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COMBUSTION OF HYDROGEN/AIR/STEAM MIXTURES
IN A REPEATED OBSTACLE FIELD

R.K. Kumar, E.M. Bowles and G.W. Koroll

ABSTRACT

Combustion experiments with hydrogen/air/steam mixtures were performed in a cylindrical vessel of 1.5-m
internal diameter and 5 7-m height in a repeated obstacle field. The investigations included hydrogen con-
centrations in the range of 10 to 20% and steam concentrations of up to 30%. For the mixtures investi-
gated, the flame accelerated very rapidly in the vessel, reached a peak value, and decelerated equally
rapidly For hydrogen/air mixtures with hydrogen concentrations above 15%, the flame speeds reached
values well in excess of the sonic velocity in the mixture. Addition of steam reduced the flame speed and
the peak pressure; however, the reduction was significant only for steam concentrations >20%. Experi-
ments performed with different obstacle spacings and flow blockages indicated that flame speed decreased
with increased spacing and increased with increased blockage. The effect of initial pressure on flame speed
was found to be small For a given mixture, the peak flame speed was found to be independent of the igni-
ter location.

Simple empirical correlations have been proposed to calculate the flame speeds and peak pressures in a
closed vessel with closely spaced repeated obstacles.
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1. INTRODUCTION

Some postulated loss of coolant accidents in nuclear reactors lead to the formation of combustible hydro-
gen/air/steam mixtures in the containment building. Should ignition occur, a deflagration wave would
propagate in the mixture. An assessment of the magnitude of the overpressure and the factors affecting the
development of the overpressure is important in reactor safety analyses.

Experiments have demonstrated that obstacles present in the path of a flame enhance the rate of combustion
and accelerate the flame by generating turbulence [1-3]. Obstacles placed at repeated intervals result in a
continuous acceleration of the flame, producing high overpressures. In a nuclear reactor, objects such as
machinery, pipes, gratings and walkways present within the containment building would act as obstacles
and cause the flame to accelerate. It is therefore important to have a database on the flame speeds and the
overpressures in mixtures representative of those present in the containment building

Turbulence enhances the rate of combustion by increasing the flame surface area and the transport proper-
ties of the mixture Turbulence may be produced initially, for example, by a fan, or it may be produced by
the combustion process itself When a combustion wave propagates in a closed or a partially confined en-
closure, a forward velocity is induced in the unburnt combustible mixture ahead of the flame front as the
burnt gases expand. When this mixture flows over an obstacle, turbulence is produced in the wake of the
obstacle by the flow separation and the eddying motion of the fluid particles. The characteristics of the tur-
bulence produced depend on the geometrical parameters such as size, shape, and spacing of the obstacles
and, to a lesser extent, on the thermodynamic properties of the gas mixture. When a flame front enters
such a region, tongues of flame shoot into the highly turbulent unburnt gas mixture and cause large in-
creases in the flame surface area The increased flame surface enhances the burning rate. The increased
burning rate further increases the induced velocity in the mixture, leading to a still higher turbulence. This
process continues as long as obstacles are present in the path of the flame and very high flame speeds may
be reached. Depending on the mixture composition, the flame propagation may be steady, accelerated or
extinct, under certain conditions the deflagration may transit into a detonation.

Considerable work has been carried out by many investigators [1-6] in the area of obstacle-induced flame
acceleration in enclosures of various shapes and sizes, with varying degrees of confinement. However,
most of the experiments were performed either with obstacle geometries not relevant to nuclear reactors or
with mixtures not of interest in nuclear reactor safety analyses, which are the focus of the present work. In
any case, the database on flame acceleration in hydrogen/air and hydrogen/air/steam mixtures is not
extensive

Experiments performed by Kumar and Bowles |7] in a 10.3-m3 cylindrical vessel with no obstacles, and
with eight and fifteen equally spaced, single-column obstacles (-10% blockage) indicated that intense flame
acceleration can occur in hydrogen/air mixtures containing hydrogen in excess of 12%. When a diluent
such as steam or carbon dioxide was added to the mixture, the suppression of the flame acceleration ap-
peared to be a nearly complete. With a more densely packed obstacle arrangement of three obstacles per
row (-30% blockage), experiments performed by Kumar and Bowles [8] indicated that even though the ad-
dition of a diluent (steam) reduced the peak flame speeds, the flame acceleration was not completely sup-
pressed This paper deals with some of the important parameters that affect flame acceleration: the effect
of diluent concentration, the influence of obstacle spacing, and the effect of obstacle blockage.



2. EXPERIMENTAL

2.1 Facility Description

The facility used for studying the flame acceleration, shown schematically in Figure 1, consists of a 5.7-m
long upright cylindrical vessel with an internal diameter of 1.5 m (volume of 10.3 m3). The vessel is trace-
heated by steam and is heavily insulated to maintain any desired temperature up to 135°C. Three fans,
driven by air-motors, were installed in the vessel to mix the gases. Details of the experimental facility can
be found in Kumar and Bowles [7],

2.2 Instrumentation

The flame propagation in the vessel was detected by eight rows of fine-wire (diameter 0.075 mm)
platinum-platinum/13% rhodium thermocouples located on either side of the central axis of the vessel, mid-
way between the vessel wall and the vessel axis. The thermocouples were clamped to the obstacle with
their axes vertical and their junctions extending 0.175 m into the gas (see Fig. 1). The transient pressure in
the vessel was measured by several piezoelectric transducers (Kistler 601 B) placed equal distance apart
along the central axis. The transducers were located midway between the obstacle rows.

The transient pressure at the vessel wall was measured by a temperature-compensated Kulite™ (HEM-375)
pressure transducer with a rise time of ~2 us. A Viatron™ pressure transmitter and a strain- gauge type of
transducer (Digital Equipment, Model AB) were used to accurately monitor the pressure in the vessel while
gas was being added The signals from the transducers were amplified, digitised and stored in a
32-channel. high-speed data acquisition system The digitised data were then processed by a computer and
stored.

2.3 Experimental Procedure

The vessel was purged twice with air (or helium for experiments involving H:/O:/He/steam) prior to each
experiment to remove the combustion products from the previous experiment. The vessel was then evacu-
ated to below 8 kPa The required gases were added to the vessel in the desired proportions using the
partial-pressure method. The partial-pressure method of gas addition was very reliable in producing the re-
quired gas concentrations (to within 0.1%, as measured by a hydrogen analyser or a mass spectrometer).
The gases were then mixed by operating the fans for 2 to 5 min. The mixture was ignited at the top (or
bottom, depending on the experiment) of the vessel by a single low-energy electric spark.

3. RESULTS AND DISCUSSION

3.1 Experimental Conditions

Most of the experiments reported here were performed at an average initial temperature of 128°C and
a pressure of 100 kPa. Some experiments were performed at pressures other than 100 kPa to study the ef-
fects of initial pressure on flame speed Because of the appreciable height of the vessel, the temperature
varied from 125°C at the bottom to about 130 to 133°C at the top of the vessel. Previous experiments in
the vessel at different initial temperatures had indicated that the flame speed was not sensitive to the initial
temperature The reason for maintaining the vessel above 100°C was to prevent condensation of steam at



the cold spots The compositions investigated included 10 to 20% hydrogen and up to 30% steam by
volume.

3.2 Flame-Front Detection

The fine-wire thermocouples used to detect the passage of the flame front had a response time of 50 ms in a
stagnant gas, decreasing to about 35 ms at high gas velocities. Although a thermocouple response time of
35 ms is inadequate to determine the actual flame temperature accurately, only a small temperature rise,
typically about 1% of the flame temperature, is required to detect the passage of a flame. The thermocou-
ple response time is therefore adequate for this purpose Figure 2 shows a series of typical thermocouple
traces; it is apparent that the instant of flame arrival can be determined quite accurately.

3.3 Determination of Flame Speeds

Figure 3 shows typical flame arrival times plotted as a function of thermocouple distance from the igniter.
If it is assumed that the flame front is planar, the distance of the flame front from the top of the vessel
should increase with time The data in Figure 3 for the flame arrival time as a function of distance show
that this is not always the case The conditions of planar flame geometry can never be realised in a closely
packed obstacle field. When a flame propagates between the obstacles, as is the case with the present ex-
periments, the flame will be distorted because of steep velocity gradients, vortex shedding, and flame fold-
ing in the vicinity of the obstacles Because of the nature of flame propagation and the close spacing of the
thermocouples, some uncertainty exists as to the exact location of the flame front at any given instant.
These uncertainties appear as a slight scatter when the flame arrival time is plotted against the distance
from the top of the vessel. A meaningful flame speed can be obtained only when a smooth curve is fitted
through the experimental points, as shown in Figure 3

Each experiment was repeated at least once to ascertain the reproducibility of the experimental data. Ex-
periments were considered reproducible whenever the peak flames speeds determined in two identically per-
formed experiments agreed to within 10%. The experiment was repeated again when this criterion was not
met. The reproducibility was found to be poor for mixtures with high burning velocities.

Figure 4 shows a typical plot of flame speed as a function of distance from the igniter at the top of the ves-
sel The flame seems to accelerate rapidly, reaches a peak flame speed, and then decelerates equally rap-
idly. In all cases, the peak flame speed is attained approximately between 2.8 to 3.2 m from the igniter.
This behaviour was observed even when no obstacles were present. The first obstacle was located 0.73 m
from the igniter and the last obstacle was 4.6 m from the igniter. In a closed vessel, the forward velocity of
the unbumt gases decreases as the flame approaches the end wall; close to the end wall, the flame speed
equals the burning velocity Thus, it is expected that the flame speed should decrease after attaining a peak
value. At first sight it appears surprising that the flame speed should decrease while the flame is still propa-
gating in an obstacle field. Based on the assumption that flame acceleration is essentially due to flame area
increase, the flame speed in a closed cylindrical vessel can be computed using the following equations:

J', = dl.ldi = eS + ( E - 1 )2rp\L£lr] - (r2
p/rj)L/ybp(dp/dt) (1)

dpldt =pyllnrj/(V - nr2
pL)[Vf - S\\ (2)

where L is the distance from the ignition end to the flame front, £ is the unbumt to burnt gas density ratio, p
is the pressure in the vessel, rri% the flame front radius, r is the flame perimeter radius, Kis the vessel vol-

ume, y is the specific heat ratio. S is the laminar burning velocity, A is the burning velocity multiplication



factor, and / is the time Subscripts b and u stand for burnt and unburnt gases. £ is the burnt gas expan-
sion factor, defined as the ratio of unburnt to burnt gas densities, pu /pb The maximum flame speed in the
vessel is reached when dVf di 0. Performing the appropriate differentiation and setting the derivative of
Vf with respect to L to zero, the distance. Lm .at which the flame speed becomes a maximum can be shown
to be

Lm = (Iklr, - \/h)/(4X/hrf) (3)

where h is the length (or height) of the vessel. For long vessels, this indicates that the maximum flame
speed is reached at the mid-height of the cylinder. This relationship applies to all accelerating flames, i.e,
for all values of A. Thus it is not surprising that peak flame speed was observed at about 3 m (from the ig-
niter end) for all mixtures A more sophisticated analysis in which the turbulent burning velocity is as-
sumed to be proportional to the forward induced velocity, i.e., S, = S + aV( shows that the maximum flame
speed occurs when

Li - 2(a + S/a)LJc + {(a + S/a)b-cS/a\/dc2 = 0 (4)

where
a = eS, b = 2(e - 1 )Slrf, c = jt(e - 1 )Sr}lV andd = 2//y.

Substituting appropriate values for the constants one can solve for Lm . For h = 5.7 m and typical values
a (0.04 to 0.1). calculations indicate that depending on the hydrogen concentration Lm varies from 2.8 to
3 0 m

3.4 Effect of Mixture Composition on Flame Speed

One of the parameters that influences the flame speed is the laminar burning velocity of the mixture which
is a function of the thermodynamic state of the mixture. The flame speed, Sfi can be expressed in terms of
the burning velocity. Su. and the unburnt to burnt-gas density ratio, pjpb, as

Sf = Su{pJph-]) (5)

As the hydrogen concentration increases, the laminar burning velocity increases and so does the density ra-
tio, and thus it is expected that the flame speed should increase with hydrogen concentration. Figure 5
shows the peak flame speed plotted as a function of the hydrogen concentration for various steam concen-
trations. For a hydrogen/air mixture at 100 kPa and 25°C. the burning velocity increases from 0 55 m/s to
1 6 m/s as the hydrogen concentration increases form 12 to 20%. with the ratio of the burning velocities ~3.
It may be assumed that this ratio remains nearly the same even at I28°C. The density ratio changes by a
factor of -1 4 over the same concentration range Thus, the flame speed is expected to change by a factor
of ~5 based on the mixture composition alone. The measured flame speed for a 12% hydrogen/air mixture
is about 50 m/s; based on this value, the expected flame speed for the 20% hydrogen/air mixture is about
250 m/s

The reduction in the flame speed resulting from the addition of steam (or dilution) is caused by two effects.
First, steam being a triatomic gas it has a higher molar heat capacity than air. This reduces the burnt-gas
temperature which, in turn, reduces the induced velocity in the unburnt gas, leading to a reduction in the
flame speed. Second, the presence of steam reduces the burning velocity of the mixture [9], thus reducing
the induced velocity in the unburnt mixture. Equation (2) shows that the flame speed depends on the burn-
ing velocity. S. which can be expressed qualitatively for turbulent combustion as



S, = Su + 0//' (6)

where St is the turbulent burning velocity, u' is the turbulent intensity, and /3 is a constant. As mentioned
earlier, u' depends on the induced velocity (and also on the obstacle shape, size and spacing, and on the
flow blockage), which, in turn, depends on the burning velocity. When the induced velocity is large, «' is
also large and, to a first approximation, S, is only weakly dependent on Su.

Initial flame speeds, i.e.. flame speeds prior to the commencement of the blockage array are important in
determining the peak flame speed. To determine the peak flame speed two parameters are required—the ini-
tial flame speed, Sfo, and the acceleration factor, a. The flame speed due to 'n'th obstacle is then calculated
as

Sfi,=Sro(\+a)n . (7)

For a cylindrical vessel open at one end (closed at the ignition end) peak flame speed occurs at the open
end. i.e.. l.m /?and for a closed cylindrical vessel approximately at the mid-height or length, h/2. Thus, if
the number of obstacles present in the distance I.m arc known, the peak flame speed can be calculated from
Equation. (7)

Figure 6 shows the initial flame speed plotted as a function of hydrogen concentration for several steam
concentrations for the 3 column by 15 row arrangement of obstacles. The initial flame speed varies linearly
with hydrogen concentration, and for a given hydrogen concentration, the initial flame speed decreases as
the steam concentration decreases. It should be noted that the acceleration factor a varies with distance,
approaching zero as the flame approaches the mid-height and becomes negative after the flame passes the
mid-height point. Thus, using a constant value of a will lead to an overestimation of the peak flame speed
and thus to a conservative estimate of the peak pressure.

In most cases, the initial flame speed is a priori not known. A more fundamental quantity on which the
flame speed depends on is the initial turbulent burning velocity. Slo. Figure 7 shows the initial turbulent
burning velocity plotted as a function of hydrogen concentration for several steam concentrations. These
are obtained by dividing the initial flame speed by the expansion factor e. The variation of initial turbulent
burning velocity is similar to that of the initial flame speed and has the form

S,o =a + b%H (8)

where a and b are constants that depend on the steam mole fraction. %H. For dry hydrogen/air mixtures, a
and b arc -16 5 and I 63 respectivcK It should be noted that even the turbulent burning velocity is not
a priori known This has to be estimated from the measured or calculated laminar burning velocities, and
may depend on many factors such as scale and composition. Present analysis indicates that for the geome-
try employed, the turbulent burning velocities are approximately 7 times the laminar burning velocity for
dr> hydrogen/air mixtures Calculations indicate that this approximate relationship holds for
hydrogcn/air/steam mixtures also The laminar burning velocities for hydrogen/air/steam mixtures calcu-
lated using the methods developed by Koroll et al. [10]. The only remaining parameter that is required to
calculate the peak flame speed is the acceleration factor a.

Figure 8 shows a schematic of the flame acceleration model. The region between the obstacle rows can be
considered as a series of stirred flow reactors or compartments of uniform turbulent intensity. For closely
spaced obstacle rows, this assumption is reasonably valid. For large obstacle spacing the turbulence be-
tween the obstacle rows decays with distance and assuming a constant turbulent intensity is not strictly
valid. However, an average value can be used.



On the assumption that increases in the turbulent burning velocities are proportional to the induced gas ve-
locity, it can be shown that the turbulent burning velocity in the 'n'th compartment is given by

£ w = S , i [ l + r K e - l ) / ( l - ( 3 ) ] " - 1 (9)

where (3 is the fraction of the area blocked by the obstacles, and 7] is the acceleration parameter. In terms
of [5 and 7], the acceleration factor a is

a = r i ( e - l ) / ( l -p ) . (10)

Calculations indicate that for dry hydrogen/air mixtures, 7] ranges from 0.06 to 0.075. Though there is a
general tendency for JJ to increase with hydrogen concentration, the increase is not monotonous. Varia-
tions in the flame speed and the peak pressure from experiment to experiment when an experiment is re-
peated are of the order of 10 to 15% Thus, without any loss of generality one can assume that r\~ 0.065,
an average value, independent of the hydrogen concentration For less confined or larger obstacle spacing
arrangements l] is expected to be smaller Though not proven, it appears reasonable to assume that r\ is
independent of steam concentration. Further analysis is required to substantiate this assumption.

The accuracy of the above derivations can be demonstrated, at least for hydrogen/air mixtures. Figure 9
compares the measured (calculated from flame arrival times) flame speeds with those calculated using
Equations (I) to (10) for ;j = 0.065. /3 = 0.28 and e = 3.77 for a 16% hydrogen/84% air mixture. Clearly,
the agreement is good

The flame speed, calculated or measured, though important in calculating the conservative burn times in
combustion calculations, is not of much consequence unless it has some demonstrated effect on the peak
pressure in the vessel Figure 10 shows a plot of the peak pressure versus flame speed for all
hydrogen/air/steam mixtures Qualitatively, it can be stated that as the flame speed increases, the peak
pressure in the vessel increases This is true of all vessel geometries, vented or unvented. In a closed ves-
sel, the peak pressure increases with flame speed for two reasons. First, as the flame speed increases the
combustion tends to become more adiabatic because of short combustion times. Second, high flame
speeds are generally associated with high hydrogen concentration in the vessel. The higher the hydrogen
concentration, the higher the flame speed. Figure 10 also shows that the dependence of pressure on flame
speed becomes complex beyond a flame speed of ~ 400 m/s. A peak pressure ratio of 10 or higher indi-
cates the presence of shock waves in the system. Though it is not possible to predict the peak pressure ac-
curately from the measured or calculated flame speeds, approximate values of peak pressures can be
obtained using the relationship

PnJpo =a + 0.0066S, (11)

where pm and po are the peak and initial pressures respectively The value of a ranges from 2.4 to 3.5 with
a mean value of about 2.8 for best fit Where conservative estimates of peak pressure is required, a value
of 3 5 should be used It should be noted that in spite of strong correlation between flame speed and pres-
sure, the relationship indicated b\ Equation (I I) is not general to all vessel shapes and sizes. Application
of Equation (II) for vessels of other geometries should be done with caution..



3.5 Effect of Obstacle Configuration on Flame Speed

An obstacle geometry with higher blockage produces a higher turbulence intensity. It should be noted that
the extent of turbulence produced by an obstacle depends more on the obstacle-edge velocity, i.e., the maxi-
mum velocity reached at the obstacle surface, than on the approach velocity. For a given approach veloc-
it\. l'a. the obstacle- edge velocity. K,. can be expressed as

Vi.= I - V ( l - P ) (12)

where, as before. /3 is the blockage ratio Since u' is a function of the obstacle- edge velocity, V it is ex-
pected that the flame speed should increase with the blockage ratio. Figure 11 compares the flame speeds
for one- and three-column obstacle arrangements for a range of hydrogen concentrations for dry
hydrogen/air mixtures The blockages for the one- and three-column arrangements are 12 and 28% respec-
tively The ratio of the obstacle-edge velocities is 1.22. Thus, a 22% increase in the flame speed is ex-
pected when a one-column obstacle arrangement is replaced by a three-column obstacle arrangement. For
a mixture containing 16% hydrogen, this means an increase in the flame speed from 127 m/s to 154 m/s.
Figure 11 shows that the measured flame speed for this hydrogen concentration is about 310 m/s. Al-
though Equation (12) predicts the trend in flame speed caused by obstacle blockage, it does not fully ex-
plain the observed behaviour It is plausible that turbulence is produced only in the vicinity of the obstacle
with a single-column arrangement, and dissipates rapidly in the adjacent, nearly turbulence-free gas. Since
the effect of blockage factor is already included in deducing the acceleration factor a. it is reasonable to as-
sume that n, is independent of the blockage ratio. However, this assertion needs further substantiation.

Behaviour similar to that of hydrogen/air mixtures is also observed for mixtures containing steam. Since a
more confined obstacle geometry produces a higher intensity of turbulence than a less confined one, the
mitigating effect of steam in a three-column obstacle arrangement is less than that in a one-column
arrangement

3.6 Effect of Obstacle Spacing

The obstacle spacing is expected to have a significant effect on flame acceleration and flame speed. When
the spacing between the obstacles is large compared to the obstacle diameter, the turbulence produced by
the obstacle decays, as docs the flame speed Each obstacle acts singly in accelerating the flame. As the
spacing decreases, the flow over each obstacle is influenced by the previous obstacle, and the turbulence
level is either maintained or increases If the turbulence is maintained, the flame velocity reaches a constant
value depending on the level of turbulence reached. If the turbulence intensity increases as the flame passes
over each obstacle, the flame may continue to accelerate and under appropriate conditions a transition to
detonation may occur

To establish the effects of spacing on the flame acceleration and the flame speed, experiments were per-
formed with reduced obstacle spacings of 0.55 m and 0.275 m respectively. This was done essentially by
reducing the number of obstacles in each of the three columns. Figure 12 shows the effect of obstacle
spacing on flame speeds for dry hydrogen/air mixtures As expected, the flame speed decreased as the
spacing increased A somewhat similar behaviour was observed for mixtures containing steam (Figure 13),
but the reduction in the flame speed with increased spacing appears to be more than for dry mixtures.



3.7 Effect of Igniter Location on Flame Speed

In all the previous experiments, ignition was initiated at the top of the vessel. The method outlined above
for calculating the flame speeds does not specifically assume any directional bias in the calculated flame
speeds For near-limit lean mixtures, the flame speed depends strongly on the direction of propagation.
Thus, upward propagating flames travel at higher velocities than downward propagating flames. For fast
burning mixtures, on the other hand, gravity has no significant effect on the flame speed. It is, therefore,
important, at least from the calculational point of view, to establish that Equations (1) through (10) can be
used to calculate flame speeds without regard for direction. Experiments were therefore performed to study
the effect of igniter location on flame speeds with the igniter located at the bottom of the vessel. Figure 14
shows the flame speeds for hydrogcn/oxvgen/hclium/steam with top and bottom ignition compared. It is
clear that the flame speeds with bottom ignition are lower than those with top ignition. The discrepancy in
the flame speeds between the top and the bottom ignition increases as the hydrogen concentration increases.
At first sight, this appears somewhat contradictory However, it should be pointed out that an upward
moving flame encounters its first obstacle at a height of approximately 1.1 m, while the downward propa-
gating flame encounters its first obstacle at 0.725 m. Since the obstacles are placed at equal distance apart
(0.276 m). and also since the peak flame speed occurs at the mid-height, flame acceleration for an upward
propagating flame occurs in a field consisting of fewer obstacles. Thus, a downward propagating flame ac-
celerates over ten obstacles while an upward propagating flame accelerates over eight obstacles. Taking
these into consideration and noting that the acceleration factor is approximately 1.25, it can be deduced that
the peak flame speeds in the downward and downward directions should differ by a factor of 1.57. For
1X % hydrogen, the factor from Figure 14 is found to be very close to 1.57. Thus, it can be concluded that
there is no directional bias in the flame speeds above a hydrogen concentration of
12%.

4. CONCLUSIONS

The experiments performed in a cylindrical vessel 5.7 m high with an internal diameter of 1.5 m and filled
with obstacles indicate that flames accelerate to very high speeds when obstacles are present. Over the
range investigated, the peak flame speed decreases as the steam concentration increases. It is found that
the flame speeds in closed vessel could be calculated to a reasonable degree of accuracy using simple em-
pineal correlations It is shown that the flame acceleration parameter (r|) remains nearly independent of
hxdrogen and steam concentrations

It is shown that the upper-bound peak pressures required in the reactor safety analysis can be obtained for
all hydrogen/air/steam mixtures from the calculated or measured flame speeds for low and moderate flame
speeds (<300 m/s).

Experiments performed with one and three columns of obstacles with eight obstacles in each column indi-
cate that increased blockage is more significant for mixtures containing steam and the flame speed in-
creases with the blockage. Experiments with different obstacle spacings indicate that the flame speed
varies inversely with the obstacle spacing.
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Figure 1. Schematic of the experimental apparatus and vessel
instrumentation.
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Figure 5. Effect of hydrogen and steam concentrations on peak flame speed.
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Figure 6. Variation of initial flame speed with hydrogen and steam concentrations.
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Figure 11. Effect of obstacle blockage on flame speed.
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Figure 12. Effect of obstacle spacing on peak flame speed for hydrogen/air mixtures.
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Figure 13. Effect of obstacle spacing on peak flame speed for hydrogen/air mixtures.
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Figure 14. Effect of direction of flame propagation on flame speed.


