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1. IMTRCCUCTICH

Combustien of hydrogen-stcarr-air mixtures is important inp) connection with the effect of loss-of-coolant type of accidents( on nuclear reactor containment syste=s. During certain hypo-
thetical events, hydrogen may be released in quantitites
such that the resulting containment atmosphere is capable of
sustaining a combustion wave propagating through the mixture.
Various experimental investigations have been made into the
combustion of relatively low hydrogren concentration mixtures
using glow plug igniters in support of the selection of a
Distributed Ignition System for post-accident gas control.
Although the likelihood of formation of relatively high hydro-
gen concentration mixtures inside reactor containment is
considered remote, it was felt that investigation into the
effects of combustion of rich mixtures would supplement
existing knowledge of combustion phenomena while providing
further evidence of the improbability of detonations.

Though combustion of hydrogen-air systems has been studied in
the past in connection with burning velocity measurements,
very little work appears to have been done with hydrogen stea:-
air systems, particularly in large volumes at high hydrogen
concentrations.

Furno et al have done some hydrogen cenbustion experiments in
a 3.66 metre diameter sphere. The experiments were concerned
mainly with limit flames of hydrogen in air and concentrations
investigated were less than 15% hydrogen by volume. Kumar et al(2)(''] have performed combustion experiments in a 2.3 m sphere with\s_/ hydrogen-air-steam mixtures near the lower flammability limit.
The concentrations investigated were 4-10% hydrogen and 0-30%
steam by volume. This appears to be the only large scale hydrogen
combustion work reported so far.

Liu et al 3kave done experiments in a 2-litre vessel with
hydrogen-steam-air mixtures. The concentration range investi-
gated included up to 154 steam and 10% hydrogen by volume.

The coctined works of Furno, Ku=ar, and Liu appear to be the
only published =aterial involving the combustion of hydrogen-
steam-air mixtures to date.

In view of the above, a series of experiments has been undertaken
to improve our understanding of combustion of hydrogen-steam-air
mixtures at high (10-42%) hydrogen cencentrations in the 2.3 m
sphere. Specific objectives include the comparison of the
measured pressure transients with those calculated by simple
adiabatic combustion models using burning velocity correlations
and the confirmation that detonations do not occur readily in
relatively open volumes for mixture concentrations considered
to be detonatable.
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This report also includes some scoping experiments on the effects
of obstacles in the flame path. These may be present in the,

(N.-
reactor buildings in the form of equipment, machinery, gratings,

steam pipes, etc., and may gpt as heat sinks and, as has beent

demonstrated by Moen et al may also accelerate the flame.,

In this study, cbstacles in the form of gratings were placed in
the sphere.

; All experiments were performed using a spark ignitor as the
ignition source.

2. DESCRIPTION OF THE TEST FACILITY AND INSTRUMENTATION

2.1 Test Facility

The test facility consists of three units that may be
interconnected: a sphere, a pipe and a vertical cylinder.
Their dimensions are given in Table 1. The sphere alone
was used for the series of experiments reported here. The
sphere (see Figure 1) has three large openihgs and several,

| smaller ones. The smaller openings are used for mounting
instruments and probes. The sphere is insulated and trace'

heated with steam and its-temperature can be maintained at
any desired value up to about 135 C. Steam may be injected
into the sphere through one of the ports as required. Two
fans driven by variable speed air motors are mounted dia-
metrica11y opposite each other in the sphere as shown in
Figure 2. Fan details are given in Table 2.-~

2.2 Instrumentation;

| A schematic of the instrumentation is shown in Figure 3.

| Transient pressures in the sphere during combustion were
measured by four piezo-electric transducers with a rise time

'

of 2 micro-seconds and by a Rosemount capacitance pressure
j transmitter with a response time of 0.2 seconds. Since, at

. high hydrogen concentrations, the combustion was complete in

i far less than 0.2 seconds, the Rosemount transmitter was used
only for partial pressure measurements while introducing the

i
gases into the sphere. Two of the four transducers were

' coated with an RTV compound and recess mounted. The other two
. transducers mounted flush with the surface were also coated
' with RTV. For a selected few experiments a fine wire, E type,

thermocouple of 0.001 in, wire diameter was used to measure
the transient temperature of the gases close to the wall.
The ion probes previously used to detect flame front arrival

,

; did not perform satisfactorily and were discarded.
,|

The signals from, the transducers were processed by an ACC with
! a scan time of 1.5 millisecond per scan. A 2-channel transient

recorder which could acquire 4800 data points with a faster
scan rate was also used for recording of transient pressures.

} -2-
;

;
.-

i
- .,

, w,-- , - - , ,-n , . - , . - - , . ym, , - , . - , - m. ,--. w, ....--mw - g- . n. -,,--we , --m -- ----,-,,w , w m- --



.

The gases in the sphere, before and after combustion, were
analy=ed using a gas chromatograph (GC) employing a Hydrogen

/''') Transfer System. The details of the chromatograph, its
(m / calibration, and sampling technique are given in Reference (5) .

A schematic of the sampling loop is shown in Figure 4.

3. EXEERIMENTAL PROCEDURE

3.1 Mixture Preparation

First, the vessel was evacuated to a pressure of about 10 kPa.
Then hydrogen was introduced to the desired partial pressure
followed by steam and air. To insure mixing,the fans were kept
operating during the time in which steam and air was intro-
duced. This procedure produced a uniform mixture.

3.2 Sampling

Before any sampling, at least two calibration mixtures bracket-
ing the test nixture concentrations, were run through the gas
chromatograph. This was necessary because of the slight day
to day shift in the calibration of the chromatograph. The
sampling line from the sphere to the chromatograph was steam
trace heated to prevent any condensation of water vapour in
the lino.

The sampling line was thoroughly flushed for at least five
minutes with the mixture in the sphere to ensure a representa-f-ss

V) tive sample. As many samples as required were analyzed untilI

two consecutive GC measurements agreed within specified limits.
The same procedure was followed when sampling the combustion
products. Table 3 shows the precision of the chromatograph.
Since the GC was not calibrated for moisture content, the
concentration of steam was inferred from the measured concen-
trations of hydrogen and air. For some experiments, residual
steam left over from the previous experiments contributed to
the uncertainty in the estimated steam concentrations. In
general, the error in steam concentrations were O to +5%,
maximum.

3.3 Combustion Experiments Involving Turbulence

In these experiments, the fans were turned on for approximate-
ly 1 minute before ignition and were kept operating during
the test. Though the fan speed is variable, the present
series of experiments have been done at a constant fan speed
of about 1500 rpm.

O -3-
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4. PISULTS AND DISC' SSICN

4.1 Combustion at 10% Hydrogen Concentration

All experiments were done at 100 C and slightly below
atmospheric pressure, between 96 to 98 kPa.

Complete combustion of mixtures containing 10% hydrogen and
0-40% steam was observed by noting that all of the hydrogen
was consumed. Figure 5 shows the pressure-time history for
mixtures containing 10% hydrogen and various amounts of steam,
under quiescent conditions. -As the steam concentration is
increased from 0 to 40%, the peak pressure decreases and the
overall combustion time increases. The increase in combustion
time is expected since the pr;sence of steam reduces the

, . burning velocity. Further, as the steam concentration is in-
creased from 0 to 40%, the measured peak pressure rise decreases
from 214 kPa to 110 kPa whereas the adiabatic theory predicts
only about 25 kPa decrease in peak pressure. Several explana-
tions are possible.

First, the radiation heat losses during combustion are
higher with steam due to its large emissivity. This not only
reduces the peak pressure but also decreases the flame speed
due to cooling of the burnt gas. Second, since the burning
velocity is reduced at higher steam concentrations, the longer.
time available for heat losses further decreases the peak
pressure. Third, with slower burning velocities, buoyancy
effects may become important which may make the fireball'

"
asymmetric, touching the top surface before the bottom surface.

' This can result in rapid conduction heat transfer to the wall ~

* while combustion is still proceeding, again decreasing the
peak pressure.

.

The shape of the curves of pressure-time history in Figure 5
changes as the steam concentration is increased from 0 to 40%.,

" This may be due to the increased effects of buyoyancy at re-
duced burning velocity. Complete combustion was observed at
all concentrations of steam up to and including 40%.

,

4.2 Combustion at Higher Hydrogen Concentratiens

i
Figure 6 shcws the peak ccmbustion pressure plotted as a
functien of hydrogen concentration for various amounts of
steam. For a given steam concentration, the peak pressure

. increases as the hydrogen concentration is increased, reach-
| ing a maximum at nearly stoichiometric composition. Beyond-

this, the peak pressure drops. Below stoichiometric composi-4

I tion all of the hydrogen is consumed; above stoichiometric
composition all of the oxygen is consumed. Thus, combustion
proceeds until one of the- reactants is completely consumed
for steam concentrations up to 30%.

' '
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Figure 7 shws the fraction of hydrogen burnet! <as a function
of initiddhydrogen concentration. As can be seen, beyond ap) certainJew (N 7%) hydrogen concentration, the burn fraction(
rapidlyfincreases and stays at 1004 until the stoichiometric'

composition is reached. As expected, beyond this concentration
the burn fraction decreases linearly with hydrogen concentra-

x tionisin:9 all the oxygen present is consumed.
' .f -Q

Figurns'8, 9,10 and 11 show the the.wetically (7'8) predicted
peak. pressures compared with the measured values. The
discrepadcy.between the theoretical and exper,imental values
incre'abes as the hydrogen concentration is increased. For' ~

example, in Figure 8 the dash line is for a simple adiabatic
combustion hidel without accounting for disssociation and
the chained line includes dissociation effects. Dissociation

_ is most ippor+. ant near stoichicmetric compositions due to the
,kightempgraturereached. ~

s > - -
. , .

'

As n.entioned earlier, there is some uncertainty in the con-
. ' centrations of steam present in the mixture, the largec
s

, discrepancy occurring at oy-ceyond stoichiometric composi-
,

tions. This is ,iue to large amounts of steam produced by..
'

prior experiments 'with high hydrogen concentrations which*

may not have been fully removed when evaluating the vessel.
For examp' :er a 24% hydrogen and 30% steau burn, nearly
Mt stea esent in the products.,,tge effect of any

' - uncertain,., in steam concentration is moto pronounced for rich
^ \ mixtures than for lean mixtures. This,is|becausethereis

, - less oxygen available for combustion when extra steam is
present and thus less hydrogen is burned.i

'
. _ 4*.

,
* . g

~c Figures 12 and 13 show temperature-time and pressure-time
- histories for 20% hydrogen concentration. ThW thermocouple

was mounted close to the vessel wall, in a cavity. As the
flame propagates from the center outwardh, the unburned
gases-ehead of the flame front are compressed nearly adia-

\ batically, increasing the temperature of the unburned gases.
When the flame reaches the thermocouple, the temperature
incyeases rapidly. Though the increase is more gradual than
expected, due to response of the thermocouple, the instant at
which the front reaches the thermocouple is clearly discernable.
Since combustion is complete at the instant the flame reaches
the ther=occuple hnd the flamdarrival time of 0.13 seconds
agrees well witet The time for peak combustion pressure, it
demonstrates that-.001" thermocouples can be used as flame
front detectors.

<

At all concentrations investigated,' it was found that the
co=bustion wss smooth and regular. There was no detonation.

',

Thu highest rr.ean flame speed yas of the, order of 20 m/s and
was observed for a sto .chicmocric, dry hydrogen air mixture.
Figure 14 shows pressure histories-time for 29.5% and 41.7%

() -
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hydrogen-air mixtures. It has been observed that the
burning velocity for hydrogen-air mixture attained its highest's

) value at 42% hydrogen, nearly 1.5 times as large as that at
29.5%. Combustien at 42% hydrogen should, therefore, be
complete in about 30% less time than that required at 29.5%
hydrogen but, in fact, the peak pressure is reached slightly
earlier at 29.5% hydrogen than that at 42%. The reasons for
this are not clear.

4.3 The Effect of Turbulence

Earlier investigations ( ' in the containment Test Facility at
low hydrogen concentrations near lower flammability limits
have revealed that turbulence significantly affects combus-
tion. It not only increased the extent but also the rate of
combustion. The effect of turbulence at a high hydrogen
concentration is shown in Figure 15. For this case, the
combustion was complete even without turbulence. The fan-
generated turbulence accelerated the combustion only slightly.
Without turbulence the combustion was complete in 0.09 seconds

1 and with turbulence the combustion was complete in about
0.065 seconds. The ratio of combustion times is only 1.5 as
compared to 6 at 5.5% hydrogen (not shown here) . This
marginal effect of turbulence is understandable because, at
high concentrations, the burning velocities are already high
and turbulent intensities less than the burning velocity
itself may not significantly accelerate the combustion.4

O
(,,/ 4.4 Effect of Gratings on Combustion,

Two gratingn of the type shown in Figure 16, were placed
horizontally at one third elevations in the vessel as shown
in Figure 17. The sheets are perforated with 2.54 cm (1 inch)
diameter holes. The holes occupy approximately 50% of the
grating area. The experiments were done at 100 C.

Figure 18 shows the pressure-time history with and without
gratings for a mixture with 6% hydrogen in air with bottom
ignition. It is seen from the figure that combustion is
accelerated as the flame passes through the gratings. Gas
chromatographic measurements indicated that nearly 60% of
the hydrogen was burned when gratings were present as compared
to 30% without gratings. When the fire ball passes through
the gratings, it splits up into several smaller flame balls,
effectively increasing the conical volume burnt. On the other
hand, gratings also act as heat sinks due to their large
surface area and mass.

Figure 19 compares the pressure-time histories at a hydrogen
concentration of 20% with central ignition. Although gratings
accelerate the rate of combustion slightly, the quenching effect

'J 6
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is ve:/ pronounced. 3 e measured peak pressures with gratings
,_ is slightly icwer (s 5 Psi) than without gratings. Further,
( ) the accelerating effect of gratings is small.V'

Figurr 20 shows the effect of fan turbulence on combustion
with and without gratings at 7% hydrogen. The peak pressure
is smaller with grates as is the rate of pressure rise in
the early stages. This is prcbably because the turbulence
is confined to the central region between the gratings. The
strength of the eddies may be considerably reduced when they
penetrate through the perforation. Further, turbulence en-
hances the rate of heat transfer to the gratings and vessel
wall thus reducing the peak pressure.

5. CONCLUSIONS

From the experiments, the following conclusions can be made for
mixtures with hydrogen concentration between 10% and 42%.

1. Detonations did not occur for mixtures considered to be
detonable.

2. Combustion proceeds until one of the reactants is completely
consumed.

3. The measured peak pressures are lower than theoretically
predicted by current Whiteshell models.

/~ i
( ) 4. The effect of fan induced turbulence is considerably less for
'"' rich mixtures than that for lean mixtures. For the cases

investigated, combustion with turbulence was only 50% faster
than with quiescent cases with no significant effect on the
peak pressure.

5. The addition of steam considerably reduces the peak pressures
attainable in the system. This effect is more pronounced for
fuel-rich than for fuel-lean mixtures.

6. Combustion time is shortest for dry stoichiometric hydrogen-
air mixture.

Some tentative conclusions that can be made for the effect of
gratings are as follows:

1. A: low hydrogen concentrations without fan induced circula-
tion, around 6%, gratings increase the degree of combustien
and to a lesser extent the rate.

2. At high hydrogen concentrations (> 10%) , gratings act like
heat sinks, reducing the peak pressure.

.

[ \
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3. In the presence of fan turbulence, gratings not only reduce
the rate of corbustion but also the peak pressure,g s.

bl The cenclusions on the effects of gratings are tentative due to the
scoping nature of the experiments. An insufficient nurber of
tests were performed to allow for quantification of grating effects
or formulation of general conclusions as the effects observed
may be specific to the grating chosen. However, the data reported
herein does not reflect a dramatic effect of gratings on peak
pressure developement or pressure rise time.

Ob
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