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PROBLEMES DE LA COMBUSTION DE L'HYDROGENE ET DE L'INTEGRITE

DE L'ENVELOPPE DE SECURITE

par

K.N. Tennankore, G.W. Koroll, R.K. Kumar, A.H.T. Lam,
C.K. Chan et D.J. Wren

RESUME

Dans ce rapport, on,examine les résultats récents fournis par le
programme de recherches de l'Établissement de recherches nucléaires de
Whiteshell dont le but est de résoudre les problèmes de la combustion de
l'hydrogène intéressant l'intégrité de l'enveloppe de sécurité des
réacteurs. Les questions examinées sont le comportement du mélange
d'hydrogène, la propagation de la flamme, les transitoires de pression
provoqués par la déflagration, l'accélération de la flamme et la transition
à la détonation.

Les essais effectués en petit avec les systèmes hélium/CO.
indiquent que la présence d'une voie de recirculation augmentera le mélange
par force ascentionnelle des jets d'hydrogène-vapeur avec l'air dans
l'enveloppe de sécurité. On a rassemblé une base de données étendue pour la
vitesse de combustion laminaire des mélanges d'hydrogène-air-vapeur. On
commence maintenant les travaux pour obtenir les vitesses de combustion dans
des conditions de turbulence susceptibles de régner en enveloppes de
sécurité.

On a analysé des données obtenues sur la combustion dans des
conditions de turbulence et dégazage en cuve sphérique de 2,3 m de diamètre.
Les résultats indiquent qu'on peut f^ire correspondre les prédictions de
pression d'un modèle à une dimension avec les données si on se sert de
différentes vitesses de combustion effectives.

On a étudié l'accélération de la flamme par l'obstacle et la
transition à la détonation dans une installation d'essais en petit pour
déterminer les conditions nécessaires de transition à la détonation dans les
enveloppes de sécurité. Pour une configuration d'obstacle répétée, il est
possible de bien faire correspondre le taux de blocage par l'obstacle
nécessaire pour provoquer la transition (de la déflagration à la détonation
ou de la détonation à la déflagration) avec la dimension de la chambre de
détonation. Nous déterminons en laboratoire les dimensions de chambres de
détonation qui nous intéressent afin de compléter les données existantes.

On a visualisé le processus de la transition à la détonation au
cours des essais ci-dessus par striogramme (photographie striée).
L'objectif consécutif de ces travaux est d'identifier les conditions locales
régissant le processus de la transition.
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ABSTRACT

This report reviews recent results from the research program at
the Whiteshell Nuclear Research Establishment aimed at resolving hydrogen
combustion issues relevant to reactor containment integrity. The areas
considered are hydrogen mixing behaviour, flame propagation, pressure
transients caused by deflagration, flame acceleration and transition to
detonation.

Small-scale tests carried out with helium/C02 systems indicate
that the presence of a recirculation path will enhance buoyancy-driven
mixing of hydrogen-steam jets with air in the containment. An extensive
database has been assembled for the laminar burning velocity of hydrogen-
air-steam mixtures. Work is now beginning on obtaining burning velocities
under turbulent conditions likely to prevail in containments.

Turbulent and vented combustion data obtained in a 2.3-m-diameter
spherical vessel have been analyzed. The results indicate that the
pressure predictions of a one-dimensional model can be matched with the
data if different effective burning velocities are used.

Obstacle-induced flame acceleration and transition to detonation
have been studied in a small-scale test facility to determine conditions
required for transition to detonation in containments. For a repeated
obstacle configuration, the obstacle blockage ratio required to cause
transition (deflagration to detonation or detonation to deflagration) can
be correlated well with detonation cell size. Cell sizes for mixtures of
interest are being determined in our laboratory to complement available
data.

The transition-to-detonation process has been visualized in the
above tests by Schlieren photography. The eventual objective of this work
is to identify the local conditions controlling the transition process.

Atomic Energy of Canada Limited
Vhiteshell Nuclear Research Establishment

Pinawa, Manitoba ROe 1L0
1987

AECL-9094



CONTENTS

Page

1. INTRODUCTION 1

2. MIXING BEHAVIOUR 1

3. FLAME PROPAGATION 3

3.1 LAMINAR COMBUSTION 3

3.2 TURBULENT COMBUSTION 4

4. PRESSURE TRANSIENTS CAUSED BY DEFLAGRATION 5

5. FLAME ACCELERATION AND TRANSITION TO DETONATION 6

6. CONCLUSION 9

ACKNOWLEDGEMENTS 9

REFERENCES 9



1. INTRODUCTION

The hydrogen combustion research program at the Vhiteshell Nuclear
Research Establishment (WNRE) (Tennankore et al., 1986) is aimed at
understanding the combustion behaviour of hydrogen-air-steam mixtures that
may form in pockets or compartments in reactor containment buildings during
severe accidents. When the composition of such mixtures is within the
flammable range, a flame can be initiated that, depending on the
conditions, will propagate slowly (deflagration) with spatially uniform
pressure or accelerate and propagate very rapidly (detonation) with
spatially non-uniform pressure pulses of high amplitude. Deflagration and
especially detonation can cause pressure transients that may threaten the
integrity of the containment building. The WNRE research program
(Figure 1) comprises fundamental and large-scale integrated experiments to
determine:

a) when flammable hydrogen-air-steam mixtures might form in
containments? (mixing between containment air and the hydrogen-
steam jets issuing from postulated breaks in the primary heat
transport system, flammability limits of hydrogen-air-steam
mixtures)

b) how fast these flammable mixtures burn? (laminar and turbulent
burning velocity)

c) what are the effects of flame acceleration mechanisms (initial
turbulence, intercompartment venting, obstacle-induced turbulence)
prevailing in containments on the deflagration pressure
transients?

d) how can the pressure transients be conservatively estimated?
(deflagration model development)

e) what conditions may lead to a transition to detonation? and

f) if estimated pressures due to postulated hydrogen combustion
exceed containment design pressures, how can the pressure rise be
limited? (development of mitigation techniques).

In this report we review some of the results coming from the work
on hydrogen-steam mixing with air, flame propagation, pressure transients
caused by deflagration and transition to detonation caused by flame
acceleration.

2. MIXING BEHAVIOUR

During some of the postulated severe accidents in water-cooled
reactors, hydrogen-steam mixtures may be released as jets or plumes into
the reactor vault through breaks in the primary heat transport system.
Subsequent mixing with the air in the reactor vault and the surrounding
containment building will determine the temporal variation of the local
composition of the resulting hydrogen-air-steam mixture. The available
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driving forces for mixing within the reactor vault and between the reactor
vault and containment are buoyancy-induced flow, fan-induced flow and, in
some reactors, flow through a recirculation path between the vault and the
containment.

At issue is the rate of mixing of hydrogen throughout the
containment volume and the localization of combustible hydrogen-air-steam
mixtures in containment compartments as a function of time. These factors
will be important in assessing the reliability of distributed igniter
systems in preventing hydrogen build up to concentrations at which hydrogen
combustion could impair the integrity of containment.

A number of relatively large-scale experiments have been conducted
by other researchers to characterize hydrogen transport and mixing in
containment buildings: the Batelle Frankfurt experiments in West Germany
(Manno and Golay, 1984), the Hanford Engineering Development Laboratory
experiment in the United States (Bloom et al., 1983) and the University of
Pisa experiments in Italy (Fineschi and Lanza, 1978). These were
integrated experiments to demonstrate the combined effects of source
momentum, forced convection and natural convection on the rate of mixing
and thus did not quantify the contribution of each of the different
mechanisms. This knowledge is essential since, during some accident
scenarios, some of the mechanisms may not be operative.

At WNRE, bench-scale tests have been conducted to determine the
separate effect of buoyancy-induced flow with and without a recirculation
path. These tests have been conducted using a small vertical cylindrical
vessel (capacity 87.5 dm3) with a 1.05-m-long 5.0 cm x 5.0 cm, square pipe
attached at the bottom through a quick-acting valve. Figure 2 shows a
schematic of the test facility.

Two series of tests were carried out in this facility to determine
the effects of buoyancy and initial pressure difference on the mixing
between helium in the pipe at atmospheric or higher pressure and carbon
dioxide in the vessel at atmospheric pressure. The helium/carbon dioxide
system was used to simulate the hydrogen/steam-air system and thus avoid
combustion hazards. The molecular weight ratio for the helium/carbon
dioxide system, and hence the buoyancy driving force, lies in the range
expected for hydrogen/steam-air system.

In these tests, the gases were initially isolated by a quick-
acting valve. The extent of mixing after opening the valve was determined
as a function of time by withdrawing gas samples at specific time intervals
from one of the various locations indicated in Figure 1 and analyzing for
the helium and carbon dioxide concentrations using mass spectrometry.
Additional piping, 5.0 cm in diameter and 2.2 m in length, shown in dotted
lines in Figure 1, was used in some of the tests to determine the effect of
a recirculation path on the rate of mixing. A second quick-acting valve
initially isolated the recirculation pipe from the bottom pipe. Both
valves were opened simultaneously to initiate mixing and start the
recirculation flow into the bottom pipe as a result of the static head
difference.

Some of the concentration data obtained in these experiments are
shown in Figure 3. In the top half of Figure 3, the time variations of
concentration for buoyancy-driven mixing are compared for the cases with
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and without an initial pressure difference. The main features indicated by
the data are the following:

1. The maximum helium concentration never exceeds the concentration
corresponding to homogeneous mixing and, therefore, buoyancy-
induced flow, not molecular mixing, controls the rate of mixing.

2. An initial pressure difference leads to an initial jump in the
helium concentration at the first measurement time. Thereafter,
the rate of change of concentration is similar to that of the zero
pressure difference case. Thus, the effects of initial pressure-
driven flow and the effect of buoyancy-induced flow can be
decoupled from each other.

In the bottom half of Figure 3, the concentration data are
compared for the cases with and without the recirculation path. The main
effects of the recirculation path on the buoyancy-driven mixing are the
following:

1. The helium concentration initially overshoots the homogeneous
concentration and decays later to the homogeneous concentration.

2. The rate of mixing is increased when the recirculation path is
present.

Schlieren photograpy of the mixing process, conducted in tests
carried out in a scaled-down Plexiglas version of the experimental
assembly, indicates that the overshoot is caused by the forced helium plume
resulting from the static pressure difference. This plume advances through
the stationary carbon dioxide in the vessel and mixes rapidly with the
surrounding gas, thus reducing the mixing time.

The main conclusion drawn from these experiments is that the
presence of a recirculation path enhances mixing by increasing buoyancy-
driven flow. This increase in flow is due to the static head force
transmitted through the recirculation path.

3. FLAME PROPAGATION

3.1 LAMINAR COMBUSTION

The rate of flame propagation in a quiescent flammable gas mixture
depends directly on the laminar burning velocity of the mixture. The
laminar burning velocity is a fundamental parameter used to correlate
effective burning rates required by computer codes to predict pressure
transients associated with hydrogen combustion in containment. It is a
physicochemical property of the mixture depending only on the thermodynamic
state of the mixture (composition, pressure and temperature). It is
defined as the speed of the flame front normal to the flame front and
relative to the unburnt gas. In the past five years, we have performed
fundamental experiments to measure the laminar burning velocities of
hydrogen-air-steam mixtures over a range of temperatures and compositions
(Liu and MacFarlane, 1983; Koroll and Mulpuru, 1986). These measurements
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have been carried out using stabilized, straight-sided, conical flames on
nozzle burners. Schlieren photography and laser doppler anemometry were
used to obtain the cone angle and the velocity of the unburnt gas through
the burner (Figure 4). The laminar burning velocity was deduced as the
component of the unburnt gas velocity normal to the flame front.

Of particular importance for reactor safety is the influence of
steam on the laminar burning velocity. Figure 5 summarizes our
measurements of the effect of steam on the laminar burning velocity. As
expected, added steam decreases the burning velocity of hydrogen-air
mixtures. To understand the mechanisms by which steam influences the
burning velocity, we have determined the laminar burning velocities of
hydrogen-oxygen mixtures containing other diluents such as helium, argon,
nitrogen and carbon dioxide. Attempts to correlate the data with the
physical properties of the mixture indicate that the decrease in burning
velocity with added inert diluents can be completely described by the
variation in thermal diffusivity of the mixtures. Thus, for these mixtures

SL(«0/a)
% = SLO(1 - X/XL),

where SL is the laminar burning velocity, a is the thermal diffusivity X is
the mole fraction of the diluent, XL is the diluent fraction just
sufficient to inert the mixture and the suffix o denotes values for
diluent-free mixture. This equation, however, significantly underestimates
the burning velocities for mixtures containing steam. Using a one-
dimensional reactive flow model, we have established that the reason for
this anomaly is the catalytic effect of steam on the low-temperature,
energy-releasing oxidation reaction between hydrogen atoms and oxygen
molecules to produce H02 in the preheat zone of the flame (Koroll and
Mulpuru, 1986).

This work contributes to a fundamental understanding of the
mechanisms through which steam influences the burning velocity and thus
allows us to accurately predict the laminar burning velocity for hydrogen-
steam-air mixtures that may occur in containment.

3.2 TURBULENT COMBUSTION

In containments, the atmosphere is rarely quiescent, except in
some compartments. Operating ventilation fans and coolers ensure
circulating flow and, consequently, a turbulent atmosphere under normal
operating conditions. In the event of a loss-of-coolant accident leading
to hydrogen production, the heat and steam injected to containment will add
to this turbulence. Turbulence enhances heat and mass transfer and thus
increases the effective burning velocity to a value greater than the
laminar burning velocity, which is applicable only to quiescent gas
mixtures. Currently, one of the methods used to predict the consequences
of combustion in containments is based on a propagating-flame model. For
instance, CANDU containment analysis for postulated combustion is carried
out with the VENT code (Mulpuru and Wilkin, 1982), which is based on a
flame propagating at a rate determined by an effective burning velocity.
Thus, effective burning velocities that account for prevailing turbulence
are required to predict pressures and temperatures caused by combustion in
containment. At VNRE, we have recently begun an experimental program to
determine turbulent burning velocities of hydrogen-air-steam mixtures as a
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function of the turbulence parameters. This effort is essential because
the body of available data on the effects of turbulence is limited (Al-
Khishali et al., 1983). Furthermore, the random nature of turbulence makes
theoretical prediction of the influence of turbulence on the burning
velocity of hydrogen-air mixtures exceedingly difficult, if not impossible.

The experimental facility for turbulent burning velocity
measurements is shown in Figure 6. It consists of a nearly spherical
17-dm3 vessel with windows and optical equipment for Schlieren
cinematography. Using two spark igniters, we initiate flames
simultaneously at two locations, separated by 4 cm (the Mouble-kernel
technique' (Al-Khishali et al., 1983)), and track the two flame balls by
high-speed Schlieren cinematography. At the time when the two flame balls
touch each other prior to coalescing, the unburnt gas velocity in the
region between the two flame balls approaches zero. The speed of either >f
the flame fronts at this instant is the burning velocity. Four high-speed
fans installed in the vessel provide uniform turbulence in the region of
initiation and propagation of the two flame balls.

Figure 7 shows the variation with the fan speed of the measured
effective turbulent burning velocity (ST) divided by the laminar burning
velocity (SL) for a 20% hydrogen air mixture. Over the range of fan speeds
investigated, ST/SL increases continuously. We are now making initial
turbulence measurements for the entire range of fan speeds available in
this apparatus (up to 10 000 rpm) to extract turbulence parameters such as
the root mean square value of velocity fluctuations (intensity of
turbulence) and scale of turbulence. These parameters will be used to
correlate the variation of ST/SL with initial turbulence.

We have also obtained preliminary data for the variations of ST/SL
with mixture composition for a fixed initial turbulence (fan speed). The
data shown in Figure 8 indicate that ST/SL depends strongly on the mixture
composition. This is mainly because SL increases significantly with an
increase in hydrogen concentration over the range of hydrogen concentration
studied in these experiments,. These experiments will be continued to
assemble a large database to arrive at an upper-bound correlation for
turbulent burning velocity as a function of turbulence parameters. These
data are required to develop computer models for hydrogen combustion that
will predict conservative values for the peak pressures in containment. It
is essential that such models be based on a sound fundamental understanding
of parameters, such as turbulent burning velocities, in order to ensure a
proper safety margin without leading to prediction of unreasonably high
pressures that could indicate a potential, yet unrealistic, threat to
containment integrity.

4. PRESSURE TRANSIENTS CAUSED BY DEFLAGRATION

Peak pressures and the duration of the pressure transient in the
containment building are controlled by the burning rate. For laminar
conditions, the burning rate is the product of unburnt gas density, laminar
burning velocity and the flame surface area. For turbulent conditions the
turbulent burning velocity corresponding to the level of prevailing
turbulence will control the burning rate. In addition to fan-induced
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turbulence, other flame acceleration devices or mechanisms may prevail in
the containment. These are obstacles in the flame path, vents and
associated flow turbulence and flow instabilities, confinement, etc.
Large-scale tests sponsored by U.S. Nuclear Regulatory Commission and the
Electric Power Research Institute have shed light on the effects of mixture
composition and fan turbulence on the combustion peak pressures (Ratzel,
1985).

Tests have been conducted at WNRE to determine burning rates
during turbulent combustion (Kumar and Tamm, 1984) in a spherical vessel
2.3 m in diameter and vented combustion (Kumar et al., 1985) in the same
spherical vessel attached to a cylindrical vessel, 1.5 m in diameter and
5.3 m high, initially containing air and isolated from the spherical vessel
by a burst-disc. The transient-pressure data obtained in these experiments
have been analyzed recently using the one-dimensional code VENT, and
effective burning velocities have been determined to match predictions with
measurements. These effective burning velocities varied up to a maximum of
8.4 m/s for the range of tests analyzed. The method of analysis and the
results are described in a separate report (Tennankore et al., 1987).

Combustion experiments in the 1.5-m-diameter, 5.3-m-high cylinder
containing obstacles such as perforated plates, orifices, etc., at
different heights are planned. Data from these and the previously
described large-scale experiments will be used to arrive at conservative
burning velocities to be used in deflagration codes such as VENT to
estimate the pressures and temperatures in containments due to combustion.

5. FLAME ACCELERATION AND TRANSITION TO DETONATION

When dealing with the issue of hydrogen combustion, one concern is
the possibility of a detonation. The peak pressures associated with a
detonation are much higher than those associated with deflagration and,
hence, a detonation poses a more severe hazard. The greatest concern is
for combustion in localized volumes within containments where high hydrogen
concentrations or "sensitive" mixtures may exist. One important part of
the WNRE research program deals with the phenomenon of flame acceleration
and transition to detonation. It has been shown that repeated obstacles in
a flame path can accelerate the flame to speeds of the order of a few
hundred metres per second, and for some initial mixture compositions,
pressure, temperature and boundary conditions (vessel geometry and obstacle
configuration) this results in a transition from deflagration to detonation
(Lee et al., 1986; Lee and Moen, 1980; Berman, 1986). It is known that the
volumetric expansion caused by combustion produces a flow ahead of the
flame which generates velocity gradients when it encounters obstacles and,
hence, turbulence. This turbulence leads to flame stretching and enhanced
heat and mass transport, which, in turn, increase the rate of burning or
flame speed, resulting in larger flow velocities ahead of the flame and
more turbulence. This positive feedback system is balanced by energy
losses from the system. It has not been possible yet to quantitatively
predict the rate of flame acceleration and, for a given vessel geometry and
obstacle configuration, the range of mixture compositions in which a
transition from deflagration to detonation can occur.
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At WNRE, an experimental program has recently been initiated to
determine the composition limits of hydrogen-oxygen-diluent mixtures for
obstacle-induced transition to detonation, and to identify local conditions
such as flow, turbulence and flame speed required for transition to occur.
It has been established in the literature that a detonation wave has a
cellular structure and the cell dimension in the direction perpendicular to
the direction of propagation is uniquely related to the initial
thermodynamic state of the mixture. It has also been shown that the cell
size governs sustained propagation and transmission of detonation (Lee and
Moen, 1980). Data from transition-to-detonation tests can be correlated in
terms of the cell size. Thus, a database for the detonation cell-sizes of
hydrogen-oxygen-diluent mixtures relevant to containment analysis is also
being assembled. Although cell size measurements are available for
hydrogen-air-C02 mixtures and some hydrogen-air-steam mixtures (Lee and
Moen, 1980), our objective is to extend the database for these systems as
well as for mixtures with other diluents, such as helium, to enable a
better understanding of the reasons for the variation of cell-size with
mixture composition.

Cell-Size Tests

Figure 9 shows a schematic of the cell-size test facility. It
consists of a heated detonation tube, 15 cm in diameter and 7.5 m in length
with a spiral coil located near the ignition end to cause flame
acceleration and transition. This tube is initially filled with the
desired hydrogen-oxygen-diluent mixtures to a selected pressure at a
selected temperature. To help establish a detonation, especially in
relatively less sensitive mixtures, a 2.5-cm-diameter, 2-m-long initiator
tube is used, containing stoichiometric hydrogen-oxygen mixtures. Upon
ignition at the closed end with a spark igniter, the flame traverses a
spiral coil in the initiator tube that forces the flame to establish a
detonation wave in the hydrogen-oxygen mixture. This detonation wave, upon
entering the larger tube, is aided by a second spiral coil to develop a
detonation wave in the hydrogen-oxygen-diluent mixture. Signals from
piezoelectric pressure transducers located along the tube are used to
determine the detonation velocities to ensure that sustained detonation
occurs.

In these tests, the cell structure is obtained by locating a soot-
coated mylar sheet around the circumference of the tube near the end of the
15-cm-diameter tube. The cell size is determined as the average width of a
number of cells measured from these imprints. Data obtained to date for
hydrogen-oxygen-helium and hydrogen-oxygen-helium-steam mixtures are
summarized in Figure 10. The cell sizes range from 1 mm to 20 mm for these
mixtures. Addition of a heavier diluent such as steam increases cell size
or decreases detonation sensitivity. Further data will be obtained for
hydrogen-oxygen-helium mixtures containing more added steam, and for
hydrogen-air-steam mixtures.

Transition Tests

The aim of this test program is to develop a fundamental
understanding of the physical phenomena controlling the transition to
detonation. Initial transition tests have been conducted in a 6-m-long, 9-
cm square channel with an array of obstacles in the form of baffles located
inside this channel at regular intervals along the length. A section of
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the channel near one end was equipped with glass windows for flame
visualization by Schlieren photography. Tests have been conducted with
low-pressure stoichiometric hydrogen-oxygen mixtures using baffle obstacles
of three different blockage ratios (blocked area/total cross section area).
In the tests, the mixture was ignited with a glow wire located at the end
far from the window section and the steady-state velocity reached after
flame acceleration was measured. The maximum flame speed, VBax, depended
on the mixture sensitivity, characterized by its detonation cell-size
(which for the stoichiometric hydrogen-oxygen mixtures considered is
related to the initial pressure), and the channel blockage ratio. The
variation of the maximum flame velocity with initial pressure (or
detonation cell size) for a blockage rate of 0.41 is shown in Figure 11.
Below an initial pressure of 90 torr (12 kPa), VBax values were between 800
and 1400 m/s. At about 90 torr, there was a sudden jump in VBax, and for
initial pressures greater than 90 torr, VBax was slightly lower than the
corresponding normal Chapman-Jouguet (CJ) detonation velocities. Thus, a
transition to detonation occurs in the channel for mixtures at an initial
pressure of 90 torr or more. The observed flame velocities are less than
the CJ velocity because of the momentum losses caused by the obstacles.
These results also indicate that transition cannot occur for mixtures at an
initial pressure less than 90 torr with this obstacle configuration.

The conditions for transition from deflagration to detonation
determined by such tests for three different blockage ratios and widths of
the gap between the obstacle and the top wall (V) are shown in Figure 12.
The data points in the figure give the characteristic ratio V/X, where X is
the mixture cell-size for a just barely detonable mixture for the given
obstacles. Tests were also conducted in the same facility to determine the
conditions for a detonation to decay to a deflagration. A powerful
electric spark discharge was used to initiate detonation directly and the
detonation/flame velocity was measured as the detonation propagated through
the obstacle field. As with the tests showing transition from deflagration
to detonation, there is a sharp demarkation of the conditions for
detonation decay to a deflagration. Results from these tests, also shown
in Figure 13, indicate that, over the limited sensitivity range (cell-size
range) tested, the conditions which promote transition from deflagration to
detonation agree with those required to sustain detonation. It is
noteworthy that the V/X ratio required to promote transition to detonation
in this apparatus is near 3, in agreement with findings in a cylindrical
apparatus by other workers (Lee et al., 1986).

These tests however, do not indicate the local conditions that
lead to the transition from deflagration to detonation. Lee has pointed
out that the mechanism for the onset of detonation is the generation of a
blast wave strong enough to cause autoignition of the mixture (Lee and
Moen, 1980). Such a blast wave can be generated by shock wave merging or
by shock wave amplification by coherent energy release (SWACER). To
delineate the mechanisms operative in the transition process, photographs
of the transition event using Schlieren photography will be obtained.
Figure 13 shows an example of a preliminary photograph. This demonstrates
the ability to record the transition-to-detonation process on film. Future
work will focus on determining the factors controlling transition under a
variety of physical conditions. Also included in the plans for future work
is a series of experiments in a larger-scale facility (a pipe 28 cm in
diameter, 6 m long) that can withstand detonations of atmospheric pressure
mixtures.
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6. CONCLUSION

An extensive hydrogen combustion research program at the
Vhiteshell Nuclear Research Establishment has focused on various
fundamental aspects of the combustion of hydrogen-air-steam mixtures
relevant to containment integrity. Over the years, results have been
obtained for laminar burning velocity and burning rates in containments,
and a model has been developed to predict the pressure transients. More
recently, work has focused on extending the knowledge base to include
turbulent burning velocities for prescribed turbulence and the conditions
required for transition from deflagration to detonation. Results of this
work and the database already assembled will permit an accurate assessment
to be made of containment integrity during postulated severe accidents.
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FIGURE 1: Hydrogen Combustion Research Program at VNRE
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Function of Hydrogen Concentration
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