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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 effedtiv inhibiting the burning velocity,
reducing the rate of explosion overpressure rise and narrowing the flammability limits of hydrogen
oxygennitrogen mixtures.

1.0INTRODUCTION

The explosion hazard posed by hydrogen is a concern, both as a poterigaltbdts widespread
adoption as a clean energy fiselurce(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 abdiis and corrosion) or under les&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 exptagthoeaten
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 deabf 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 usetofgrepstems or total inerting with

a suitable agent (e.g. nitrogen, carutioxide 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 plat or containment or because the inerting process itself may pose a safety hazard to
operators. Attention has therefore been given to exploring the possibilisirgfother methods for

the prevention or mitigation of hydrogen deflagrations in an en@osur

One such mitigation technique is the dilution of the hydregjermixture 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 tbecentration 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
overpresare 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. alkatiome@inds

such as sodium hydroxide) are introduced into a flaney have the ability to disrupt the chain
branching 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 additive 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 transportbe
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 propagas However, only a very
limited amount of previous work has looked sfieally 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 withgeitrdilution and sodium
hydroxide additives, in the mitigation of hydrogen deflagrations.

The hydrogeroxygennitrogen mixtures used in the experimental work were defined in terms of the
equivalence ratiof, and the oxygen i ndefxisdefined as theratie gfui v al
hydrogen to oxygen in the mixture relative to that found under stoichometric conditions. For
stoichiometric hydrogen mixturds= 1. For lean hydrogen mixturés< 1, whilst fa- hydrogen rich

mixturesf > 1. The oxygen indefor fuekree oxygen fraction) q, is defined as the
oxygen and nitrogen in the mixture (i.e/(@. + N,) i expressed here as a percentaged provides a

measure of the nitrogen dilutidevel and the extent to which the oxygen level has been reduced. For
air, q = 21%. For q < 21% (i . e. with increased
gas mixture is depleted).

2.0BURNING VELOCITY INH IBITION
2.1 Experiment

Fig. 1 shavs a diagram of the fog generation and burner system used to determine the burning velocity
[11]. To help stabilise the flame front a MadHebra type nozzle was used and a ftvaightener

was inserted into the widest part of the nozzle. The burnereezst mounted directly on top of a

small chamber housing the ultrasonic fog generator and supplied with premp®@gN4d gas
mixtures from a blending panel. The chamber apparatus was mounted on a balance so that the mass
loss rate and fog density could 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 inturn was comprised of five discrete piezoelectric discs which were drivenHigh
frequency power supply operating at 1.65 MHz. The droplet size distribution of water fog generated
by the 5disc ultrasonic unit was determined using a Malvern Spraytech laser diffraction particle sizer
unit. The water fog produced was very fine apgroximately monodisperse in nature with a Sauter
Mean of around 5 to 8m and a [, around 10mm. In some experiments, when required, NaOH up

to 5% by mass could also be added to the water being fogged.



2.2 Results
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Figure 1. The burning velocity measurement rig

A series of experiments was carried twtcharacterise the burning velociiyr H,-O,-N, mixtures

with equivalence ratios ranging between 0.6 and/&er fog densities varying between 0 and 250

mg/l and oxygen index levels set at 21%, 164d 40%, An additional series of experimentsagalso
conducted using water fog containing a 0.5 M NaOH solution.

Fig. 2(a) show an example o schlieren image of the typical stable hydrogen flame cone formed for

a fuel rich H-O,-N, mixture with no wate fog present. Fig2(b) illustrates the inhibiting and de
stabilising effect of the water fog upon the flame cone (which was worse for lean mixtures), causing it
stretched
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Figure 2. Shlieren images of the Jhir burner flame: (a) without fog, (b) with fog
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Figs. 3and4 summarise the effect of increasing water fog density upon the variation in the burning
velocity with the equivalence ratio of the,-B,-N, mixture, for G index = 21% (air) and 16%
respectively.
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Figure 3. The effect of increasing fog density on the variation of burning velocity with equivalence
ratio for H-air flames (W= 21%).
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Figure 4. The effect of increasing fog density upon the traniaf burning velocity with equivalence
ratio for nitrogen diluted HO,-N, flames W= 16%)

The effect of using a NaOH additive in the water fog upon the burning velocity of the flame was also
examined. Fig5 shows a comparison of the variation in thening velocity observed for atair

flame withf = 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. Hovever 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 otisacvess the range of
(hydrogen rich) equivalence ratiads £ 1.2, 1.6, 2.0) and nitrogen dilution levels (oxygen ind&x

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.ediafthme
with f = 2.

3.00VERPRESSURE MITIGAT ION AND NARROWING OF FLAMMABILITY LIMITS
3.1Experiment

A series of experiments were performed to determine the rise in overpressure for diffe@pitl,-

fog mixturesand vent sizes. A detailed description of the cyliradriexplosion vessel apparatus and

the experimental test results obtained for the mitigation of hydrogen deflagiatgiven in Battersby

et al. [13. The vented cylindrical explosion rig chamber (approximately 0.8 m high, with diameter
0.45 m), was fikd with a prespecified mixture of hydrogeoxygennitrogen. Three different
diameter vent sizes were employed in the tests: 300 mm, 200 mm and 100 mm, with two different foil
thicknesse$0.015 mm and 0.025 mmin addition a very fine water mist fog, afljustable density,

could also be generated inside the rig chamber using a (variable) numbeisofuitrasonic fogging

units placed beneath the surface of wébein some tests NaOH solutiofiljing the lower part of the
chamber. The water fog densjtresent in the vessel was determined on the basis of the number of 5
disc 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 chardba
empirical correlation between the stable water fog concentration developed in the chamber and the
number of fogger units in operatimbtained An air driven fan (running at 750 rpm) was used to
ensure adequate mixing and homogeneity of the hearagitrogen 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 concenation. A high energ® Jexploding wire ignition source was then used to try to ignite the
combined H,-O,-N, and water fog mixture and the resulting overpressure rise recorded using a
pressure transducer mounted in the wall of the cylindrical veBsekxperimental 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 hydnog@rtures
(W= 21%) to show the effect of the water fog density upon the overpreggmmesated. Fig. ghows

an exarple, illustrating the effect of increasing fog density upon the overpreBmegecurve { =
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 theqpesathressure obtained.



Figure 7. The effect of increasing water fog density upon the explosion overpressure versus time
curves generated for,kir (f = 0.39) ignitiongn a nominally unvented chamber

A systematic test program wésenperformed to deterime the effect of water fog density (ranging

from 0 to 290 mg/l) upon the initial rate of pressure rise for gener&h,H\,-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 inex 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). Incredbimgvater fog density reduces the

initial rate of pressure rise and narrows the flammability limits observed-@4, mixtures. Fig 8

shows the effect of varying water fog density upon the limits of flammability, suggested by the results
of this testprogram. It is evident that both the upper flammability limit and total extent of the
flammable region is reduced (in comparison with theffeg limit obtained with nitrogen dilution

alone) as the density of water fog is increased from 170 to 250Thg/kesults also suggest that with

a fog density above about 2 @hOthe mght Hand tsiteé thel oc at i
flammability curve is shifted fromiWW = 7% to 10%, suggesting that a mixture witHess than 10%

would then become inerted.

An adlitional 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
(flammadbility) limits observed in the explosion vessekgeJhe results of these tests indicate the
existence of an inerting limit consistent with the location of the critical fog density behaviour observed
in the correspondingurning velocity experimentgerformed with NaOH fog



