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ABSTRACT

The EC funded Naturalhy project is investigating the possibility of promoting the swift introduction of
hydrogen as a fuel, by mixing hydrogen with natural gas and transporting this mixture by means of the
existing natural gas pipeline system to end-users. Hydrogen may then be extracted for use in
hydrogen fuel cell applications or the mixture may be used directly in conventional gas-fired
equipment. This means that domestic customers would receive a natural gas (methane)/hydrogen
mixture delivered to the home. As the characteristics of hydrogen are different from natural gas, there
may be an increased risk to end-users in the event of an accidental release of gas from internal pipe
work or appliances. Consequently, part of the Naturalhy project is aimed at assessing the potential
implications on the safety of the public, which includes end-users in their homes. In order to
understand the nature of any gas accumulation which may form and identify the controlling
parameters, a series of large scale experiments have been performed to study gas accumulations within
a 3 m by 3 m by 2.3 m ventilated enclosure representing a domestic room. Gas was released vertically
upwards at a pressure typical of that experienced in a domestic environment from hole sizes
representative of leaks and breaks in pipe work. The released gas composition was varied and
included methane and a range of methane/hydrogen mixtures containing up to 50% hydrogen. During
the experiments gas concentrations throughout the enclosure and the external wind conditions were
monitored with time. The experimental data is presented. Analysis of the data and predictions using a
model developed to interpret the experimental data show that both buoyancy and wind driven
ventilation are important.

1.0 BACKGROUND

Hydrogen is seen as an important energy carrier for the future which offers carbon free emissions at
the point of use. However, transition to the hydrogen economy is likely to be lengthy and will take
considerable investment with major changes to the technologies required for the manufacture,
transport and use of hydrogen. In order to facilitate the transition to the hydrogen economy, the EC
funded project Naturalhy is studying the potential for the existing natural gas pipeline networks to
transport hydrogen from manufacturing sites to hydrogen users. The hydrogen, introduced into the
pipeline network, would mix with the natural gas. This mixture could then be used directly by
consumers as a fuel within existing gas powered equipment, with the benefit of lower carbon
emissions. In addition, hydrogen could be extracted from the mixture for use in hydrogen powered
engines or for hydrogen fuel cell applications. Using the existing pipeline network to convey
hydrogen in this way, would enable hydrogen production and hydrogen fuelled applications to become
established prior to the development of a dedicated hydrogen transportation system, which would
require considerable capital investment and time for construction.

However, the existing gas pipeline networks are designed, constructed and operated based on the
premise that natural gas is the material to be conveyed. Hydrogen has different chemical and physical
properties which may adversely affect the integrity or durability of the pipeline network, or which may
increase the risk presented to the public. For these reasons, the Naturalhy project has been initiated to
assess the feasibility and impact of introducing hydrogen into a natural gas pipeline system.
Determining any change in risk to the public is a major part of this project. For example, although
rare, escapes of gas from faulty appliances or joints in internal pipe work do occur and sometimes



result in the formation of a flammable accumulation. Each year, a small number of such escapes result
in an explosion with the potential to harm the occupants and cause damage to the building. The
introduction of hydrogen into the supplied gas may increase the risk of such explosions due to the
change in way in which the gas accumulation forms and/or due to the increased reactivity of hydrogen.
In order to understand the nature of any accumulation of natural gas/hydrogen which may form and to
identify the controlling parameters, a series of large scale experiments have been undertaken in which
methane/hydrogen mixtures were released within a room-sized enclosure under conditions which are
typical of a domestic environment. Assessment of the data enabled identification of the controlling
parameters and aided the development and validation of a mathematical model.

2.0 INTRODUCTION

The concentration and extent of the flammable accumulation will affect the severity of the resulting
explosion and hence it is important to understand the controlling parameters of gas build-up
behaviour. For natural gas, the characteristics of gas escapes in the home are well understood. For
example, gas accumulations will tend to form a layer of uniform concentration in that part of the room
above the height of the release point. Factors which contribute to this behaviour are: the low
momentum of gas release (due to the typical gas pressure being 20-30 mbar); the density of natural gas
being less than that of air; and the generally low velocity of airflow (ventilation) within domestic
buildings.

However, natural gas/hydrogen mixtures have a lower density than natural gas and this may give rise
to different gas accumulation behaviour. Also, for a given supply pressure and leak size, the volume
flow rate of natural gas/hydrogen will be greater than the equivalent leak involving methane. Hence, it
might be expected that the resulting gas concentration will be higher. Furthermore, due to the wide
flammability limits of the mixture, a larger flammable volume may result. In order to assess any
change in gas accumulation behaviour, the large scale experiments reported here studied gas releases
at pressures typical of that found in a domestic building from leak sizes typical of those that may
occur, involving methane (representing natural gas) and methane/hydrogen mixtures. As a flammable
concentration will be reached more readily if the escape results in an accumulation in only part of the
room (a ‘layer’) this represents the more hazardous situation. Hence, the experimental programme was
designed such that most tests involved a gas release which was vertically upwards from a location at
half-height. Furthermore, the ventilation regime was such that air would enter the room at low level
and gas mixture leave the room at high level. This situation promoted the formation of a ‘layer’ in the
upper part of the room.

3.0 EXPERIMENTAL DETAILS
3.1 Experimental Arrangement

The experiments were conducted at the Advantica Limited test site at Spadeadam in the north of
England. The test rig was designed to represent a typical domestic room and consequently measured 3
m by 3 m by 2.3 m high. Figure 1 shows a schematic of the test arrangement. In one wall of the test
rig (front wall) a lightweight door (typical of that used inside a domestic property) was installed
measuring 0.9 m by 2 m high. This was located within a typical door frame and a door jamb nailed to
the doorframe to hold the door in place. The arrangement was therefore characteristic of the situation
where the door opens into the room. The two side walls, each adjacent to the front wall, incorporated
ventilation openings which could be adjusted in size and could provide a well-defined ventilation
pattern to the enclosure. The upwind side wall (facing the wind) had an opening at low level, located
200 mm above the floor. The downwind side had an opening the same size at high level, 200mm
below the ceiling. Each ventilation opening measured 1 m in the horizontal direction and was adjusted
in size in the vertical direction. The back wall, floor and ceiling were plain and incorporated no
fittings.



The gas used for the experiments was supplied in high pressure (200 bar) cylinders. Four different
gases were used, methane and three mixtures of hydrogen and methane which contained nominally
10%, 20% and 50% by volume hydrogen respectively. Hereafter, these mixtures will be referred to as
90:10, 80:20 and 50:50 respectively. The pressure was reduced in stages and controlled to provide a
fixed gauge pressure at the release point of either 20 or 30 mbar.
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Figure 1. Schematic of the test arrangement.

The leak was simulated by a hole of a pre-determined size (5 or 10 mm diameter) drilled into a fitting
at the end of the gas supply pipe work. The release point was positioned close to the back wall of the
test rig, in the centre of wall (horizontally). For most of the tests, the release point was positioned at a
height of 1.1 m above the floor, but for 2 tests, it was located close to the floor. In all cases, the
release was directed vertically upwards.

3.2 Scientific Measurements

The gas release pressure and temperature were measured close to the release point. The gas release
rate was then calculated using:

m = B A.J(200pP) (1)

where m - mass release rate, kg s'; B - coefficient of discharge; A - area of release, m’; p - density
of gas, kg m™; P - gauge pressure immediately upstream of release, mbar.

The gas concentration was measured during each experiment using twenty A02 CiTicel detectors
which measure the oxygen content of the atmosphere from which the gas concentration was
determined. At the beginning of each test, prior to activation of the gas release, the output signals of
the oxygen cells were recorded (nominally 10 mV) and taken to be representative of the oxygen
concentration in the atmosphere corresponding to 0% gas. During the gas release, the signal
decreased, being linearly related to the concentration of gas. The error analysis concluded that the gas
concentrations could be measured with an accuracy of +0.1%. The oxygen cells were located
throughout the enclosure at different horizontal and vertical positions to determine the nature of the
gas/air mixtures formed during the tests.



The prevailing wind speed and direction was measured at a location approximately 60 m from the test
rig. The wind speed was measured at heights above the ground of 3, 4.85, 8.4 and 10.75 m.

4.0 TEST PROGRAMME

Table 1 summarises the test conditions for 8 tests. As can be seen, six tests considered a 10 mm
diameter leak at nominally 30 mbar representing a break of typical internal pipe work. Two tests
studied a 5 mm diameter leak at nominally 20 mbar representing smaller failures, such as, a leak from
a joint or a faulty appliance.

Table 1. Summary of Experimental Conditions

Test 1 2 3 4 5 6 7 8
Gas composition CH,; | 50:50 | CHs | 90:10 | 80:20 | 50:50 | 80:20 | 50:50
Release diameter (mm) 5 5 10 10 10 10 10 10
Release height (m) 1.1 1.1 1.1 1.1 1.1 1.1 0.1 0.1

Release gauge pressure | 20.5 | 20.7 30.3 | 304 30.5 30.2 31.1 29.7
(mbar)

Height of wvent opening | 10 15 50 15 10 50 20 15
(mm)

5.0 EXPERIMENTAL RESULTS

In all cases, it was found that the gas concentrations measured at different locations within the
enclosure but at the same height were the same, indicating that the gas accumulation was uniform in
the horizontal plane and only varied with height above the floor. Consequently, in the results
presented here, only the height of the sensor (oxygen cell) above the floor is given.
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Figure 2. Gas concentration with time during Test 6.

Figure 2 shows the results of the measurements of gas concentration made using the 20 oxygen cells
located within the room during Test 6. The time at which the gas release was initiated and terminated




is shown. As can be seen, the gas concentrations increased with time until a steady state concentration
was reached and prevailed until the gas release was terminated. It can also be seen that the gas
concentrations were very low (less than 1%) for all sensors located 1.1 m or lower above the floor.
Similarly, all sensors located 1.6 m or higher gave similar results, indicating an accumulation between
1.6 m and the ceiling which had a uniform concentration throughout. In the zone between these two
regions the concentration varied significantly with height.
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Figure 3. Gas layer formation within the room during Test 6.
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Figure 4. Gas layer dispersal during Test 6.



Figure 3 shows the results of the same test presented as gas concentration with height within the room.
To produce this plot, for selected times after the onset of the gas release, the measurements made at
sensors at the same height within the enclosure were averaged. This clearly shows that the formation
of a layer of essentially uniform concentration occurs at an early stage after onset of the gas release,
and that thereafter, the gas concentration in this layer increases until the steady state concentration is
reached. For this test, the selected steady state period was 1300-1750 s and the steady state gas
concentration in the layer was 18.6 %.

After the gas release was terminated, the gas accumulation dispersed. Figure 4 shows the dispersal
phase for Test 6 and was produced in a similar manner to Figure 3. It can be seen that, following
termination of the gas release, the layer of uniform concentration was not maintained. High gas
concentrations persisted for some time close to the ceiling but at lower heights, the concentrations
were significantly lower and gas accumulation was quickly dispersed.

The formation of a layer of essentially uniform concentration and the absence of gas below the height
of the release was observed in all of Tests 1 to 6 where the release was from a height of 1.1 m above
the floor, although the level of gas concentration achieved at steady state and the rate of change of gas
concentration during the build-up phase differed from test to test due to the different release conditions
and prevailing wind conditions.

Figures 5 and 6 show the formation and dispersal of the gas accumulation during Test 8, where the gas
was released from close to the floor. In this Test, and in Test 7, the layer of uniform concentration
extended almost down to the floor.

Table 2 summarises the height of the bottom of the layer (the interface) and the average gas
concentration at steady state for all the tests. Also shown in the table are the calculated gas release
rates, the measured wind speeds at 10.75 m above ground and the angle of incidence of the wind onto
the inlet vent (all during the steady state period for each test).
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Figure 5. Gas Layer formation within the room during Test 8.
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Figure 6. Gas layer dispersal during Test 8.

Table 2. Summary of gas layer formed at steady state.

Test 1 2 3 4 5 6 7 8
Gas composition CH,; | 50:50 | CH; | 90:10 | 80:20 | 50:50 | 80:20 | 50:50
Release diameter (mm) 5 5 10 10 10 10 10 10

Calculated gas release rate | 4.21 | 5.68 20.6 | 21.6 22.8 27.4 23.1 27.3
(m’ ™)

Release height (m) 1.1 1.1 1.1 1.1 1.1 1.1 0.1 0.1

Height of interface (m) 1.4 1.4 1.2 1.2 1.2 1.3 0.3 0.2

Average gas concentration | 8.8 12.3 15.7 | 16.9 20.8 18.6 16.0 24.0
in layer at steady state

(%v/v)
Wind speed at 10.75 m 4.5 2.5 1.9 6.5 9.2 1.3 4.4 5.4
Wind angle to inlet vent (0 | 28 1 14 38 52 12 18 38

degrees is normal to vent)

6.0 MATHEMATICAL MODEL OF GAS BUILD-UP

Due to the different wind conditions which prevailed over the test series and the different heights of
the ventilation openings, it was not easy to compare directly the absolute concentration levels achieved
during the tests. Such a comparison is best achieved with the use of a mathematical model.

Figure 7 shows, diagrammatically, the main elements of the model that has been developed. Gas was
assumed to be released into the enclosure at a steady rate. The build-up of gas within the enclosure
and the evolution of the upper buoyant layer was analyzed from onset of the release until steady state
was achieved using a simple mathematical model.
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Figure 7. The main elements of the model

It was assumed that prior to the release of gas the enclosure was filled with air and that air flowed
through the enclosure as a result of wind generated ventilation. Following commencement of the
release of gas (lighter than air) a buoyant jet was formed into which air was entrained resulting in the
formation of an upper buoyant layer of gas/air mixture and a lower layer of air. Within the upper layer
the concentration of gas was assumed to be uniform. These assumptions are based on the observations
made during the experiments. It was assumed that no mixing occurred across the interface separating
the upper lower layers, and that the only transfer taking place was by means of the jet.

It was assumed that the wind driven ventilation flow entering the enclosure through the lower vent
(and hence entering the lower layer) was augmented by buoyancy generated ventilation flow. It was
also assumed that gas/air mixture at the concentration prevailing in the upper layer flowed out of the
enclosure through the upper vent.

The objective of the analysis was to determine both the variation in the volume of the upper layer, V;
(m?), (i.e. the change in position of the interface, 4 (m)), and the build-up of gas in the upper layer, ¢
(%), during the transient part of the release and also their steady state values.

Firstly, it was necessary to consider the evolution of the volume of the upper layer. Following Kaye
and Hunt [1] the rate of change of the volume of the upper layer can be expressed as:

dv.
71,‘1 - Qj O = Q./ —(Q, +Q)) N

Q; — flow rate of gas/air mixture in the jet at the point of entry to the upper layer, m’ s O, — flow
rate of gas/air mixture leaving the enclosure, m’ s™; Q,, — flow rate of air entering the enclosure, m® s™';
0O, — flow rate of gas entering the enclosure, m’ s™'; # — time, s.

Secondly, it was necessary to consider the build-up of gas in the upper layer. The rate of change of
volume of gas in the upper layer can be expressed as:



d(V,c) dc dV,
dt 1 dt+c dt Qs C(Q1n+Qs) ( )

dv,
Substituting for 71 from equation (2), gives:
t

1o, -0, +0))=0.-(@, +0)

Therefore the rate of change of the concentration is given by:

dc
V,—=0.—-cO. 4
s 0, CQ, 4)

To solve the pair of equations (2) and (4) numerically, it was necessary to establish relationships for
the volume flow rate of ventilation air into the enclosure through the lower vent, Q,,, and the volume
flow rate of gas/air mixture from the jet into the upper layer, O,.

To determine Q;,, the approach described in Warren and Webb (1980) [2] was followed in which:

0, =03 +0Oy (5)

Oj - ventilation flow generated by buoyancy in the absence of wind, m’ s'; Oy - ventilation flow
generated by the wind in the absence of buoyancy, m’s™.

Considering the effective height of the upper buoyant layer as the vertical distance from the interface

to the centre of the upper vent, H;, (m) then the ventilation flow generated by buoyancy can be
expressed as:

C,A -
= > \J2¢'H 6
Os /—2 811, (6)

C, — coefficient of discharge of the vent (A value of C; = 0.8 was used.) ; 4, — area of vent opening,
m’; g'- reduced gravity, m s~

Where gr _ (pa[r — P jg

air

g — acceleration due to gravity, m s; p,;. — density of air, kg m™; p, — density of gas/air mixture in the
upper layer, kg m™.

The ventilation flow generated by the wind can be expressed as:

Oy = legv Uy (7

Uy — component of the wind velocity normal to the ventilation opening, ms™.

To determine Q;, the model for a buoyant jet of Lane-Serff et al (1993) [3] was adopted. The two
main assumptions of this approach are the Boussinesq approximation (discussed in detail by Turner



(1973) [4]) and relating entrainment into the jet as proportional to the local mean jet velocity. The
constant of proportionality is called the entrainment constant, a.

An entrainment constant was first used explicitly by Morton, Taylor and Turner (1956) [5]. Numerous
experimental studies have provided values of the entrainment constant such as Rouse, Yih and
Humphreys (1952) [6], Chen and Rodi (1980) [7]. A value of o = 0.05 taken from Rodi (1982) [8] was

used in this analysis.

Following Lane-Serff et al (1993) [3], Conservation equations for mass, momentum and buoyancy
were written as:

(U ,R?)

- 2RaU, (8a)

d\U,’R?

(UC;—ZR) = ¢'(AR) (8b)

d(g'Uij): 0 (8¢)
dz

U; — local mean jet velocity, m s R — local jet radius, m; Z — height above the source of the gas, m;
— ratio of the transverse length scales of density and velocity. (Following Lane-Serff et al (1993) [3], a
value of A of 1.1 was adopted.)

Equations (8a) to (8c) were non-dimensionalised and transformed as described by Lane-Serff et al
(1993) [3] and integrated at each time step during the solution of equations (2) and (4) to determine the
mean jet velocity, U, and the jet radius, R, at the height at which the jet entered the upper buoyant
layer. This enabled the flow rate of gas/air mixture into the upper layer, O, to be calculated.

7.0 RESULTS FROM THE MODEL

Figure 8 shows a comparison of the model predictions with experimental measurements of the build-
up of gas within the upper layer of the enclosure during Tests 6 and 8.

The predicted steady state level of the interface between the upper and lower layers was 1.33 m and
0.22 m for Tests 6 and 8, respectively. These values compare with experimental measurements of
1.3 m and 0.2 m, for Tests 6 and 8, respectively.

Figure 9 shows the steady state concentration predicted by the model compared with the steady state
concentration measured during all the experiments.

Figure 10 shows the effect of varying the percentage of hydrogen in the released methane/hydrogen
mixture on the gas accumulation in the upper layer in the enclosure and on the height of the interface
between the upper and lower layers predicted by the model.
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8.0 DISCUSSION

The predictions of the model showed good agreement with the experimental data and demonstrate that
the model performs well for the upward directed relatively low momentum releases of buoyant gas
into the ventilated enclosure under consideration. Consequently, the model was used to investigate the
influence on the gas accumulation of changes in different parameters. The Naturalhy project is
concerned with the introduction of hydrogen into existing natural gas infrastructures. Therefore, it is
of interest to understand the difference in behaviour of releases of different composition under
identical release conditions.

The predictions presented in Figure 10 shows the effect of varying the percentage of hydrogen in the
released methane/hydrogen mixture on the gas accumulation in the upper layer in the enclosure and on
the height of the interface between the upper and lower layers. As a consequence of raising the
percentage of hydrogen, the volume flow rate of the gas released into the enclosure increased. This
results in a rise in the gas concentration and an increase in the volume of the region in which the gas
accumulates. However, the rise in hydrogen content of the released gas also leads to enhancing the
buoyancy which in turn leads to an increase in the ventilation air flow. Consequently, the rise in
concentration is not as great as might otherwise have been expected. Nevertheless, the concentrations
are higher and, due to the wider flammable limits, the duration over which a flammable inventory is
present will also be increased. Both these factors will need to be considered when assessing the
change in risk presented to the domestic customer as a result of introducing hydrogen into the supplied
gas. The experimental data and the mathematical model described herein will facilitate quantification
of this change in risk.
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