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ABSTRACT
This paper describes research work that has been performed at LSBU, using both a laminar burning
velocity rig and a small scale cylindrical explosion vessel, to explore the use of very fine water fog,
nitrogen dilution and sodium hydroxide additives in the mitigation of hydrogen deflagrations. The
results of the work suggest that using a combination of the three measures together produces the
optimal mitigation performance and can be extremely effective in: inhibiting the burning velocity,
reducing the rate of explosion overpressure rise and narrowing the flammability limits of hydrogenoxygen-nitrogen mixtures.
1.0 INTRODUCTION
The explosion hazard posed by hydrogen is a concern, both as a potential barrier to its widespread
adoption as a clean energy fuel source (e.g. in fuel cells, hydrogen powered vehicles etc.) and in the
nuclear industry where it can be generated during the course of normal operations (e.g. in waste
storage as a consequence of radiolysis and corrosion) or under loss-of-cooling accident conditions
(such as occurred at Three Mile Island and Fukushima). Such an explosion could obviously pose a
serious risk to safety. The risk is particularly acute in nuclear plants where an explosion could threaten
containment, leading to radioactive contamination of the surrounding environment, with potentially
very serious consequences. Techniques for either preventing or mitigating hydrogen explosions are
therefore of obvious interest.
A great deal of work has been done to examine hydrogen explosions and their mitigation, particularly
in regard to nuclear safety [1, 2] and the HySafe project [3]. The most frequently used methods to
either prevent or mitigate such explosions are through the use of venting systems or total inerting with
a suitable agent (e.g. nitrogen, carbon-dioxide or argon). However, in some circumstances explosion
venting and total inerting may be impractical or difficult to put into practice, either because of the
nature of the plant or containment or because the inerting process itself may pose a safety hazard to
operators. Attention has therefore been given to exploring the possibility of using other methods for
the prevention or mitigation of hydrogen deflagrations in an enclosure.
One such mitigation technique is the dilution of the hydrogen-air mixture with nitrogen or steam,
where the added diluent acts to reduce the oxygen content and introduces additional thermal ballast
into the flame reaction zone [4]. Thus, although the concentration of diluent may be insufficient to
render the flammable hydrogen mixture totally inert, it is still able to reduce the rate of reaction and
burning velocity at which the flame propagates and hence the rate of pressure rise and maximum
overpressure reached, allowing the explosion to be more readily contained (e.g. by using a smaller
vent area).
There is also evidence to suggest that when certain chemical additives (e.g. alkali metal compounds
such as sodium hydroxide) are introduced into a flame they have the ability to disrupt the chainbranching of free radicals (a process known as radical scavenging) in the flame that occurs during
combustion, as part of the underlying chemical reaction mechanism [5, 6]. Under the right conditions
such additives therefore have the potential to inhibit the combustion process, reducing the burning
velocity of the flame and mitigating the overpressure in a vented explosion.
Water mist also has the potential to mitigate the effects of an explosion. When transported into the
flame reaction zone water mist droplets will evaporate extracting heat from the flame, reducing the
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rate of reaction and the burning velocity at which the flame propagates [7-9]. However, only a very
limited amount of previous work has looked specifically at the application of water mist to the
mitigation of hydrogen deflagrations (e.g. [10]) and the consequent effect upon the burning velocity of
a hydrogen flame. There is also relatively little information about how the mitigation performance of
fine water mist might be augmented through the additional use of nitrogen dilution and fogs
containing chemical additives such as sodium hydroxide.
This paper provides an overview of work that has recently been carried out at London South Bank
University (LSBU) to help address this knowledge gap using both a burning velocity rig [11] and a
small scale cylindrical explosion vessel [12], to explore and obtain data to characterise the
performance of very fine water fog, both alone, and in conjunction with nitrogen dilution and sodium
hydroxide additives, in the mitigation of hydrogen deflagrations.
The hydrogen-oxygen-nitrogen mixtures used in the experimental work were defined in terms of the
equivalence ratio, , and the oxygen index, Ω. The equivalence ratio, , is defined as the ratio of
hydrogen to oxygen in the mixture relative to that found under stoichometric conditions. For
stoichiometric hydrogen mixtures  = 1. For lean hydrogen mixtures  < 1, whilst for hydrogen rich
mixtures  > 1. The oxygen index (or fuel-free oxygen fraction), Ω, is defined as the ratio of oxygen to
oxygen and nitrogen in the mixture (i.e. O2/(O2 + N2) – expressed here as a percentage - and provides a
measure of the nitrogen dilution level and the extent to which the oxygen level has been reduced. For
air, Ω = 21%. For Ω < 21% (i.e. with increased levels of nitrogen present) the level of oxygen in the
gas mixture is depleted).
2.0 BURNING VELOCITY INHIBITION
2.1 Experiment
Fig. 1 shows a diagram of the fog generation and burner system used to determine the burning velocity
[11]. To help stabilise the flame front a Mache-Hebra type nozzle was used and a flow-straightener
was inserted into the widest part of the nozzle. The burner nozzle was mounted directly on top of a
small chamber housing the ultrasonic fog generator and supplied with premixed H2-O2-N2 gas
mixtures from a blending panel. The chamber apparatus was mounted on a balance so that the mass
loss rate and fog density could be determined. A small fan was used to ensure the fog and gases were
adequately mixed. The water fog in the chamber was generated using a commercial fogger unit. The
fogger unit in-turn was comprised of five discrete piezoelectric discs which were driven by a high
frequency power supply operating at 1.65 MHz. The droplet size distribution of water fog generated
by the 5-disc ultrasonic unit was determined using a Malvern Spraytech laser diffraction particle sizer
unit. The water fog produced was very fine and approximately monodisperse in nature with a Sauter
Mean of around 5 to 6 m and a DV,90 around 10 m. In some experiments, when required, NaOH up
to 5% by mass could also be added to the water being fogged.
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Figure 1. The burning velocity measurement rig
2.2 Results
A series of experiments was carried out to characterise the burning velocity for H2-O2-N2 mixtures
with equivalence ratios ranging between 0.6 and 3, water fog densities varying between 0 and 250
mg/l and oxygen index levels set at 21%, 16% and 10%, An additional series of experiments was also
conducted using water fog containing a 0.5 M NaOH solution.
Fig. 2(a) shows an example of a schlieren image of the typical stable hydrogen flame cone formed for
a fuel rich H2-O2-N2 mixture with no water fog present. Fig. 2(b) illustrates the inhibiting and destabilising effect of the water fog upon the flame cone (which was worse for lean mixtures), causing it
to become stretched and extended, forming a long and relatively thin “tail” at a reduced burning
velocity.

Figure 2. Schlieren images of the H2-air burner flame: (a) without fog, (b) with fog
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Figs. 3 and 4 summarise the effect of increasing water fog density upon the variation in the burning
velocity with the equivalence ratio of the H2-O2-N2 mixture, for O2 index = 21% (air) and 16%
respectively.

Figure 3. The effect of increasing fog density on the variation of burning velocity with equivalence
ratio for H2-air flames ( = 21%).

Figure 4. The effect of increasing fog density upon the variation of burning velocity with equivalence
ratio for nitrogen diluted H2-O2-N2 flames ( = 16%)
The effect of using a NaOH additive in the water fog upon the burning velocity of the flame was also
examined. Fig. 5 shows a comparison of the variation in the burning velocity observed for a H2-air
flame with  = 2 using water fog only, with that found using fog containing 0.5M NaOH. For fog
densities less than about 170 mg/l the burning velocity obtained using NaOH solution is similar to that
found for fog. However above this density the NaOH solution produces an abrupt reduction in the
burning velocity (i.e. a sharp downward transition to a low burning velocity) that is not observed when
using water fog alone. Similar sharp transition behaviour was also observed across the range of
(hydrogen rich) equivalence ratios ( = 1.2, 1.6, 2.0) and nitrogen dilution levels (oxygen index,  =
21%, 16%, 10%) examined.
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Figure 5. The effect of using water and 0.5 M NaOH fog upon the burning velocity of a H2-air flame
with  = 2.

3.0 OVERPRESSURE MITIGATION AND NARROWING OF FLAMMABILITY LIMITS
3.1 Experiment
A series of experiments were performed to determine the rise in overpressure for different H2-O2-N2fog mixtures and vent sizes. A detailed description of the cylindrical explosion vessel apparatus and
the experimental test results obtained for the mitigation of hydrogen deflagrations is given in Battersby
et al. [12]. The vented cylindrical explosion rig chamber (approximately 0.8 m high, with diameter
0.45 m), was filled with a pre-specified mixture of hydrogen-oxygen-nitrogen. Three different
diameter vent sizes were employed in the tests: 300 mm, 200 mm and 100 mm, with two different foil
thicknesses (0.015 mm and 0.025 mm). In addition a very fine water mist fog, of adjustable density,
could also be generated inside the rig chamber using a (variable) number of 5-disc ultrasonic fogging
units placed beneath the surface of water (or in some tests NaOH solution) filling the lower part of the
chamber. The water fog density present in the vessel was determined on the basis of the number of 5disc fogger units operating in the chamber. Fog density measurements for samples extracted from the
vessel chamber were used to test the uniformity of the fog produced in the rig chamber and an
empirical correlation between the stable water fog concentration developed in the chamber and the
number of fogger units in operation obtained. An air driven fan (running at 750 rpm) was used to
ensure adequate mixing and homogeneity of the hydrogen, nitrogen and water fog introduced into the
vessel chamber atmosphere. The hydrogen and nitrogen was added over a period of around 3 minutes
to ensure adequate mixing and was sufficient to allow the water fog to build up and reach a steady
state concentration. A high energy 9 J exploding wire ignition source was then used to try to ignite the
combined H2-O2-N2 and water fog mixture and the resulting overpressure rise recorded using a
pressure transducer mounted in the wall of the cylindrical vessel. The experimental test data obtained
was also used to determine the flammability limits of the mixtures tested [13]. A schematic diagram
and photograph of the cylindrical explosion rig chamber used to obtain the pressure rise data is shown
in Fig. 6.
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Figure 6. The LSBU cylindrical explosion rig.
3.2 Results
Some initial tests were conducted with a (nominally) unvented chamber using hydrogen-air mixtures
( = 21%) to show the effect of the water fog density upon the overpressures generated. Fig. 7 shows
an example, illustrating the effect of increasing fog density upon the overpressure-time curve ( =
0.39). It is evident that the presence of water fog at densities of 200 mg/l or more significantly reduces
the rate of pressure rise and the magnitude of the peak overpressure obtained.
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Figure 7. The effect of increasing water fog density upon the explosion overpressure versus time
curves generated for H2-air (= 0.39) ignitions in a nominally unvented chamber
A systematic test program was then performed to determine the effect of water fog density (ranging
from 0 to 290 mg/l) upon the initial rate of pressure rise for general H2-O2-N2-fog mixtures (in the
vessel fitted with the 200 mm vent) with equivalence ratios of 0.35, 0.6, 1.2, 1.4, 1.6 and 2.4 and
oxygen index values of 10%, 12.5%, 16% and 21%. When the maximum pressure rise produced in a
given experimental test was less than 0.01 barg in magnitude the mixture tested was classified as being
not flammable (to the 9 J exploding wire ignition source). Increasing the water fog density reduces the
initial rate of pressure rise and narrows the flammability limits observed in H2-O2-N2 mixtures. Fig. 8
shows the effect of varying water fog density upon the limits of flammability, suggested by the results
of this test program. It is evident that both the upper flammability limit and total extent of the
flammable region is reduced (in comparison with the fog-free limit obtained with nitrogen dilution
alone) as the density of water fog is increased from 170 to 250 mg/l. The results also suggest that with
a fog density above about 200 mg/l the location of the “nose” on the right hand side of the
flammability curve is shifted from  = 7% to 10%, suggesting that a mixture with  less than 10%
would then become inerted.
An additional series of experiments were then conducted to examine the effect of using a 0.5 M NaOH
additive solution in the water fog upon the initial rate of pressure rise and location of the inerting
(flammability) limits observed in the explosion vessel tests. The results of these tests indicate the
existence of an inerting limit consistent with the location of the critical fog density behaviour observed
in the corresponding burning velocity experiments performed with NaOH fog.
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Figure 8. The effect of the water fog density upon the flammability limits for H2-O2-N2 gas mixtures
measured in the LSBU cylindrical rig
Fig. 9 shows the effect of 0.5 M NaOH fog upon the suggested limits of flammability of H2-O2-N2
mixtures. By comparing it with Fig. 8 it can be seen that the effectiveness of the fog upon the
flammability limits is considerably enhanced by the presence of NaOH additive, with significant
relative reductions in both the size of the flammable region and the upper flammability limit.

Figure 9. The effect of 0.5 M NaOH solution water fog upon the flammability limits of H2-O2-N2 gas
mixtures measured in the LSBU cylindrical rig
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4.0 MODELLING STUDIES

Overpressure (barg)

The experimental data obtained using the burning velocity rig can be used to characterise the effect of
water fog and nitrogen dilution upon the burning velocity of the hydrogen flames. This information
was used as input to the FLACS CFD gas explosion code which was then used to numerically simulate
the experimental explosion tests performed using the cylindrical explosion vessel. This has allowed
the potential mitigating effect of nitrogen dilution (reduced oxygen) and very fine water fog, used both
alone and in combination, to be explored and permitted their direct comparison with corresponding
experimental test data. As an illustrative example, Fig. 10 shows a comparison of the simulated and
experimental overpressure curves obtained for an 18% hydrogen-air ( = 0.52) mixture with the 200
mm diameter vent and increasing number of fogger units operating. As the fog density is increased the
rate of pressure rise is reduced and the secondary peak disappears, as does the slight over-shoot above
the bursting pressure. Similar qualitative behaviour is also apparent in the corresponding experimental
test data, with broadly similar times to the first pressure peak being displayed. For further details of
the simulations performed and their comparison with the experimental pressure-time data see [14, 15].
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Figure 10. A comparison between the simulated and experimental overpressure-time curves obtained
for H2-air ( = 0.52) explosions with an increasing number of fogger units operating
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5.0 DISCUSSION
The results of this study suggest that using very fine water fog both alone and in combination with
nitrogen dilution (reduced oxygen) can be effective in mitigating H2-O2-N2 burning velocities and
explosion behaviour. However, (relatively uniform) high fog densities may be difficult to achieve in
larger spaces and could produce significant rain-out rates. It is also evident that higher fog densities
become progressively harder to achieve as the number of ultrasonic units required increases. Measures
that can lower the target fog density requirement (such as nitrogen dilution and sodium hydroxide
additive) may therefore help to improve the practicality of this mitigation technology and widen the
range of potential applications.
6.0 CONCLUSIONS
An experimental programme has been carried out at LSBU to explore and obtain data using both a
burning velocity rig and a small scale cylindrical explosion vessel to characterise the performance of
very fine water fog, both alone, and in conjunction with nitrogen dilution and sodium hydroxide
additives, in the mitigation of hydrogen deflagrations. The study has shown that high density water fog
(Sauter mean diameter 5 m) can significantly reduce the burning velocity and rate of pressure rise of
hydrogen-oxygen-nitrogen mixtures over a wide range of equivalence ratios and oxygen index levels.
Adding 0.5 M NaOH to water fog produces an abrupt reduction in the burning velocity of hydrogen
rich mixtures above a critical fog density and significantly reduces the range of flammable H 2-O2-N2
mixtures. This transition point observed in the burner rig experiments was also shown to be in
accordance with modified flammability/inerting limits that were determined for H2-O2-N2 mixtures
inhibited by water fog with NaOH additive in the cylindrical rig tests.
Water fog, nitrogen dilution and sodium hydroxide additive (to the fog) have complementary effects
which serve to enhance their inhibitive capabilities. Hence, the results of the work suggest that using a
combination of the three measures (water fog, nitrogen dilution and NaOH additive) together produces
the optimal mitigation performance and can be extremely effective in: inhibiting the burning velocity,
reducing the explosion overpressure and narrowing the flammability limits of hydrogen-oxygennitrogen mixtures.
ACKNOWLEDGEMENTS
The Hydrogen Hazards Unit (HHU) at London South Bank University would like to acknowledge the
financial support of Sellafield Ltd in the undertaking of this work. Thanks are also due to Mr S.J.
Jones for his help and technical support given in the LSBU engineering workshops.
REFERENCES
1. SOAR, Flame acceleration and deflagration-to-detonation transition in nuclear safety.
NEA/CSNI/R(2000)7, 2000.
2. IAEA, Mitigation of hydrogen hazards in water cooled power reactors. IAEA-TECDOC-1196,
2001.
3. Jordan T., Adams P., Azkarate I., Baraldi D., Barthelemy H., Bauwens L. et al., Achievements of
the EC network of excellence HySafe, Int. J. Hydrogen Energy, 36, 2011, pp. 2656-2665.
4. Aung K.T., Hassan M.L. and Faeth G.M., Effects of pressure and nitrogen dilution on
flame/stretch interactions of laminar premixed H2/O2/N2 flames, Combust. Flame 112, 1998, pp. 115.
5. Linteris, G.T., Rumminger, M.D. and Babushok, V.I., Catalytic inhibition of laminar flames by
transition metal compounds, Prog. Energy Combust. Science, 34, 2008, pp. 288-329.
10

6. Mitani, T. and Niioka, T., Extinction Phenomenon of Premixed Flames with Alkali Metal
Compounds. Combust. Flame, 55, 1984, pp. 13-21.
7. Mitani T., A flame inhibition theory by inert dust and spray, Combust. Flame, 43, 1981, pp. 243253.
8. Thomas G.O., The quenching of laminar methane-air flames by water mists. Combust. Flame,
130, 2002, pp. 147-160.
9. Yang W. and Kee R.J., The effect of monodispersed watermists on the structure, burning velocity,
and extinction behaviour of freely propagating stoichiometric, premixed, methane-air flames,
Combust. Flame, 130, 2002, pp. 322-335.
10. Luangdilok W. and Bennett R.B., Fog inerting effects on hydrogen combustion in a PWR ice
condenser containment., J. Heat Transfer, 117, 1995, pp. 502-507.
11. Ingram J.M., Averill A.F., Battersby P., Holborn P.G. and Nolan P.F., Suppression of hydrogenoxygen-nitrogen explosions by fine water mist: Part 1. Burning velocity, Int. J. Hydrogen Energy,
37, 2012, pp. 19250-19257.
12. Battersby P., Averill A.F., Ingram J.M., Holborn P.G. and Nolan P.F., Suppression of hydrogenoxygen-nitrogen explosions by fine water mist: Part 2. Mitigation of vented deflagrations, Int. J.
Hydrogen Energy, 37, 2012, pp. 19258-19267.
13. British Standards Institute. Determination of the limiting oxygen concentration (LOC) for
flammable gases and vapours, BS EN 14756, 2006, BSI, Milton Keynes (UK).
14. Holborn P.G., Battersby P., Ingram J.M., Averill A.F. and Nolan PF, Modelling the mitigation of
lean hydrogen deflagrations in a vented cylindrical rig with water fog, Int. J. Hydrogen Energy,
37, 2012, pp. 15406-15422.
15. Holborn P.G., Battersby P., Ingram J.M., Averill A.F. and Nolan PF, Modelling the mitigation of
hydrogen deflagrations in a vented cylindrical rig with water fog and nitrogen dilution, Int. J.
Hydrogen Energy, 38, 2013, pp. 3471-3487.

11

