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Deliberate Ignition of Hydrogen-Air-Steam Mixtures
Under Conditions of Rapidly Condensing Steam*

Thomas K. Blanchat and Douglas W. Stamps
Sandia National Laboratories
Albuquerque, NM 87185

Abstract

A series of experiments was conducted to determine hydrogen combustion behavior under condi-
tions of rapidly condensing steam caused by water sprays. Experiments were conducted in the
Surtsey facility under conditions that were nearly prototypical of those that would be expected in
a severe accident in the CE System 80+ containment. Mixtures were initially nonflammable
owing to dilution by steam. The mixtures were ignited by thermal glow plugs when they became
flammable after sufficient steam was removed by condensation caused by water sprays. No deto-
nations or accelerated flame propagation was observed in the Surtsey facility. The combustion
mode observed for prototypical mixtures was characterized by multiple deflagrations with rela-
tively small pressure rises. The thermal glow plugs were effective in burning hydrogen safely by
igniting the gases as the mixtures became marginally flammable.

Program Description

A hydrogen-air-steam mixture that is initially nonflammable because it is diluted by steam may be
rendered flammable when water sprays cause rapid condensation of steam. If the condensation
process is sufficiently rapid, then a question arises as to whether a detonation could occur in such
mixtures if thermal glow plugs were active during the operation of the water sprays. Detonations
may be possible if: (1) ignition by thermal glow plugs is delayed until enough steam has been
removed to make the mixture intrinsically detonable or (2) ignition occurs early near the flamma-
bility limits but the time for the entire mixture to burn is so long that any unburned mixture can be
made intrinsically detonable by the action of the water sprays before the burn is complete.

The effect of water sprays on the combustion of hydrogen-air-steam mixtures was investigated in
a2048-m3 spherical vessel [1]. Unlike the scenario described earlier, however, the water sprays
and the combustible gas mixture were at the same temperature so that there was no steam conden-
sation. Since the steam concentration did not change, the chemical sensitivity of the flammable
mixture was fixed prior to activation of the igniters. Similar experiments were also performed
using water sprays with hydrogen-air mixtures [2-3]. In all of these experiments, the mixtures
were flammable prior to the activation of the igniters. These experiments did not address the issue
of mixtures becoming more reactive by the removal of steam during the same time the igniters
were active. This issue was investigated for hydrogen-air-steam mixtures without water sprays in
a 17-liter quasi-spherical vessel [4]. By using water-cooled coils around the outside of the vessel,
the steam condensation time could be reduced to less than 10 minutes. However, the condensation

* A final report will be published under SAND94-1676
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time can be significantly shorter when the steam is condensed by internal water sprays. Further-
more, the effect of the spray-generated turbulence on the combustion behavior was not investi-
gated. The purpose of the current set of experiments was to investigate the combustion behavior
of initially nonflammable mixtures that rapidly became flammable through the action of water
sprays when the igniters were activated the entire time.

Depending on the location and the conditions under which hydrogen is released into the contain-
ment, the hydrogen may be either stratified or well mixed. Under stratified conditions, the hydro-
gen is concentrated in the upper part of the containment. If steam were absent, these mixtures
would be more sensitive to detonation than if the same quantity of hydrogen was released at a low
location and well mixed throughout the entire containment. For the CE System 80+ containment,
the well-mixed concentration of hydrogen is approximately 13.6% on a dry basis assuming 100%
metal-water reaction of the active cladding [5]. If all of this hydrogen accumulates above the
operating deck, the average concentration in that region would be approximately 19.3%.The abil-
ity of water sprays to mix stratified mixtures is an important factor in determining the resulting
combustion mode.

The combustion mode that results when initially nonflammable mixtures are rendered flammable
by rapid condensation of steam caused by water sprays depends on the competition among three
processes: (1) the removal of steam by water sprays, (2) the consumption of hydrogen by chemi-
cal reaction, and (3) for stratified mixtures, the mixing of hydrogen by water sprays. If the time
required to remove steam is slow relative to the other time scales, then combustion can be initi-
ated as the mixture first becomes flammable and a slowly propagating flame will result.

The objectives of this program were developed to cover the conditions of well-mixed or stratified
hydrogen-air-steam mixtures prior to the operation of the water sprays. The program objectives
were to determine: (1) if detonations or other forms of energetic combustion are possible when
originally nonflammable mixtures are rendered flammable by water sprays, (2) the effectiveness
of water sprays in mixing hydrogen-stratified mixtures, and (3) the effect of hydrogen stratifica-
tion on the maximum combustion pressure.

Experiments were conducted in the modified Surtsey vessel shown in Figure 1. The vessel is a
domed cylinder 3.6 m in diameter, 5.6 m high, and has a volume of 59.1 m3. The vessel was
instrumented with pressure transducers, gas grab sample bottles, and thermocouple rakes. A
deliberate ignition system was installed which was composed of actual plant igniters (GM AC7G
thermal glow plugs) at three locations. The effect of igniter location was tested using one or more
igniters at these three locations. For most tests, the target water spray mass flux was scaled to one
spray train at runout flow in the CE System 80+ standard design. Owing to the characteristics of
the nozzle used in the tests, the spray mass flux was the same as for the CE System 80+ but the
volumetric condensation rate for the tests was 1.63 times the CE System 80+ rate. For these tests,
a full-cone spray nozzle (Lechler model 461.148 having a 120° nozzle spray angle) was installed
at the top of the dome. When the water spray mass flux was scaled to the operation of both CE
System 80+ independent spray trains, a high-capacity full-cone spray nozzle (Lechler model
461.206 having a 90°nozzle spray angle) was installed at the top of the dome.
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The experiments were conducted under conditions scaled to be nearly prototypical of those
expected in hypothetical severe accidents in the CE System 80+ containment. The quantities that
were scaled included the spray mass flux and hydrogen mass flow rates for stratified tests.

Eleven combustion tests were conducted: 8 were well-mixed tests and 3 were stratified tests. The
main parameters that were tested in these experiments were hydrogen concentration, steam con-
densation rate as determined by the water spray flow rate, and igniter location. Table 1 shows the
initial conditions of the tests; Table 2 shows the conditions at the first burn; and Table 3.shows the
conditions at the end of the tests after the water sprays were turned off. The first test, HIT-1, was
performed to collect data and test gas grab sample techniques and igniter design. After test HIT-1,
the time to purge gas sample lines was increased and gas sample data were considered more accu-
rate. Results for HIT-7 were influenced by a small leak (~0.003 MPa/hr) in the facility since the
test was conducted over a long (23-hour) period. This leak did not have any significant influence
on the results of the other tests because the test times were short (~20 minutes). Results from HIT-
7 were analyzed assuming the steam was saturated and that the remaining constituents leaked out
in proportion to their composition in the facility. A steam condensation experiment was conducted
before the combustion tests to determine the steam condensation rate owed to water sprays in a
nonflammable helium-air-steam mixture. Three mixing tests were performed at ambient condi-
tions to determine if stratified conditions could be created for the combustion tests and to measure
the mixing time with the water sprays.

Results

In all of the combustion tests, one or more relatively slow deflagrations were recorded: no detona-
tions were observed. The combustion behavior of the well-mixed tests can be loosely categorized
into one of two types: (1) multiple deflagrations with relatively small pressure rises and (2) a sin-
gle deflagration with a pressure rise greater than those observed in the multiple deflagrations but
lower than the theoretical adiabatic constant volume value. The combustion behavior of the strati-
fied tests was similar to that of the well-mixed tests. This is because the sprays were very effective
in mixing the hydrogen before the mixture became flammable.

For mixture compositions that have directionally dependent flammability limits, multiple defla-
grations with relatively small pressure rises were observed. Within the range of experimental
uncertainty, these mixtures lie below the “nose” of the flammability limits curve. Combustion
behavior was not dependent on igniter location. Since these mixtures have directionally depen-
dent flammability limits (upward, horizontal, and downward propagation criteria), the upward
propagation criterion was satisfied first and a marginal burn occurred. The combustion was
incomplete and the pressure rise was small (1-10 kPa). The partial burn temporarily inerted the
mixture, which did not become flammable again until additional steam was condensed by the
water sprays. The partial burns were responsible for the multiple deflagrations. This behavior is
illustrated in Figure 2, which shows the results of HIT-2, a well-mixed test with 13.5% hydrogen
on a dry basis. The pressure rises were larger (up to 30 kPa) in the well-mixed tests with 13.5%
hydrogen on a dry basis but having larger steam condensation rates. Multiple deflagrations, how-
ever, were again observed. This behavior is illustrated in Figure 3, which shows the results of




HIT-10, a well-mixed test with 13.5% hydrogen on a dry basis and a spray flow rate nominally
twice that of test HIT-2.

For mixture compositions that do not have directionally dependent flammability limits, a single
deflagration with a pressure rise greater than those observed in the multiple deflagrations but
lower than the theoretical adiabatic constant volume value was observed. Once these mixtures
were rendered flammable by the water sprays, the flame could propagate in all directions, which
consumed nearly all of the hydrogen. This resulted in a single deflagration with a pressure rise
closer to the adiabatic constant volume value. The increase in pressure did not achieve peak theo-
retical values because of heat losses from the relatively slow deflagration near the flammability
limit, This behavior is illustrated in Figure 4, which shows the results of HIT-3, a well-mixed test
with a stoichiometric mixture (29.5% hydrogen on a dry basis).

Three stratified tests were conducted with different spray flow rates but all having a near stoichio-
metric mixture in the upper part of the vessel. The target condition for each test was a stratified
mixture with 29.5% hydrogen (dry basis) in the upper part of the vessel but having an equivalent
well-mixed concentration of 13.5% hydrogen (dry basis). Different spray flow rates were used:
0.0 kg/second, 1.35 kg/second, and 3.17 kg/second. The behavior of these tests was similar to that
of the comparable well-mixed tests with 13.5% hydrogen. This behavior is illustrated in Figure 5,
which shows the results of HIT-6, a stratified test with approximately 24% hydrogen (dry basis) in
the upper part of the vessel. The sprays rapidly mixed the hydrogen in the vessel prior to the mix-
ture becoming flammable so that the hydrogen was essentially uniform at 13.5% (dry basis)
before ignition.

The mixing time was determined using newly developed hydrogen microsensors which provided
spatially resolved real-time continuous output of hydrogen concentrations. A stratified test was
conducted at ambient conditions with approximately 19% hydrogen (dry basis) in the upper part
of the vessel. The hydrogen was mixed by water sprays with a flow rate of 1.58 kg/second. As
shown in Figure 6, the mixing time was approximately 20 seconds for most of the vessel and less
than 1 minute even for the lowest levels.

Conclusions

Multiple deflagrations with relatively small pressure rises or single deflagrations with pressure
rises greater than those observed in the multiple deflagrations but lower than the theoretical adia-
batic constant volume values were observed when igniters were on during the entire experiment.
This is because ignition occurred near the flammability limit and the combustion time was fast
relative to the time to condense steam. Detonations or other forms of energetic combustion (flame
acceleration or DDT) were not observed in hydrogen-air-steam mixtures which were initially non-
flammable owing to steam dilution but were rendered flammable by steam condensation caused
by water sprays. Mixtures with hydrogen concentrations above approximately 24% (dry basis)
exhibited a single deflagration with a relatively large pressure rise. Such mixtures cannot exist
under globally well-mixed conditions in the CE System 80+ or AP600 containments. These con-
tainments will have approximately 13.5% hydrogen (dry basis) on a well-mixed basis, assuming a
100% metal-water reaction of the active cladding. If the hydrogen accumulates above the operat-
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ing deck level, the concentration could be as high as 19.3% (dry basis) on a well-mixed basis
above the floor of the operating deck. Mixtures having 19.3% hydrogen or less exhibited multiple
deflagrations with relatively small pressure rises.

Thermal glow plugs functioned as intended: ignition occurred near the flammability limits. The
flammability limits for mixtures with water sprays were similar to previously obtained flammabil-
ity limits for quiescent hydrogen-air-steam mixtures.

Stratified mixtures and well-mixed mixtures yielded similar combustion pressures owing to the
effective mixing by water sprays. Stratified hydrogen in the Surtsey vessel was made essentially
uniform by the water sprays in less than 1 minute.
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Figure 1. Schematic of the Surtsey facility.
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Figure 2. Pressure and temperature from experiment HIT-2.

10




Pressure (MPa)

Temperature (K)

0.5 _
0.4
0.3
0.2

0.1

420

400

o
@
(@]

360
340

320

S

5} 10

Experiment Time (min)

~

\\\/

S 10

Experiment Time (min)

Figure 3. Pressure and temperature from experiment HIT-10.
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Figure 4. Pressure and temperature from experiment HIT-3.
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Figure 5. Pressure and temperature from experiment HIT-6.
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