values taken from the Air Liquide online encyclopaedia: https://encyclopedia.airliquide.com, accessed 25 November 2019.  

https://encyclopedia.airliquide.com/
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Table 2 IGE/UP/1 methane calculations for new installations and existing installations in Area 
Type A 

 

• Methane MPLR volumetric flow rate = 0.0014 m3/hr 

• Laminar flow calculation (Equation 2) 

o Methane MPLR hole diameter = 0.095 mm 

o Methane MPLR Reynolds number = 330 

• Subsonic flow calculation (Equation 10) 

o Methane MPLR hole diameter = 0.080 mm 

o Methane MPLR Reynolds number = 395 

 

To examine the implications of the change in flow rates on the flammable cloud size, the gas accumulation 

model discussed in Section 4.5 was used. The scenario modelled consisted of a leak into a small enclosure 

such as an internal cupboard housing a gas meter, with dimensions (height, width and depth) of 1.0 m, 

1.0 m and 0.5 m, respectively. The cupboard was assumed to have no designed ventilation openings but 

have cracks around the top and bottom of the door, and these cracks were assumed to span the width of 

the cupboard (1.0 m). As a first step, calculations were performed assuming a crack width of 1 mm around 

the door (i.e. an opening area of 1.0 × 0.001 m, at the top and bottom of the cupboard). Results are 

presented in Figure 7 for the build-up over time of gas in the top half of the cupboard for four different 

gases: pure methane, two blends of 20% and 50% hydrogen in methane, and pure hydrogen. The results 

show that in all cases the concentrations are well below the LFL. The 20% and 50% hydrogen releases 

give practically identical concentrations (as a percentage of LFL) to pure methane. The release rates used 

in these calculations for the blended gases are given in Table 3.   
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Table 3 Hydrogen-blend calculations in support of IGE/UP/1 

 Methane 20% 

Hydrogen 

50% 

Hydrogen 

100% 

Hydrogen 

Relative molecular mass (kg/kmol) 16.043 13.2 9.0 2.016 

Lower flammability limit (% v/v) 5.0 4.8 4.4 4.0 

Gross heat of combustion (MJ/m3) 37.7 32.6 24.9 12.1 

Scenario I: Volumetric flow rate for 

the hole diameter calculated in Table 

2 for the methane MPLR assuming 

laminar flow (m3/hr) 

0.0014 0.0014 0.0014 0.0017 

Scenario II: Volumetric flow rate 

that gives an energy flow rate of 

0.054 MJ/hr (m3/hr) 

0.0014 0.0017 0.0022 0.0045 

Scenario III: Volumetric flow rate 

set equal to the current natural gas 

value of 0.0014 m3/hr 

0.0014 0.0014 0.0014 0.0014 

 

As a quick check on these calculations, Harris (1983) presented the following correlation for the minimum 

area of an opening needed to keep natural gas concentrations to “acceptable” levels in an enclosure:  

𝐴𝑏 =
1350𝑉̇𝑔

√𝐻
=
1350(

0.0014
3600

)

√1
= 0.0005 𝑚2 ( 29 ) 

where 𝑉̇𝑔 is the volume flow rate of gas and 𝐻 is the vertical spacing between the upper and lower 

ventilation openings. The model assumes the flow is driven by the buoyancy of the gas and the openings 

are at the top and bottom of the enclosure. It predicts an opening area of 0.0005 m2 for the MPLR flow 

rate of 0.0014 m3/hr, and if this area is distributed across the width of the enclosure, it equates to a crack 

width of 0.5 mm. The result therefore confirms the model calculations presented in Figure 7, i.e. that 

concentrations with a crack width of 1 mm should be well below the LFL. 

The gas accumulation model was then used to simulate the same cupboard with a smaller 0.05 mm crack 

around the door, which was chosen to be sufficiently small to give concentrations close to the LFL. The 

results again showed that the concentrations remained below the LFL, with the 20% and 50% hydrogen 

cases again giving similar results to methane in terms of the percentage of LFL. For the pure hydrogen 

release, the steady state concentration was higher than the methane case. The results presented in Figure 

7 imply that the risks of forming flammable clouds due to small leaks at or below the MPLR are the same 

for the 20% and 50% blends as they are for natural gas, which is an important finding in the context of 

the HyDeploy project. 

To address the third question, the IGE/UP/1 methodology was used to calculate the flow rates of 20%, 

50% and 100% hydrogen blends necessary to achieve an energy flow rate of 0.054 MJ/hr. These results 

are presented in Table 3, where they are referred to as Scenario II. Gas accumulation calculations were 

then performed for the same scenario of a gas leak in a 1.0 × 1.0 × 0.5 m cupboard considered previously 

and the results are presented in Figure 8 as dashed lines. For the cupboard with 1 mm wide openings, the 
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concentrations increased as the hydrogen content increased, but in all cases the steady-state 

concentrations were below the LFL. In the cupboard with a smaller crack width of 0.05 mm, the gas 

concentrations rose above the LFL for the 50% hydrogen blend and for the pure hydrogen release. 

The results from this analysis suggest that the method used by IGE/UP/1 to define the MPLR for different 

gases would lead to an increased risk of producing flammable clouds for hydrogen blends. The low energy 

density of hydrogen per unit volume means that the MPLR volumetric flow rate is 3.1 times higher for 

pure hydrogen than it is for natural gas (0.0045 m3/hr versus 0.0014 m3/hr). In addition to the increased 

flow rate of gas, the LFL is also lower for hydrogen than natural gas, and the combined effects mean that 

hydrogen will be more likely to produce a flammable cloud than the current situation with natural gas. 

A possible solution to this issue could be to define the MPLR for hydrogen blends and 100% hydrogen 

to be the same as the current MPLR for natural gas in volumetric terms, i.e. 0.0014 m3/hr for new 

installations or existing installations with Area Type A (insufficient ventilation). This is referred to as 

Scenario III in Table 3. Results are presented in Figure 9 for the 20%, 50% and 100% hydrogen blends 

with the leak rate in all cases of 0.0014 m3/hr. The gas accumulation model predicts practically identical 

results in terms of percentage LFL. In terms of gas concentration (in % v/v), the hydrogen blends produce 

lower concentrations than pure methane – i.e. the increase in buoyancy produces an increase in the 

ventilation rate, which dilutes the gas to a lower concentration. This is balanced by the lower LFL for the 

hydrogen blends so that, overall, the gas concentration as a percentage of LFL appears nearly identical 

for the four different gases.  

This analysis has been performed assuming the pressure is the same for methane and hydrogen blends. 

In reality, there may be a greater drop in pressure along the pipework from the gas meter to equipment 

with hydrogen blends, due to the need to supply a higher volumetric flow rate of gas to the equipment for 

it to achieve the same heat output. This drop in pressure would only apply when the equipment was in 

operation, drawing gas along the pipe. Assuming that the pressure at the meter was the same for all gases, 

the effect of the higher pressure drop would be to reduce the leak rate for hydrogen blends. The result of 

analysis presented above should therefore be conservative, but it may be useful to investigate this matter 

further. 
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Figure 7 Predicted concentrations in a 1.0 × 1.0 × 0.5 m enclosure with ventilation openings 
top and bottom that are 1.0 m across and have a width of either 1 mm (top) or 0.05 mm 

(bottom). Four gas compositions are tested, as given in Table 3. Solid lines used flow rates 
calculated with a hole diameter of 0.095 mm and pressure of 21 mbarg, which gives the MPLR 

flow rate of 0.0014 m3/hr for methane (Scenario I). 
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    Figure 8 Predicted concentrations in a 1.0 × 1.0 × 0.5 m enclosure with ventilation openings 
top and bottom that are 1.0 m across and have a width of either 1 mm (top) or 0.05 mm (bottom). 
Four gas compositions are tested, as given in Table 3. Dashed lines used flow rates calculated 
to give the energy flow rate of 0.054 MJ/hr specified in IGE/UP/1 (Scenario II). The solid black 
line is the result for the methane MPLR flow rate of 0.0014 m3/hr. 
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Figure 9 Predicted concentrations in a 1.0 × 1.0 × 0.5 m enclosure with ventilation openings 
top and bottom that are 1.0 m across and have a width of either 1 mm (top) or 0.05 mm 

(bottom). Four gas compositions are tested, as given in Table 3. The leak rates for all of the 
gases is 0.0014 m3/hr, which is currently the MPLR for natural gas in IGE/UP/1 (Scenario III). 
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6 CONCLUSIONS 

Gas discharge and dispersion models have been analysed to assess the impact of blending hydrogen into 

natural gas in the UK gas transmission and distribution network. The work on gas discharge rates by 

Swain and Swain (1992) has been extended to consider compressible subsonic and choked releases. The 

results showed that these higher pressure releases behave in the same way as incompressible turbulent 

releases, in terms of the increase in hydrogen volume flow rate relative to methane.  

Empirical correlations from Chen and Rodi (1980) have been used to assess the change in the extent of 

flammable clouds of hydrogen-blends relative to methane. For turbulent vertical jet releases from round 

holes, the analysis predicted that hydrogen-blends would produce larger flammable clouds than the 

equivalent methane releases. For pure hydrogen, the distance to LFL was predicted to be 3.5 times the 

distance for methane. For pure buoyancy-dominated plumes, flammable hydrogen clouds were predicted 

to extend only 1.5 times the distance of the equivalent methane clouds. These results were confirmed by 

comparing results to predictions from the Quadvent-2 area-classification software tool.  

To demonstrate a practical application of the methods presented in this report, they were used to 

investigate the IGE/UP/1 procedure on leak tightness testing. Results from the analysis suggested that gas 

installations that have been leak tested in accordance with IGE/UP/1 under natural gas should have no 

increased risk of producing flammable clouds if the gas is switched to a blend of 20% hydrogen in natural 

gas (assuming the hole size, pressure and temperature are unchanged). IGE/UP/1 currently defines a 

method for calculating the MPLR volumetric flow rate for different gases in terms of energy content. If 

this method is used to calculate the MPLR for pure hydrogen and hydrogen blends, gas accumulation 

calculations showed that the resulting higher volumetric flow rates would lead to an increased risk of 

producing flammable clouds. It was shown that a possible solution to this issue could be to define the 

MPLR for pure hydrogen and hydrogen blends to be the same as the current MPLR for natural gas in 

volumetric terms rather than energy, i.e. 0.0014 m3/hr for new installations or existing installations with 

Area Type A. The gas accumulation model predicted practically identical gas concentrations in terms of 

percentage LEL for pure methane, hydrogen blends and pure hydrogen in that case. 

Future work should consider extending the preliminary analysis presented here to instead use realistic 

natural gas compositions instead of pure methane. This may affect some of the results, particularly those 

for high-pressure releases. Work is continuing at HSE and DNV GL on the H21, H100, HyDeploy and 

Hy4Heat projects to further investigate gas leakage and dispersion behaviour of pure hydrogen and 

hydrogen blends. As part of the H21 project, leakage tests are being undertaken at the HSE Science and 

Research Centre in Buxton on assets that have been recovered from the UK gas network. DNV GL is also 

conducting experiments at Spadeadam on gas releases both above and below ground. HSE is also 

conducting wind-tunnel experiments to validate gas accumulation models for hydrogen blends as part of 

the HyDeploy-2 project, and DNV GL is conducting tests on confined gas releases within buildings for 

the Hy4Heat project. All of this work will contribute to the evidence base to support the safe repurposing 

of the gas network for hydrogen, which ultimately will help us to meet climate-change targets. 
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APPENDIX A 

The book on turbulent buoyant jets by Chen and Rodi (1980) provides an excellent review of experimental 

data, together with useful correlations for concentration in jets and plumes (which were used earlier in 

this report). However, some of the equations presented in their book appear at first sight to be ambiguous 

or contradictory. Molkov (2015) has also noted that several papers in the literature have incorrectly 

written the equations for concentration in jets. The aim of this Appendix is to provide additional 

supporting material to help interpret the equations presented by Chen and Rodi (1980) and other papers 

in the literature, and to help resolve several issues. 

There are two equations presented by Chen and Rodi (1980) for the decay of concentration with distance 

in momentum-dominated jets (on Pages 28 and 37 of their book):  

𝐶∗ = 5(
𝜌0
𝜌𝑎
)
−
1
2
(
𝑥

𝐷
)
−1

 ( A.1 ) 

Δ𝑐𝑐𝑙
Δc0

= 5.4 (
𝜌0
𝜌𝑎
)

1
2
(
𝑥

𝐷
)
−1

 ( A.2 ) 

There is an important difference between these two equations in relation to the density ratio (𝜌0 𝜌𝑎⁄ ), 
where in the first equation this ratio is raised to the power (-1/2) and in the second equation it is raised to 

the power (1/2). At first sight, this might appear to be a typographical error, but this is not the case, as 

will be explained below. 

The parameter 𝐶∗ is defined by Chen and Rodi (1980) in their nomenclature as a dimensionless density: 

𝐶∗ =
𝜌𝑎 − 𝜌𝑐𝑙
𝜌𝑎 − 𝜌0

 ( A.3 ) 

where 𝜌𝑎, 𝜌0  and 𝜌𝑐𝑙 are, respectively, the ambient density, the source fluid density, and the centreline 

density (i.e. the density of the mixture of source fluid and ambient fluid on the centreline of the jet at 

distance 𝑥).  

The density of a mixture of two fluids is the volume-fraction weighted sum of the component fluid 

densities, i.e.: 

𝜌𝑐𝑙 = 𝑓𝜌0 + (1 − 𝑓)𝜌𝑎 ( A.4 ) 

where 𝑓 is the volume fraction of the source fluid. Substituting Equation A.4 into A.3 gives: 

𝐶∗ =
𝜌𝑎 − [𝑓𝜌0 + (1 − 𝑓)𝜌𝑎]

𝜌𝑎 − 𝜌0
 (A.5 ) 

which can be simplified to: 

𝐶∗ = 𝑓 ( A.6 ) 

In other words, 𝐶∗ is the concentration of the source fluid, expressed as a volume fraction.  
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Returning to Equation A.2, it is unclear in this expression whether the terms Δ𝑐𝑐𝑙 and Δ𝑐0 are volume 

fractions or mass fractions. Chen and Rodi (1980) simply referred to 𝑐 as being a concentration. Equation 

A.2 is presented in their book beside a graph of the concentration decay in jets, which includes various 

experimental datasets for carbon dioxide, helium, air and smoke (see Figure A.1). To determine whether 

the terms Δ𝑐𝑐𝑙 and Δ𝑐0 are mass fractions or volume fractions, the source of the experimental data plotted 

in their graph has been investigated. 

The experimental data presented in Figure A.1 for helium and carbon dioxide (cited by Chen and Rodi as 

reference [44]) is a conference paper by Keagy and Weller (1949). This 70 year old conference paper is 

difficult to source. The RAND website16 notes that the conference paper was superseded by a report 

published by the same authors (Keagy et al., 1949), and RAND provides a digital print of this report on 

their website.  

The Keagy et al. (1949) RAND report presents two graphs for concentrations in jets of helium and carbon 

dioxide, consisting of model predictions and measurements (reproduced here in Figure A.2). Keagy et al. 

(1949) stated that the concentration, 𝐶, in these figures was a volume fraction. The square and round 

symbols in Figure A.2 are marked as concentration and velocity, respectively. However, it appears that 

there is a mistake and they should be the opposite way around (i.e. ■ should be velocity, and ● should be 

concentration). This hypothesis is supported by the fact that symbols match the model predictions when 

they are the opposite way around, and the report makes no mention of this otherwise strange coincidence. 

Furthermore, the conference paper by Keagy and Weller (1949) (which can still be obtained from ASME 

for a fee) presents the symbols the opposite (i.e. correct) way around (see Figure A.3). There are also data 

points that appear in Keagy and Weller’s graphs (Figure A.3) which are absent in the Keagy et al. report 

(Figure A.2). 

 

Figure A.1 Concentration (mass fraction) in turbulent round jets. Reprinted with permission 
from Chen and Rodi (1980). 

 

 
16 https://www.rand.org/pubs/papers/P55.html, accessed 15 October 2019. 

https://www.rand.org/pubs/papers/P55.html
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Figure A.2 Concentration (volume fraction) in jets of carbon dioxide and helium, reproduced 
with permission from Keagy et al. (1949) © RAND Corporation 

 

Concentration data from Keagy and Weller (1949) have been digitised and converted from volume 

fractions to mass fractions, using the following formulae: 

𝑦 =
𝑓𝑀0

𝑓𝑀0 + (1 − 𝑓)𝑀𝑎
 ( A.7 ) 

where 𝑀0 is the molecular weight of the source gas (either carbon dioxide 𝑀0 = 44 g/mol, or helium 

𝑀0 = 4 g/mol) and 𝑀𝑎 is the molecular weight of the ambient fluid (air, 𝑀𝑎 = 29 g/mol). The graph of 

mass fraction (𝑦) versus distance (𝑥/𝐷) has then been overlaid on the original graph from Chen and Rodi 

(1980) (see Figure A.4) to demonstrate that the two datasets are in agreement. The conclusion from the 

analysis of these graphs is that the concentrations presented in Chen and Rodi’s data (Figure A.1) and in 

their Equation A.2 for the ratio (Δ𝑐𝑐𝑙 Δ𝑐0⁄ ) are mass fractions.  

Molkov (2015) reached this same conclusion and he also noted that other authors, including Birch et al. 

(1984, 1987), had incorrectly written the concentration in jets as being in terms of the volume fraction, 

𝑓: 

𝑓 = 5.4 (
𝜌𝑎
𝜌0
)

1
2𝐷

𝑥
 ( A.8 ) 

This equation, which Molkov (2015) stated was incorrect, is the same as Equation A.1 presented by Chen 

and Rodi (1980), except for the minor difference in the constant (a value of 5.4 versus 5).  
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Figure A.3 Concentration (volume fraction) in jets of carbon dioxide and helium, reproduced 
with permission from Keagy and Weller (1949) © ASME 

 

Figure A.4 Concentration (mass fraction) graph from Chen and Rodi (1980) (in black) overlaid 
with data from Keagy and Weller (1949) (in red) 

 

Chen and Rodi (1980) demonstrated good agreement between measurement data and their correlation for 

mass fraction (Equation A.2 in Figure A.1) but did not show results in terms of the volume fraction. It is 

useful to make this comparison to show whether their formula for volume fraction (Equation A.1) or that 

of Birch et al. (Equation A.8) shows similarly good agreement. 

To convert a mass fraction (𝑦) into a volume fraction (𝑓), the following equation can be used: 
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𝑦 = 𝑓
𝜌0
𝜌𝑐𝑙

 ( A.9 ) 

where 𝜌𝑐𝑙 is the density of the mixture of source and ambient fluids on the jet centreline at the given 

concentration (see Equation A.4). Substituting this into Equation A.8 gives: 

𝑦 = 𝑓
𝜌0
𝜌𝑐𝑙

= 5.4 (
𝜌0
𝜌𝑎
)

1
2
(
𝑥

𝐷
)
−1

 ( A.10 ) 

which can be rearranged to give: 

𝑓𝐶𝑅2 = 5.4 (
𝜌𝑐𝑙
𝜌0
) (
𝜌0
𝜌𝑎
)

1
2
(
𝑥

𝐷
)
−1

 ( A.11 ) 

Here the subscript 𝐶𝑅2 has been added to denote that this equation originates from second of Chen and 

Rodi correlations (Equation A.2), for the mass fraction. 

If the centreline density is assumed to be approximately equal to the ambient density (𝜌𝑐𝑙 ≈ 𝜌𝑎), the 

above equation can be written:  

𝑓𝐵 ≈ 5.4 (
𝜌0
𝜌𝑎
)
−
1
2
(
𝑥

𝐷
)
−1

 ( A.12 ) 

which matches the Birch et al. equation (Equation A.8) – hence the subscript 𝐵  in this expression for 

Birch. This approximation that the centreline density is equal to the ambient density is valid in situations 

where the source fluid density is similar to the ambient density, or where the distances of interest are 

sufficiently far downstream that the concentration of the source fluid is low. To explore whether this 

approximation is valid for the cases of interest here, Figure A.5 shows the experimental data from Keagy 

and Weller (1949) in terms of the volume fraction with three sets of model predictions, using Equations 

A.1, A.11 and A.12. 

Looking at the helium data in Figure A.5, Molkov (2015) is correct in the sense that Equation A.11 

matches the experimental data, whilst the other two approximations (Equations A.1 and A.12) over-

predict the concentration significantly near the source (a factor of 1.6 over-prediction at 𝑥/𝐷 = 20). The 

approximation used by Birch et al. (1984, 1987) (Equation A.12) is not valid in this near field region for 

helium. 

The difference between the three models is much less significant for carbon dioxide, where all three 

Equations give similar results. This change in behaviour depending on the gas (helium versus carbon 

dioxide) is related to the difference in the density between source fluid and the ambient. For helium, the 

source and ambient densities are different by a factor of 7, whereas for carbon dioxide it is just a factor 

of 1.5. 
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Figure A.5 Concentration (volume fraction) in jets of helium and carbon dioxide. Symbols 
show data from Keagy and Weller (1949). Lines show three different model predictions, using 

Equations A.1, A.11 and A.12. 

 

Birch et al. (1984) examined jets of natural gas, which has a difference in density relative to air of a factor 

of approximately 1.8. In their later work, Birch et al. (1987) studied jets of air. Therefore, in their work, 

the approximation that 𝜌𝑚𝑖𝑥 ≈ 𝜌𝑎 was valid.  

When we consider hydrogen, the difference in density between hydrogen and air is a factor of 14. 

Therefore, based on the results shown in Figure A.5, the approximation 𝜌𝑚𝑖𝑥 ≈ 𝜌𝑎 should not be used in 

the near-field. The difference in behaviour with methane and hydrogen is shown in Figure A.6. 

The difference between the correlations (Equations A.1, A.11 and A.12) diminishes with distance 

downstream, as the jet density approaches the ambient density. If the primary interest is in assessing the 

distance to the LFL concentration it would appear from Figure A.6 that the correlations should give 

similar results, i.e. a small error. The error resulting from the approximation 𝜌𝑚𝑖𝑥 ≈ 𝜌𝑎 can be assessed 

by equating Equations A.11 and A.12 (i.e. setting 𝑓𝐶𝑅2 = 𝑓𝐵). After some algebra, this gives: 

𝑥𝐶𝑅2
𝑥𝐵

= 1 − 𝑓𝐶𝑅2 (1 −
𝜌0
𝜌𝑎
) ( A.13 ) 

The above equation expresses the difference between the Chen and Rodi (1980) and Birch et al. 

correlations in terms of the ratio of the distances predicted by the two models (𝑥𝐶𝑅2/𝑥𝐵) as a function of 

the concentration, 𝑓𝐶𝑅2, and the density ratio, 𝜌0/𝜌𝑎. The two correlations tend to give the same 

predictions (a ratio of 𝑥𝐶𝑅2 𝑥𝐵⁄  approaching a value of 1) as the source fluid density tends to the ambient 

density (𝜌0/𝜌𝑎 → 1) or as the concentration tends to zero (𝑓𝐶𝑅2 → 0).  

The LFL for hydrogen is 4% v/v (i.e. 𝑓𝐶𝑅2 = 0.04) and the density ratio is 𝜌0 𝜌𝑎⁄ = 2 29⁄ . The above 

equation gives the result that the distance to LFL using the Chen and Rodi (1980) correlation (Equation 

A.11) is 1.04 times the distance to the LFL from the Birch et al. (1984, 1987) correlation (Equation A.12). 

For the distance to 50% LFL, the factor is 1.02. Further results are plotted in Figure A.7 for hydrogen and 

methane. Overall, for the distances commonly of interest (i.e. distance to LFL and 50% LFL), the error 

resulting from assuming 𝜌𝑚𝑖𝑥 ≈ 𝜌𝑎 is relatively modest (an error of less than 5% in the predicted distance 

to LFL). 
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In summary, Chen and Rodi (1980) presented two equations for concentrations in jets: the first one in 

terms of the volume fraction (Equation A.1) and the second in terms of the mass fraction (Equation A.2). 

The second equation was derived from analysis of experimental data for jets of fluids with different 

densities and the equation matches the data well. The first equation appears to have been derived from 

the second equation with the simplifying assumption that the source fluid density is similar to the ambient 

density. A similar assumption appears to have been used by Birch et al. (1984, 1987). This assumption 

can lead to relatively large errors in predicted concentrations near to the source when the source and 

ambient fluid densities are very different. For example, for helium in air the error in predicted 

concentration is around 30% v/v helium concentration at a distance of 20 jet source diameters (a 

prediction of 70% v/v versus a measured concentration of 40% v/v). For fluids with similar densities to 

the ambient (e.g. methane or carbon dioxide in air) these errors are minor or negligible. Also, at distances 

far downstream (irrespective of the fluid density) the errors diminish. For hydrogen in air at a distance 

downstream where the concentration falls to LFL, the error in the predicted distance to the LFL is just 

4% (i.e. the difference between a distance of 𝑥 = 1.00 and 1.04). For the 50% LFL, the error in the 

predicted distance is 2%.  

 

 

Figure A.6 Concentration (volume fraction) in jets of hydrogen and methane. Lines show 
three different model predictions, using Equations A.1, A.11 and A.12. 
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Figure A.7 Distance ratio 𝑥𝐵/𝑥𝐶𝑅2 as a function of gas concentration for hydrogen and 
methane. This expresses the error in the predicted distance to a given concentration due to 
the assumption used by Birch et al. (1984, 1987) that the jet density is equal to the ambient 

density. For a gas concentration of 10% v/v, there is a 10% error in the distance for hydrogen 
and a 5% error in the distance for methane. 
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Hydrogen has the potential to be used as part of decarbonising the future energy 
system. Hydrogen can be used as a fuel ‘vector’ to store and transport low-
carbon energy. Several UK projects are investigating the potential use of the 
existing natural gas transmission and distribution network to transport either 
hydrogen, or blends of hydrogen and natural gas, from production or storage 
sites to domestic or commercial appliances such as boilers, cookers, fires and 
ranges. Mathematical modelling is important to inform risk assessments to 
ensure that levels of safety for the public are maintained.  
 
This report describes preliminary mathematical modelling of potential leaks from 
gas network assets such as valves and pipes when hydrogen, or hydrogen 
blends, are transported or used. The research considers the potential impact of 
leak rates and the dispersion behaviour of the gas. It uses published information 
from laboratory-scale experiments. The report presents a preliminary modelling 
case study to show how this potential impact might affect a commonly-used UK 
gas industry leak tightness testing procedure.  
 
This research will be of interest to risk assessment specialists in the gas 
industry.  
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