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RAPPORT SUR L'ETAT DES CONNAISSANCES EN ACCÉLÉRATION DE LA FLAMME

ET PASSAGE À LA DÉTONATION DANS LES MÉLANGES

D'HYDROGÈNE/D'AIR/DE DILUANT

par

C.K. Chan et K.N. Tennankore

RESUME

L'allumage accidentel se produisant dans des poches de mélanges inflam-
mables d'hydrogène/d'air/de diluant conduit à une onde de déflagration
(flamme lente). Des conditions particulières peuvent accélérer cette
flamme et provoquer le passage de l'onde de déflagration à l'onde de déto-
nation (flamme rapide) accompagné de pressions associées non uniformes dans
l'espace et très élevées.

Dans le présent rapport, on décrit sommairement les différences entre la
déflagration et la détonation et on examine les divers mécanismes d'accélé-
ration de la flamme ainsi que les résultats de recherche connexes. On y
décrit en détail la compréhension actuelle du passage à la détonation sous
forme de processus à deux phases: l'explosion locale suivie de l'amplifica-
tion de l'onde de souffle consécutive en onde de détonation. On y cite la
manifestation d'une explosion locale aux points chauds produits par la
concentration des ondes de choc existant à l'avant de la flamme rapide ou
aux centres de haute réactivité produits par le mélange rapide par turbu-
lence de la flamme et du gaz non brûlé ainsi que l'extinction consécutive
de la flamme.

On y énumère les modèles actuels d'accélération de la flamme et identifie
leurs limites. En outre, on y examine brièvement les critères qualitatifs
dont on dispose pour évaluer la probabilité de passage à la détonation dans
des conditions données. On y examine la possibilité de mettre au point des
méthodes quantitatives pour évaluer cette probabilité et y décrit d'autres
travaux nécessaires pour réaliser cette mise au point. On y recommande la
mise au point de méthodes quantitatives.

Le Groupe de propriétaires de réacteurs CANDU comprenant EACL, Ontario
Hydro, Énergie Nouveau-Brunswick et Hydro-Québec, a financé la rédaction de
ce rapport.
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A STATE-OF-THE-ART REPORT ON FLAME ACCELERATION AND

TRANSITION TO DETONATION IN HYDROGEN/AIR/DILUENT MIXTURES

by

C.K. Chan and K.N. Tennankore

ABSTRACT

Accidental ignition in pockets of flammable hydrogen/air/diluent mixtures
will lead to a deflagration wave (slow flame). Particular conditions can
accelerate this flame and cause a transition from deflagration to a detona-
tion wave (rapid flame), with its associated spatially non-uniform and very
high pressures.

In this report, the differences between deflagration and detonation are
outlined, and the various flame acceleration mechanisms, along with the
related research results, are reviewed. The current understanding of
transition to detonation as a two-step process, a local explosion followed
by an amplification of the resulting blast wave into a detonation wave, is
described in detail. Occurrence of a local explosion in hot spots gener-
ated by the focussing of shock waves existing ahead of a fast flame, or in
high-reactivity centres generated by turbulence-induced rapid mixing of
flame and unburnt gas, and the resulting local quenching of the flame, are
described and relevant publications are cited.

The current models for flame acceleration are listed and their limitations
are identified. Also, the available qualitative criteria for assessing the
likelihood of transition to detonation under given conditions are briefly
discussed. The feasibility of developing a quantitative methodology for
assessing this likelihood is discussed, and further work required to com-
plete this development is outlined. The development of a quantitative
methodology is recommended.

The writing of this report was funded by the CANDU Owners Group, consisting
of AECL, Ontario Hydro, New Brunswick Power and Hydro-Quebec.
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EXECUTIVE SUMMARY

Accidents in water reactors can lead to the formation of flammable
hydrogen/air/sieam mixtures in reactor containments. The safety concern is
the threat to containment integrity from high pressures that may result
from an accidental combustion (deflagration) of these mixtures. This is of
special concern after an accumulation of hydrogen to high concentration,
creating the associated hazards of accelerated or fast flames and their
transition to detonation. This report describes the current state of
understanding with regard to flame acceleration and deflagration-to-
detonation transition (DDT) in these mixtures.

Deflagration and detonation are two completely different modes of combus-
tion, with different propagation mechanisms. In the former, diffusion of
heat and species from the flame causes reaction in the unburnt gas,
leading to flame propagation speeds of a few metres per second. On the
other hand, a detonation wave has a coupled reaction-front/shock-wave
structure and propagates at a speed of a few kilometres per second by
shock-heating the unburnt gas to ignition. This coupled wave has a complex
structure that leaves a regular diamond-shaped cell pattern on a smoke-
covered foil placed along the confining wall of the enclosure through which
it is propagating. The maximum pressure caused by deflagration is normally
limited to the adiabatic constant-volume combustion pressure (AICC),
whereas detonation leads to spatially non-uniform pressures that are well
in excess of AICC pressures= This can cause severe damage to structures in
the path and to the enclosure walls. Therefore, detonation is of interest
in reactor safety analyses.

Direct initiation of detonation requires a very high energy ignition
source, and is therefore considered unlikely in reactor accidents. How-
ever, a deflagration can accelerate to high speeds from different mecha-
nisms and undergo a transition to detonation.

Flame acceleration can result from turbulence generated by combustion-
induced flow over structures present ahead of the flame; from instabilities
caused by flame-generated pressure waves when they interact with the flame,
after reflection at the confining walls; from the compression and heating
of the unburnt gas, caused by combustion; and from the confinement of the
gas mixture by the enclosure in such a way as to promote turbulence at the
reaction front. A continuous flame acceleration can completely quench the
flame, by excessive heat loss from the flame; it can lead to a limiting
speed that corresponds to the local speed of sound (choking speed); or it
can lead to a transition to detonation.

Schlieren photographic records of the transition phenomenon indicate that
it consists of two essential steps: the occurrence of a "local explosion"
leading to a blast wave, and the amplification of the strength of the blast
wave to high enough magnitudes that local autoignition of the mixture
occurs, establishing a detonation. This "local explosion" is identical to
the strong ignition of unburnt gas mixture caused by rapid heating to a
temperature much above the normal ignition temperature. Thus, criteria for
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strong ignition can be used as criteria for local explosion caused by hot-
spot formation. Such hot spots can result from a focussing of the weak
shock wave ahead of a fast deflagration (such as that caused by obstacles
in the flame path).

A local explosion can also result from the formation of a reactive cloud
(without a flame), such as that from a rapid mixing of a turbulent jet of
hot combustion products with unburnt gas. This explosion occurs at an
initial temperature of the cloud much below the strong ignition tempera-
ture. Studies of flame interaction with single vortices (simplest form of
turbulence) indicate that this local explosion is preceded by a "quenching"
of the flame, from the rapid mixing of the combustion products with the
unburnt gas, caused by high turbulence.

A local explosion does not always lead to a DDT, because the blast wave
from the explosion requires amplification before it can lead to a detona-
tion. A mechanism called SWACER (shock wave amplification by coherent
energy release) has been proposed for this amplification. The SWACER
mechanism requires the existence of appropriate gradients in induction time
(time required for concentration of free radicals to build up from chemical
reactions to thermal runaway or ignition) over an adequate distance. This
requirement translates to equivalent gradients in mixture composition or
temperature. Although this criterion appears to be constrictive, the
existence of a combustible cloud with sufficient reactive sites may equate
to this criterion. Thus, development of a criterion for blast wave
amplification appears feasible with further work.

Scale effects are important in DDT. Since small-scale results cannot be
directly applied to large-scale enclosures, modeling of the phenomenon is
necessary to predict the likelihood of DDT in large-scale systems.

Detailed models as yet do not exist for the transition phenomenon. Models
of different levels of sophistication are available for the early flame
acceleration phase. Further work could extend their applicability to high-
velocity flames to assess the likelihood of DDT.

Although quantitative models are not available for DDT, qualitative models
have evolved. One of these is an overly conservative method based on
equating transition limits to detonation limits that are related to detona-
tion cell size. A second method is based on the requirement for the flame
to accelerate to high enough speeds for transition to occur. This trans-
lates to a transition distance criterion (distance of flame travel and
required acceleration for transition) for a given geometry (confinement and
obstacles) and mixture. Application of this method has to be based on
relevant experimental data or a validated flame acceleration model.
Further, this method is not applicable to situations where DDT may occur
from a rapid mixing of combustion products with the unreacted mixture. A
third method is based on a qualitative classification of mixtures and the
geometry based on a severity scale. This qualitative method is the state-
of-the-art for practical application.
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The understanding gained from recent studies indicates that it is possible
to develop a more quantitative methodology by considering the fact that DDT
consists of two steps: a local explosion resulting in a blast wave, and an
amplification of the blast wave into a detonation wave.

A criterion for local explosion from flame acceleration can be developed as
that corresponding to the hot-spot formation by the focussing of the weak
shock wave ahead of a fast deflagration. This translates to a transition
distance criterion. Criteria for local explosion from rapid mixing of
combustion products and unreacted gas (such as when jets of combustion
products enter a compartment with flammable mixture) appear to be related
to the criterion (yet to be established) for flame quenching that precedes
the explosion.

Criteria for the second step, the amplification of the blast wave into a
detonation wave, are related to the coherent energy addition to the wave
that occurs when appropriate gradients in mixture composition/temperature
prevail. There is a need to translate this into measurable or calculable
parameters of the reactive mixture into which the blast wave propagates.

Future work that would help in developing a quantitative methodology for
assessing the likelihood of DDT under reactor accident conditions include
developing a flame law that relates flame velocity to unburnt gas turbu-
lence parameters, including the quenching effect; extending one of the
flame codes to account for the early laminar phase of the flame and the
later fast flame with pressure waves; and establishing both the turbulence
conditions that lead to flame quenching and the parameters of the reactive
cloud that promote blast-wave amplification. Such a methodology would
reduce reliance on qualitative judgement, which often leads to an overly
conservative assessment. Given the potential hazard from DDT, and the
costly retrofits considered because of the uncertainty about DDT, there
appears to be sufficient incentive to proceed with this work.



1. INTRODUCTION AND SCOPE

Accidents in nuclear reactors could cause high temperatures in the primary
cooling system, leading to metal-vater reaction and the consequent release
of hydrogen into the containment building. Molten core-concrete inter-
action (MCCI) during severe accidents will release additional hydrogen into
the containment atmosphere. The relatively slower and longer release of
hydrogen from the radiolysis of core and water, and the corrosion of metals
in containment, will add to this hydrogen inventory. This could poten-
tially lead to the formation of flammable hydrogen/air/steam mixtures in
containment. The safety concern is the threat to containment integrity
from high pressures that could result from a combustion of these mixtures,
and the consequent potential npact on activity release to the atmosphere.
Since accelerated flames and their transition to detonation result in high
dynamic-pressure loads, they are of particular concern in assessing
containment integrity.

Since the Three Mile Island reactor accident in 1979, a concerted effort
has been devoted in various national laboratories to the understanding of
the combustion behaviour of hydrogen/air/steam mixtures. Initial studies
focussed on aspects such as flammability, ignitability and pressure
transients resulting from burning in a closed volume. Studies aimed at
accelerated flames in hydrogen/air and hydrogen/air/steam mixtures are
relatively recent. This report is limited to the state-of-the-art in the
area of flame acceleration in these mixtures and transition from deflagra-
tion (slow flames) to detonation (very rapid flame). It is not intended as
an exhaustive compilation of the published work in these areas. The aim is
to present the understanding in these areas, providing reference to the
relevant published work, and, in the case of involved concepts, briefly
summarizing the relevant work.

At the end of this raport, the current state of the application of this
understanding to the assessment/preclusion of the likelihood of transition
to detonation in nuclear power reactors during postulated accidents is
outlined. Also, specific future work to help assess this likelihood in a
more definitive manner is recommended.

2. DEFLAGRATION AND TRANSITION TO DETONATION

2.1 DEFLAGRATION AND DETONATION

Classically, there are two modes of combustion for propagating flames:
deflagration and detonation. They can easily be distinguished from each
other by the velocity, structure and mechanism of propagation of the
reaction front. A deflagration is a subsonic wave with typical velocities
of the order of several raetres per second. On the other hand, a detonation
propagates at supersonic speed relative to the unreacted gas ahead of the
wave, with typical velocities of the order of a few kilometres per second.
A deflagration is an expansion wave, with both pressure and density
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decreasing in the direction of propagation of the wave, whereas a detona-
tion is a compression wave with a pressure and a density increase in the
direction of the wave.

Figure 1 provides an idealized representation of these waves. Propagation
of deflagration is caused by the diffusion of heat and intermediate
reaction species from the flame into the unburnt gas. Propagation of a
detonation is from the heating of the unburnt gas by a shock, wave to high
enough temperatures to cause ignition. Thus, a detonation wave has a
coupled reaction-front/shock-wave structure. It leaves an imprint of a
regular diamond-shaped cell pattern when a smoke-covered foil is placed
along the inner circumference of the tube through which it is propagating.
The cell pattern emerges from periodic intersection of oblique shock waves
moving ahead of the reaction front. The width of the cell, normally refer-
red to as detonation cell size, is a characteristic function of the thermo-
dynamic state (pressure, temperature and composition) of the unburni
mixture, and indicates the sensitivity or reactivity of the mixture (the
smaller the cell size, the more reactive the mixture).

Since a deflagration wave is subsonic, heat and pressure waves generated by
a deflagration can perturb the unburnt gas mixture ahead. The degree of
perturbation depends on the expansion ratio (inverse of the density ratio)
of the burnt and unburnt gases, Pu/pb, and the local burning rate along the
reaction front. For fast flames, a compression wave (commonly referred to
as a precursor shock) is generated ahead of the combustion front as a
result of the thermal expansion of the combustion products. The strength
of this precursor shock depends on the speed of the deflagration wave, and
can be determined using available computer codes (see Section 5.3). Also,
in the case of an accelerating flame, the combustion-induced flow and the
overpressure can be determined as a function of the flame speed. Taylor
[1] showed that this overpressure in the unburnt gas is not uniform. The
peak overpressure occurs just ahead of the flame front, as a result of the
additional compression when the precursor shock traverses the unburnt gas.
Figure 2, for example, shows the magnitude of the precursor shock and
deflagration overpressures for various deflagration speeds in H2-air
mixtures initially at room pressure and temperature. For deflagration
speeds less than 100 m/s, the associated overpressures are usually very
low. As the speed increases, the associated overpressures also increase.
For a highly accelerated flame (speed greater than the speed of sound in
the unburnt gas), this pressure can be very high, comparable to detonation
overpressures.

Since a detonation wave (a composite wave consisting of the reaction front
and a shock wave ahead of it) propagates at a supersonic velocity, the
unburnt gas ahead of this wave remains undisturbed at its initial state.
For a mixture at specified initial conditions (i.e., composition, pressure,
po, and temperature, T o ) , there exists a unique detonation velocity, VCJ

(known as the Chapman-Jouguet (C-J) velocity), given by

MCJ = VCJ/a0 = [2Q(T 2 - l)]1/2/a0 (1)

where MCJ is the detonation Mach number, y is the specific heat ratio of
the combustion products, ao is the sonic velocity in the undisturbed gas
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and Q is the chemical energy release per unit mass of the mixture. For
detonable H2-air mixtures, MCJ is found to be about 4.5 from Equation (1).
The pressure ratio across the shock, wave corresponding to this velocity
leads to a post-shock temperature of the order of 1500 K, high enough to
ce.use auto-explosion. The reaction front and the shock are thus strongly
coupled and propagate as a unit at the C-J velocity. For H2-air mixtures,
the pressure ratio across a detonation wave, PCJ/PO, is about 15. This
high pressure of a detonation wave is transient and decays to the equilib-
rium, adiabatic, constant-volume combustion values. However, this tran-
sient pressure can still cause substantial damage to structures in the path
of the flame, particularly vhen the shock wave associated with the detona-
tion wave is reflected off Q wall. The C-J detonation velocities for
various H2-air mixtures initially at room pressure and temperature are
shown in Figure 3. The presrures associated with a detonation wave
(expressed in terms of the pressure ratio), the reflected shock and
constant-volume combustion arc compared in Figure 4 for the same initial
conditions.

Accidental direct initiation of detonation is normally very unlikely, since
it requires high-energy ignit on sources such as solid explosives. How-
ever, a detonation can occur via a transition from a deflagration. Transi-
tion refers to the abrupt change in the mode of combustion from deflagra-
tion to detonation in the absence of a high-energy source. As mentioned
earlier, the magnitude of the shock waves associated with atmospheric H2-
air detonations are of the order of 1.5 MPa (15 atm). If the initial
pressure is higher than atmospheric pressure, the shock-wave magnitude is
correspondingly higher. Therefore, in assessing the potential hazards from
H2 explosion, the likelihood of transition from deflagration to detonation
should be considered.

2.2 RECENT STUDIES ON TRANSITION TO DETONATION

The proceedings of the First and Second International Workshop on the
Impact of Hydrogen on Water Reactor Safety [2] provide a comprehensive
bibliography on the issues ar.d phenomena related to hydrogen combustion.
However, it was evident at the time of these workshops that our knowledge
of hydrogen combustion was inadequate to assess the likelihood of detona-
tion in reactor containments during accidents. Data for flame acceleration
and transition to detonation for H2 systems were limited, and our under-
standing of these phenomena was based mainly on experimental data for
hydrocarbon systems. In view of the importance of the issue, research
programs were initiated in many laboratories to study the dynamic behaviour
of hydrogen combustion, particularly the issue of transition to detonation.
The program at Sandia National Laboratories included large-scale experi-
ments on deflagration-to-detonation transition (DDT) [3] and development of
analytical models for flame acceleration [4]. In collaboration with
Sandia, the Shock Wave Physics Group at McGill University concentrated its
efforts on understanding DDT through small-scale experiments on hydrocarbon
fuels [5]. The Whiteshell Laboratories Program focussed on small-scale
experiments on the transition phenomena in hydrogen flames [6,7]. These
have all contributed significantly to the understanding of the transition



phenomenon. Other research laboratories that contributed to the under-
standing of this phenomenon include, buf are not limited to, the Prins
Maurits Laboratory, TNO, in the Netherlands [8], the Battelle-Institut in
Frankfurt, Germany [9,10], the Defence Research Establishment (Suffield) in
Canada [11,12,13], the Defence Construction Service in Norway [14] and the
Technical University of Munich [15]. Most of the DDT studies in these
laboratories were designed to examine the role of turbulence in DDT.

General discussions on the transition phenomenon, based on these and
previous studies, can be found in many recent articles [16-20]. However, a
quantitative understanding of the mechanisms of transition has not yet been
achieved. At the present time, it is not possible to predict a priori
whether transition can occur in a given situation, largely because of an
incomplete knowledge of the relevant parameters and scale effects that
influence turbulence-induced flame acceleration, autoignition and onset of
detonation. Furthermore, most of the reported work on these topics has
been carried out with hydrocarbons. Therefore, the results may not be
directly applicable to hydrogen-containing mixtures. In this report, we
summarize the current understanding of flame acceleration and transition to
detonation for hydrogen-containing mixtures, providing brief reviews of
relevant work when warranted.

3. MECHANISMS OF FLAME ACCELERATION

3.1 GENERAL

Experimental observations suggest that flame acceleration is an essential
step in DDT. The scenario of transition to detonation usually consists of
a continuous acceleration of an initially slow flame to some critical speed
at which the mechanism of propagation of the reaction front suddenly
changes from a diffusion-controlled propagation to autoignition via shock
heating [5,16,21]. Thus, the possibility of transition and the flame
travel distance required for transition depend on the flame acceleration
rate.

There is a sharp distinction between a freely propagating flame and a
stabilized flame (such as a Bunsen flame or a flame attached to a flame
holder in a combustion chamber). In the latter case, the flame is station-
ary and the unburnt mixture flows into the flame. In these configurations,
the velocity and the initial turbulence level of the flow can be controlled
independently, and the flame responds to these conditions. On the other
hand, a freely propagating flame strongly influences the flow conditions
ahead of it. Its burning rate is influenced by these flow conditions when
it moves ahead into these regions. This interaction between the fluid
dynamics and the combustion process can lead to a highly unstable situa-
tion, which can result, depending on the physical boundary conditions, in
either an acceleration of the flame to some limiting velocity, or an abrupt
transition to detonation when the flame velocity reaches a critical value.
Therefore, to understand DDT, we have to first understand the mechanisms
that can cause a freely propagating flame to accelerate.
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3.2 OBSTACLE-INDUCED TURBULENCE

When obstructions are present in the path of a propagating flame, turbu-
lence will be generated as the unburnt gas flow (induced by the thermal
expansion of the burnt gases) passes over these obstructions. The struc-
ture of this turbulence usually consists of large eddies characterized by
the size of the obstruction [16]. As the flame front advances into this
turbulent flow field, the initially smooth flame surface will be "stretched
and folded." At this stage, the flame still maintains its laminar struc-
ture. The distorted flame will now consume unburnt gas over a larger
surface area, leading to an increase in the iate of heat release. This
increase in the rate of heat release (i.e., a higher flame speed), caused
by flame "stretching and folding", gives rise to a higher volumetric
burning rate, resulting in a larger flow velocity of the unburnt mixture
ahead of the flame; this in turn increases the turbulence, leading to more
severe flame stretching and folding, and so on. Thus, a positive feedback
mechanism, coupling the flow velocity and the burning rate, is established.

As the flame speed and the flow velocity of the unburnt mix cure increase,
the flow Reynolds number may reach a critical value at which the large-
scale eddies in the flow field break down into small-scale turbulent eddies
or structures. In discussing turbulent flame propagation, it is useful to
consider large-scale distortion as flame folding or wrinkling, and small-
scale eddies as fine-scale turbulence. There <s, of course, an intimate
relationship between the two scales since the fine-scale turbulent eddies
derive their energy from the breakdown of the large-scale turbulence. How-
ever, to obtain a qualitative physical picture of the effect of turbulence
on the flame, it is convenient to separate the two scales using the thick-
ness of the flame zone as a reference. Thus, flame folding results from
eddies of length scales larger than the thickness of the flame zone, 6, and
small-scale turbulence consists of eddies of length scales smaller than 6.
This enables the effect of turbulence on combustion to be separated into
two parts: an increase in the local burning rate by fine-scale turbulence,
and an increase in the flame surface area by the folding caused by large-
scale turbulence. The overall result is an increase in the rate of
combustion; that is, fine-scale turbulence enhances the transport rate of
heat and mass, leading to a faster "burn-out" of a "stretched or folded
flame" [16]. The above mechanism also describes flame acceleration in a
long tube (without obstructions) from the shear-generated turbulence at the
confining walls.

3.3 STUDIES ON OBSTACLE-INDUCED TURBULENCE EFFECTS

The obstacles in the flame path provide a means by which kinetic energy is
extracted from the flow for the production of large eddies. The breakdown
of these large-scale eddies, in turn, maintains the production of the fine-
scale turbulence leading to rapid burnout of the stretched and folded
flames [22]. It is well known that without shear that promotes velocity
gradients in the flow field, and therefore the production of turbulence,
the turbulent eddies decay downstream of an obstacle. Therefore, one of
the most effective flame acceleration configurations is that of a series of
equispaced obstacles in the path of the flame. The effectiveness of using
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repeated obstacles in the form of a wire spiral to induce transition from
deflagration to detonation was recognized long ago by Schellcin [23]. The
flame acceleration rate and the criteria for transition to detonation for
various obstacle sizes and spacings have been recently examined by Gu et
al. [24] and Moen et al. [25]. No universal criteria were arrived at in
these studies. However, the effectiveness of obstacles in causing transi-
tion and dramatically influencing the overpressures were demonstrated. For
a highly accelerated flame, the associated overpressures were comparable to
the detonation overpressures [26]. No systematic study of the effect of
irregularly spaced obstacles has been carried out to date.

3.4 EFFECT OF FLAME INSTABILITY

Another mechanism for generating wrinkled flames is Taylor's interface
instability [27], resulting from the interaction of pressure waves with the
deflagration front. He showed that, if an interface separating two fluids
of different densities accelerated towards the fluid having a lower den-
sity, any perturbation of the interface would be suppressed. Conversely,
if the interface accelerated towards the dense fluid, perturbations along
the interface would grow. We can consider the flame front to be a density
discontinuity separating the unburnt gas from the burn product gas (i.e.,
pu = 8/>b). Any increase in the flame speed generates pressure waves. When
surfaces are present, the pressure waves moving away from the flame [28]
will get reflected and return to interact with the flame front. Such
interactions of a reflected pressure wave (from the burnt gas side) with
the flame front will create an unstable condition as described above,
causing the perturbations along the flame front to grow and increase the
overall flame surface area and hence the burning rate.

In a closed chamber, the pressure waves are "trapped" and reflect back and
forth between the walls, giving rise to multiple pressure wave-flame inter-
actions. This continuous generation of the flame folds by the Taylor
instability mechanism as a result of pressure wave-flame interaction is
analogous to the flame folding resulting from large-scale turbulence
generated by repeated obstacles. Furthermore, for sensitive mixtures that
react rapidly, the oscillating pressure waves can be amplified by the heat
release along the combustion front at the time of interaction (Rayleigh's
criterion [29]). This can lead to a transition to detonation.

3.5 EFFECT OF PRECOMPRESSION

In general, the burning velocity (the velocity of the flame front normal to
the front and relative to the unburnt gas) depends on the thermodynamic
state (i.e., temperature, pressure and composition) of the unburnt mixture
ahead of the flame. For laminar flames, the dependence of the burning
velocity, S, on the initial pressure of the mixture is given by S - pn

(where -0.25 < n < 0.25). The dependence on the temperature may be written
as S - T B, where m is of the order of 1 to 2 for temperatures up to about
100°C below the autoignition temperature [30]. This suggests that a pos-
sible mechanism for flame acceleration is the precompression and heating of
the unburnt mixture by the precursor shock waves generated by the flame.
This can also provide a positive feedback mechanism for flame acceleration,



- 7 -

and lead to transition to detonation [31]. However, since n is small, the
dependence on pressure is expected to be weak. The influence of tempera-
ture is also of minor importance, because an increase in temperature
increases the sonic speed. This means, for the same flame speed, the
precursor shock would be weaker than when the mixture is at a lower tem-
perature (or lower sonic speed), and therefore shock preheating will be
reduced. Thus, the net effect of temperature increase on flame speed is
small. Still, it is an identifiable mechanism for flame acceleration.

3.6 EFFECT OF CONFINEMENT

In a completely closed vessel (totally confined), if heat loss is neglec-
ted, regardless of the different possible modes of combustion inside the
vessel (deflagration or detonation), the final equilibrium overpressure
increase is equal to the constant-volume combustion pressure. For a par-
tially confined flammable gas cloud, the overpressure varies, depending on
the combustion process. The peak value depends on the mode of combustion,
direction of venting and the propagation speed of the reaction front.

The influence of confining walls on flame acceleration in a channel filled
with obstacles was examined by Chan et al. [32]. The experiments were
performed in a 12.7 x 20.3 cm channel filled with baffle obstacles. The
degree of confinement was controlled in these experiments by varying che
porosity of the top wall (other walls were not porous). The confinement
effect on flame acceleration was determined from a measurement of the flame
speeds 1 m from the ignition point for various obstacle configurations. As
summarized in Figure 5, the results from the above study show that confine-
ment can have dramatic effects on flame acceleration.

The effect of confinement can be described as follows: if the confinement
is such that combustion-induced flow in the unburnt gas is in a preferen-
tial direction (such as when the gas is confined in a tube with one closed
end and ignition occurs at the closed end), then the flame would have to
traverse the downstream region made turbulent by the flow ahead. This
leads to an increase in the burning rate and hence the combustion-induced
flow, establishing a positive feedback mechanism for flame acceleration.
On the other hand, if the boundary merely provides significant transverse
venting of the burnt gas (such as when the confining walls have large
openings), the amount of burnt gas that pushes the unburnt gas forward is
reduced. A lower flow velocity produces less intense turbulence in the
unburnt gas, and, in turn, a smaller increase in the burning rate. As a
result, the flame acceleration rate and the resulting overpressure are
reduced. Thus, the degree and nature of confinement of the surrounding
walls controls the magnitude of the induced flow directly, which, in turn,
controls the positive feedback mechanism responsible for flame
acceleration.

Chan et al. [32] developed a venting model to quantify the confinement
effect on flame acceleration in channels. Their phenomenological model is
able to predict reasonably the flame speed and the resulting overpressure
in the small-scale assembly for various degrees of confinement (porosity of
the confining walls). Large-scale experiments by Sherman et al. [33] also



- 8 -

showed that transverse venting can have drastic effects on the rate of
flame acceleration. They observed that a small degree of venting can
result in a higher flame acceleration rate than when there is significant
venting or no venting at all. This can be ascribed to the competing
effects of burn-rate enhancement caussd by turbulence generated from
venting, and the decrease in turbulence from a decrease in the unburnt gas
flow caused by burnt-gas venting.

3.7 THE LIMITING FLAHE SPEEDS

The limiting (or maximum steady state) flame speeds resulting from flame
acceleration in tubes with obstacles was examined by Lee et al. [5,34].
Their experiments indicated that the limiting flame speed depended on the
following parameters: (i) the laminar burning velocity, (ii) detonation
cell size, (iii) the blockage ratio of the obstacles (blocked area/total
cross-sectional area), and (iv) the minimum transverse dimension of the
obstacles or tubes. Five regimes of propagation were identified:
(i) quenching of the flame after an initial acceleration, (ii) steady-state
turbulent flame, (iii) choked flame (flame speed equal to sonic speed in
the unburnt gas), (iv) quasi-detonation, and (v) detonation propagating at
the C-J detonation velocity. A set of sample results from their experi-
ments with H2-air mixtures is shown in Figure 6.

In the quenching regime, initial flame propagation occurs as a sequential
ignition of the gas mixture in each chamber (inter-obstacle region) from
the jetting of hot combustion products from the previous chamber. If the
jet mixing is rapid, compared with the chemical reaction rate, complete
extinction of the flame occurs [35]. If the flame is not quenched, it
accelerates until an equilibrium is reached between the positive effects of
flame folding and the negative effects of flame quenching by obstacle-
induced turbulence. Ultimately, the flame may accelerate up to a speed
comparable to the sound speed, at which point gas-dynamic choking occurs.
Transition to detonation is found [18] to be possible if the detonation
cell size, X, is less than the minimum transverse dimension of the system.
For a tube with orifice plates as obstacles, this dimension is the diameter
of the orifice; for smooth tubes, it is the tube diameter itself. It was
found that once transition occurs, the resulting flame speed was between
the choked-flame speed and the C-J detonation velocity; this is considered
the quasi-detonation regime. This velocity deficit, compared with C-J
velocity, is caused by the kinetic energy losses from friction. If the
minimum transverse dimension, DB, is sufficiently large (i.e. DB > 13>),
the detonation propagates at its C-J detonation velocity.

4. TRANSITION TO DETONATION

4.1 GENERAL

From the discussion in the previous section, we can conclude that a freely
propagating flame is unstable to most disturbances in the flow field, and
will always tend to accelerate if disturbed. Depending on the conditions,



- 9 -

this acceleration may lead to an abrupt transition to detonation, or the
flame may reach a limiting flame speed compatible with the given boundary
conditions, or the flame may be quenched.

4.2 THE ESSENTIAL FEATURES

Flames propagating in tubes undergo transition to detonation if they are
accelerated to some critical speed [5]. Hence, the key parameter is the
critical flame speed for a given mixture in a given geometry for specified
initial and boundary conditions. To determine this parameter, we must
first understand the phenomenon of the onset of detonation. Using the
schlieren photographic technique, Urtiew and Oppenheim [21] observed the
transition process for hydrogen-oxygen mixtures in a tube. Their photogra-
phic records clearly reveal the details of the onset of detonation. A
typical record is shown in Figure 7. The essential feature of the onset of
detonation is the local explosion that occurs in the vicinity of the highly
folded, turbulent flame brush (usually near the boundary layer at the wall
in the case of tubes). The spherical (or hemispherical) blast wave from
this local explosion then propagates into the shock-heated gas mixture
behind the precursor shock wave(s) and develops into a detonation.

This feature of the onset of detonation appears to be universal and inde-
pendent of the method of initiation or geometry (e.g., transition from
deflagration to detonation [21], blast initiation [36], photochemical
initiation [37] and initiation by a hot jet of combustion products [38]).
The genesis of the detonation is always from the blast wave generated by a
local explosion. This blast wave amplifies rapidly and becomes a
detonation.

From the above, we may conclude that the initiation of detonation consists
of two separate phases. The first phase is the creation of the critical
conditions for the onset of detonation (local explosion), and the second
phase is the actual formation of the detonation wave (the amplification of
the blast wave from the local explosion). The second phase is common to
all methods of initiation, whereas the conditions for the first phase
depend on the particular method of initiation. In transition from deflag-
ration to detonation, for example, the critical conditions are created by
the positive feedback mechanism that couples the flow field and the accel-
erating flame: (i) the interaction of the flame with turbulence produced by
obstacles or boundaries; (ii) the interaction of the flame with reflected
shock waves; and (iii) the preheating and precompression of the unburnt
mixture.

In the following two sections, the local explosion phase and the blast-wave
amplification phase for the initiation of detonation are discussed in
detail.

4.3 STRONG IGNITION

It is well known that if a combustible gas mixture is quickly brought to a
sufficiently high temperature, autoignition will occur after a certain time
interval (called induction time) [39,40]. In this time interval, thermal
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dissociation and chain branching reactions build up radical concentrations
to lead to thermal runaway (ignition). Since the induction time is an
exponential function of the temperature, there is a limit temperature
(autoignition temperature) below which the induction time is so long that
heat diffusion and radical recombination prevent buildup of radicals, and
hence, ignition. Shock tube experiments, in which shock waves were used to
ignite combustible gas mixtures, led to apparently erratic ignition temper-
atures [41-43]. Later experiments by Voevodsky and Soloukhin [44] and
Oppenheim and Meyer [45] showed that this may be because there are two
types of ignition. Oppenheim and Meyer also showed that the induction time
is extremely sensitive to temperature fluctuations. Near the autoignition
temperature, this sensitivity leads to the formation of discrete autoigni-
tion sites (spotty or mild ignition). However, if the gas is heated to a
higher temperature, ignition occurs over a volume. This is referred to as
strong ignition. Such an ignition leads to a blast wave similar to that
generated by the local explosion phase of a DDT. It is now believed that
these two are one and the same phenomenon.

Using experimental data, Oppenheim and Meyer [45] defined the following
criterion for determining strong ignition temperatures, on the basis of the
variation of induction time with temperature, T, at a constant pressure, P:

( 6 T / 6 T ) P = -2s/K (2)

This criterion is equally applicable to the local explosion phase of DDT
when it is caused by a local "hot spot."

Recently, Taki and Ogawa [46], Chan [26] and Teodorczyk et al. [47] showed
that in the case of fast flames (such as those resulting from obstacle-
induced flame acceleration) DDT is intimately linked to the formation of
explosive "kernels" or "hot spots" from shock reflections. The formation
of these local hot spots depends on the strength of the leading shock ahead
of the fast flame, and on the type of reflection(s) this shock undergoes.
The likelihood of transition to detonation under these conditions Increases
significantly if multiple shock reflections and shock focussing can occur.
For a given mixture, the strength of the focussed or reflected shock wave
required to cause a hot spot can be determined from the criterion given
above. This means that for a given shock reflection/focussing geometry,
the strength of the precursor shock wave (or the flame speed) required can
be estimated.

Chan et al. [48] have demonstrated that collision of a shock wave with a
two-dimensional 90° re-entrant corner in a combustible mixture can cause
local strengthening (or focussing) of the shock wave. Depending on the
incident shock strength, the sensitivity of the mixture and the orientation
of the corner, such a collision can result in ignition or direct initiation
of detonation in the mixture. Their results have conclusively demonstrated
that DDT can occur if obstructions along the path of an accelerated flame
can cause sufficient local strengthening of the precursor shock by focus-
sing. It was also observed in their experiments that shock focussing is a
transient phenomenon, and that the high pressure created decays rapidly
because of gas-dynamic expansion. Thus, over the range of the experimental
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conditions, the critical shock strengths required for ignition and initia-
tion of detonation vere found to depend on the size of the corner: the
bigger the corner, the weaker the required incident shock. The scale
effects on initiation of detonation by shock focussing are not yet fully
understood.

A local explosion can also be obtained by introducing free radicals into a
cold combustible gas mixture. When combustion products that include free
radicals are mixed with the unburnt gases in the vicinity of a highly
turbulent flame, a volumetric ignition can occur in the region of mixing,
at temperatures well below that required for normal, thermal autoignition
(e.g., about 1200 K for hydrogen/air mixtures). Such a volumetric ignition
can also produce blast waves (similar to "strong ignition") that can cause
transition from deflagration to detonation. In this type of local explo-
sion, both free radicals and mixing play important roles. This has been
demonstrated in a number of experiments. For example, Moen et al. [14]
showed that direct initiation of detonation can be obtained by injecting a
hot turbulent jet of combustion products into the unburnt gases in a shock-
free environment. They also showed that injecting fluorine into a cool
hydrogen/air mixture can lead to detonation [13].

Pfortner et al. [49] performed experiments with a H2-air mixture in a
large, top-vented, 3 m x 3 m x l O m channel to demonstrate turbulence-
induced DDT. A 1.25-m-diameter fan was used to generate turbulence in
these experiments. By repeating the experiments at different fan speeds,
they established a critical speed for DDT in this geometry (approximately
200-225 r/min). This demonstrated the role of turbulent mixing in DDT.
The role of turbulent scales and the intensity of turbulence in causing
transition has been examined in the turbulent-jet experiments of Knystautas
et al. [38].

A vortex can be considered as the simplest form of turbulence. Therefore,
a better understanding of the role of turbulence in DDT can be obtained by
studying the interaction between a flame and a vortex. This interaction
was examined theoretically by Peters and Williams [50]. They pointed out
that the entrainment of the flame into the vortex could form a layered
structure with alternating layers of products and reactants separated by
strained laminar flames. Depending on the vorticity, the strain effects
may extinguish the flames in the interior, resulting in a central partially
unburnt region. Subsequent diffusion of energy and radicals into this
unburnt gas may lead to reignition of the entire inner volume after some
delay time, i.e., cause a local explosion. More recently, Chan et al. [7]
conducted experiments on the interaction between a flame and a confined
vortex and showed that such interactions can indeed lead to transition to
detonation.

DDT caused by injection of free radicals and turbulent mixing cannot be
defined in terms of the induction time criterion given by Equation (2). In
a later study, Oppenheim and Meyer [45] developed a theory of strong igni-
tion on the basis of coherent ignition at discrete sites. This theory may
have potential for application to mixing- and/or free radical-induced local
explosion.
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4.4 THE SWACER MECHANISM

Although the occurrence of a local explosion (strong ignition) is a prere-
quisite for the onset of detonation, it is not sufficient in itself to lead
to detonation. This requires the development of a shock wave that can
cause autoignition, i.e., a shock wave similar in magnitude to that associ-
ated with a detonation wave. A local explosion, or a constant-volume
explosion, cannot generate shock waves strong enough to cause autoignition.
The velocity of the shock wave from a constant-volume explosion (with a
typical pressure rise ratio of 10) is only of the order of 1000 m/s, and
the associated shock wave temperatures are too low (-500 K) to induce
significant exothermic chemical reaction in the gas mixture. Thus, the
formation of detonation requires the amplification of the blast or shock
waves from the local explosions. The mechanism that operates to amplify
these shock waves was proposed by Lee et al. [37] in connection with their
study of photochemical initiation of detonation. The mechanism was called
shock wave amplification by coherent energy release (SWACER) and is based
on the principle that the time sequence of chemical energy release in the
path of the shock wave from the local explosion is such that it is coherent
(or in phase) with the arrival of the shock wave, thus causing the addition
of energy to the shock to strengthen it.

The appropriate sequence of energy release can result from spatial gradi-
ents in induction time in the region surrounding the initial local explo-
sion centre. Giver, the appropriate gradient in induction time, with the
induction time increasing away from the initial explosion centre, the shock
wave from this explosion centre will propagate with a velocity, Vo , given
by Vo = (6T/6X)"

1, getting amplified as it propagates.

Spatial gradients in induction time can be produced in various ways. It
has already been noted that the induction time depends strongly on the
temperature and on the free-radical concentration. Thus, an appropriate
gradient in either of these quantities, produced by turbulent mixing,
shock-heating or photodissociation, can lead to the appropriate conditions
for shock wave amplification. The successful onset of detonation by the
SUACER mechanism requires not only an appropriate time sequence of energy
release, but also the existence of this time sequence for some distance
(coherence length) in order for the shock wave to amplify sufficiently to
cause autoignition in the gas mixture. This coherence length is considered
to be of the same order as the detonation cell size [51].

This criterion, the existence of the required induction-time gradient for
sufficient distance, appears to be too restrictive [14]. If one considers
that all that is required is the amplification of the pressure wave, this
can happen when the pressure waves from individual reaction centres
coalesce. Thus, amplification would automatically result when sufficient
reactive centres are present in the reactive cloud through which the blast
wave passes. Therefore, this criterion may be translated into parameters
that characterize the reactivity of the cloud.
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4.5 SCALE EFFECTS

The two important scales in DDT are the chemical time scale and the fluid
dynamic time scale. The former is represented by the detonation cell size.
Thus, mixtures with cell size larger than the characteristic dimension of
the enclosure (tube diameter, obstacle size, etc.) confining them cannot
undergo transition to a sustained detonation. Hence, small-scale experi-
ments with insensitive mixtures (i.e., mixtures with large cell sizes)
cannot be directly applied to practical large-scale enclosures.

The fluid dynamic time scale 'time scale for pressure decay by gas-dynamic
expansion, scales of turbulence, etc.) depends again on the size of the
system. Therefore, results obtained in small-scale experiments on the
effect of fluid dynamic phenomena on flame acceleration and DDT cannot be
directly applied to large-scale systems.

Thus, model development is essential for a meaningful extrapolation of the
small-scale experimental cata on flame acceleration and DDT to large-scale
systems such as reactor containments. Modeling aspects are discussed in
detail in the following sections.

5. MODELING OF FLAME ACCELERATION AND DDT

5.1 GENERAL

A comprehensive model that can predict DDT is currently not available.
However, a number of models have been developed for the initial stage of
DDT, namely flame acceleration. These models are based on different levels
of simplification of the phenomena, and are briefly reviewed in this
section.

5.2 EMPIRICAL MODELS

These are simple models that are based on dividing the enclosure into well-
mixed nodes or compartments. Empirically specified flammability limits,
burn times and burn completeness describe the burning in a given compart-
ment. Burnt gases and the unburnt gases are considered to be well mixed in
each compartment during burning. Thus, there is no flame front (and there-
fore no flame propagation) to consider. Pressure-driven hydrogen mixing is
included in these models through intereo'-̂ artment mass transport. Calcu-
lated results are sensitive to the compartmentalization scheme employed.
Examples of this type of model are CLASIX [52], CONTAIN [53], HECTR [54]
and MARCH [55]. Validation of these models is limited (i.e., forced-
convective) and restricted to propagating flames without significant
acceleration [56],

5.3 PHENOMENOLOGICAL MODELS

Phenomenological models [57-59] are a compromise between the detailed fluid
dynamics/chemistry models, which are complex, and the above empirical
models. Flame propagation rates in these models are based on assumed
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simple flame shapes and empirical burning velocity correlations. Mass and
energy conservation equations and ideal gas equations are used to relate
the instantaneous flame position to the pressure generated in the enclosure.

Recently, on the basis of photographic observations of accelerated flames
in obstacle-filled tubes, Moen et al. [25] developed a phenomenological
model by dividing the flame front into a central core, which propagates
axially, and a radial flame, which burns the pockets of hydrogen/air
trapped between the obstacles. Using empirical constants to relate the
burning velocities of these two fronts, and assuming the pressure to be
uniform throughout the tube, they were able to describe the flame accelera-
tion in this geometry by a set of couoled ordinary differential equations.
This approach, which has been applied to flame acceleration in large tubes
[25] and extended to include the effects of top venting in rectangular
channels [32], enables relatively inexpensive calculations, and is useful
in analyzing the experimental results for a particular geometry. However,
it requires the use of geometry-dependent empirical constants. Further-
more, the model is for fully established turbulent flows, and, hence,
cannot describe the initial laminar phase of flame acceleration. Finally,
the assumption of spatially uniform pressure precludes its application to
very fast flames.

5.4 DETAILED FLUID DYNAMICS/CHEMISTRY MODELS

Hjertager and co-workers at the Christiansen Michelson Institute (CMI) [*0-
62] have developed a multi-dimensional finite-difference code to model
obstacle-induced flame acceleration using the k-t turbulence model of
Launder and Spalding [63], along with a turbulent combustion model that
describes the rate of combustion in terms of the rate of turbulence dissi-
pation [64]. Since this code can handle compressible flows, it is not
limited to slow flames with their associated uniform-pressure fields. The
combustion model includes a flame-quenching model that is based on the time
scale for the characteristic small-scale eddies in the local flow and the
chemical induction time corresponding to the local conditions of the gas
mixture. The small-eddy time scale is deduced from the local turbulent
kinetic energy.

The main limitation of the CMI flame acceleration coda is the use of
Spalding's k-£ turbulence model, which has been calibrated mostly for
steady incompressible flows. Further, this code completely ignores the
mixing processes associated with Rayleigh-Taylor instabilities, which are
believed to play an important role in flame acceleration because of the
density discontinuity that exists at the flame front. Also, the combustion
rate in this code is totally controlled by turbulent mixing (and quenching)
and does not include the shock (or compression) ignition mechanism. In
view of these deficiencies, it cannot be expected to properly model very
fast flames, acoustic instabilities, or the onset of DDT.

In spite of these limitations, the CMI code gives reasonable estimates of
peak pressures, even for obstacle geometries that promote very fast turbu-
lent combustion. A two-dimensional code, with a different combustion
model, has recently been developed by Marx [65] and applied to the flame
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acceleration experiments performed in the FLAME facility at Sandia National
Laboratories in Albuquerque. A two-dimensional code with detailed chemical
kinetics has also been developed recently by Patnaik et al. [66]. Testing
of this code has been limited so far to simple flow situations. Its abili-
ty to model flame acceleration and DDT has not yet been demonstrated.

Successful numerical simulation of DDT hinges on the development of a
reliable model for transient, compressible, turbulent and chemically
reacting flows. Further, successful modeling of the chemically reacting
flow field prior to the onset of detonation represents only a part of the
overall problem. The onset of detonation most likely involves the estab-
lishment of an incubation phase, in which hot spots are generated and a
cellular structure is finally promoted. A comprehensive model to describe
this phenomenon is not available and is not expected to be developed in the
near future.

6. CRITERIA FOR DDT AND THEIR APPLICATION TO
POWER REACTOR SAFETY ANALYSIS

6.1 GENERAL

The practical application of the understanding of DDT is aimed at assessing
the likelihood of transition to detonation for given conditions (mixture
composition, temperature, pressure and the boundary conditions - geometry).
As mentioned previously, a quantitative model for DDT is not available.
However, qualitative methods have evolved for assessing the likelihood of
DDT based on certain criteria. These can be applied to power reactor
safety analysis. In this section, these methods are reviewed and their
merits and limitations are highlighted.

6.2 DETONATION LIMITS

If it can be established that the given conditions of the explosive mixture
are outside the range within which a stable detonation can be sustained
(i.e., outside the detonability limits), then it is logical to assume that
transition cannot occur for these conditions. Thus, detonation limits may
be used as conservative criteria for ensuring that transition is unlikely
in some situations.

No theory is currently available to predict the detonability limits from
first principles. Experimental data clearly indicate that these limits
depend critically on the geometry. For the case of smooth tubes, Kogarko
and Zel'dovich [67] showed that when the detonation cell size of the mix-
ture, X, is greater than wd, where d is the diameter of the tube, deton-
ation cannot be sustained. More careful studies carried out recently by
Dupre et al. [68] refined this criterion to detonation cell size greater
than tube diameter. For tubes and ducts with equispaced obstacles this
criterion was shown to be A = d.
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These correlations can be applied to the conservative assessment of the
likelihood of transition in practical situations, based on the characteris-
tic dimension of the system. An adequate database of detonation cell size
for hydrogen/air/steam (or C02) (Figures 8 and 9) and hydrogen/oxygen/
diluent mixtures as a function of the thermodynamic state (pressure,
temperature and composition) is currently available to enable such
assessment [19,69,70]. The limitations of this approach are as follows:

1. This criterion may be overly conservative. For instance, compart-
ments in containment may be quite large, with a large characteristic
size and free of high-energy ignition sources and obstacles and fans
that produce turbulence. Detonation cell size for hydrogen/air/steam
mixtures range from about 1 cm for rich mixtures to tens of centi-
metres for mixtures containing a large amount of steam Application
of this criterion would then indicate that detonation is likely for
all mixtures in these compartments, even though high-energy sources
or flame acceleration mechanisms are absent. Since acceleration is
slow even for sensitive mixtures (fast-burning mixtures that have a
small cell size) under these conditions, transition to detonation is
very unlikely, especially for insensitive mixtures.

2. On the other hand, this approach may be non-conservative in some
selected situations. For instance, if the geometry has a small
characteristic size (say a pipe geometry with a small diameter), this
criterion, when applied to the initial conditions (pressure, tempera-
ture), may indicate that detonation is unlikely. However, at a later
stage during flame propagation, when combustion is partially comp-
lete, cell size for the remaining unburnt gas may be smaller because
of the increase in pressure from combustion. If obstacles are
present, the flame may undergo a transition to detonation and the
detonation may be sustained in this remaining precompressed mixture.

Thus, prudence and caution are required in applying this criterion to
practical situations in a meaningful manner.

6.3 TRANSITION DISTANCES

A second criterion that may be useful for practical applications is the
extent of flame acceleration required before transition to detonation
becomes likely. For instance, if a region is filled with obstacles, flame
may accelerate. However, if the available length of travel for the flame
is insufficient for the flame to accelerate to high enough speeds, such
that shock waves capable of causing local explosions are produced, then
transition is unlikely. Thus, transition distances (travel distance
required for transition to occur) [71,72] may be used as the criterion for
assessing the likelihood of DDT.

Transition distances are dependent on the mixture as well as the geometry
(obstacle shape, size and spacing, wall roughness that can promote turbu-
lence, etc.). Thus, either relevant data or a validated model for flame
acceleration is required for applying this criterion. Further, this
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criterion cannot account for other methods by which local explosion may
result (e.g., injection of turbulent jets of hot combustion products into
unburnt gas mixtures).

6.4 SEVERITY SCALE METHOD

The above limitations are overcome in the qualitative method of Sherman et
al. [73]. In this method, the geometry (scale, obstacle configuration,
degree of confinement, etc.) and mixture conditions are categorized into
five severity classes. Class 1 mixtures are easily detonable (e.g.,
hydrogen/air mixtures with hydrogen concentration between 30 and 24%, X in
the range of 15-20 mm); these mixtures are very likely to undergo DDT in
most geometries. Class 2 mixtures are relatively less likely to detonate
(21 to 24% hydrogen in air, X in the range of 20-30 mm). Class 3 mixtures
have been observed to undergo DDT in geometries that favour flame acceler-
ation (15 to 21% hydrogen in air, X in the range of 30-300 mm). Class 4
mixtures are detonable, but DDT has not been observed in these mixtures
(13.5 to 15% hydrogen in air, X in the range of 300-1000 mm). In Class 5
mixtures (less than 13.5 hydrogen in air, X > 1000 mm) detonation has not
been observed.

This classification can be extended to hydrogen/air/diluent mixtures by
using detonation cell-size equivalence. Cell sizes for hydrogen/air/steam
mixtures and hydrogen/air/carbon dioxide fixtures at atmospheric pressure
are shown in Figures 8 and 9 [69]. Cell sizes for hydrogen/oxygen/diluent
mixtures at atmospheric pressure for various diluents are also available in
the literature along with semi-empirical correlations for estimating cell
sizes at other conditions and for other mixtures. Based on this informa-
tion, cell sizes for a given hydrogen/air/diluent system can be estimated
and equivalent hydrogen concentration ranges in this system that equate in
detonation sensitivity to the different concentration ranges in hydrogen/
air mixtures (given above) can be identified. This can be used to assess
the quantity of diluent required to reduce the severity in a given situa-
tion. For example, Figure 9 indicates that the presence of 10% of C02 in a
hydrogen/air mixture at atmospheric pressure will ensure that the mixture
severity is reduced by two levels, since the minimum detonation cell size
is increased to 40 mm.

With regard to geometry, Class 1 geometries (e.g., repeated obstacles, high
blockage ratio) are the most conducive to flame acceleration, and Class 5
geometries (e.g., free of obstacles) are the least conducive. On the basis
of this classification, probability for transition in a given situation is
determined from the average severity of mixture conditions and geometry.
An average severity of 1 would indicate that transition is highly likely,
whereas for a severity of 5, detonation can be ruled out as being highly
unlikely to improbable. Intermediate severity would denote intermediate
probability.

The major limitation of this method is that it is qualitative, and since it
calls for judgement in the categorization of a geometry, is somewhat sub-
jective. Nevertheless, this method is the state-of-the-art for a general
situation.
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6.5 TRANSITION CONDITIONS

Recent studies [48], as outlined in Section 4.3, indicate that the develop-
ment of a more quantitative method that avoids unnecessary conservatism may
be possible. This method would be based on conditions required for transi-
tion to occur. In a given situation, if transition is considered possible
from flame acceleration resulting from turbulence caused by repeated
obstacles, then the transition condition can be quantified as the critical
strength of the shock wave ahead of the flame that, depending on the pre-
vailing shock-focussing conditions, can lead to a local explosion (strong
ignition) in the mixture of interest. This condition translates to a
critical flame speed, and therefore a critical distance over which the
flame has to be accelerated. This critical distance can be assessed from
relevant experiments or from the application of validated flame codes.

If the situation is such that transition to detonation is possible from
intense turbulence, such as when a flame approaches an operating fan or
when jetting of burnt gases occurs from one compartment to another, then
the transition conditions appear to be related to the production of a
region of turbulence of specified characteristics that vill lead to flame
quenching, and consequently to a reactive cloud of sufficient size and/or
reactivity that may lead later to local explosion and the amplification of
the blast wave from this explosion. The description of this reactive cloud
in terms of quantifiable parameters to arrive at the conditions for transi-
tion is the subject of current studies on transition to detonation.

7. FUTURE WORK

The intent of reactor safety analyses with regard to detonation is to
demonstrate that the likelihood of DDT is negligible (or acceptably small)
with the given engineered safety systems (mixing to reduce concentration
non-uniformities, igniters and/or recombiners to prevent hydrogen accumula-
tion, venting though filters, etc.). These systems are being retrofitted
to existing reactors and qualified in a number of countries. The need for
such action may be partly ascribed to the conservative assessment of the
situation with regard to transition to detonation. Thus, there appears to
be an incentive to reduce unnecessary conservatism in the assessment and to
develop a more quantitative methodology for the assessment, to preclude or
reduce the extent of and reliance on costly retrofits. The direction for
the development of such a method was outlined above. A continuation in
this direction would require the following R&D work:

1. The development of a validated flame law that relates deflagration
velocity to the thermodynamic state of the unburnt mixture ahead and
the gas dynamic parameters (such as turbulence intensity and length
scale of turbulence). This law should account for both burn-rate
enhancement by turbulent heat and mass transport to unburnt gas from
flame, as well as flame stretching by turbulence that can quench the
flame locally. The flame law should be validated by appropriate
experiments in which the intensity and length scale of turbulence can
be controlled and either predictably or measurably varied.



- 19 -

2. The development of a validated flame code that enables calculation of
flame development, especially the speed of the flame and the gas-
dynamic conditions ahead of the flame. This calculation should be
based on appropriate, simple, validated kinetic models for the early
laminar phase of flame development, and on the above flame law for
the later phase. The code should be capable of tracking the movement
of pressure waves.

3. The establishment of turbulence conditions that lead to flame quench-
ing and the production of a reactive region of sufficient size and
strength (heat release rate and temperature distribution) to result
in a local explosion. Characterization of this region should be
based on the fundamental understanding of the processes that lead to
the local explosion and should include the scale effects from appro-
priate experiments.

4. The establishment of conditions that can lead to the amplification of
the blast wave from a local explosion.

These would provide the support for a methodology that would enable a
quantitative and realistic assessment of the likelihood of transition to
detonation in a specified situation.

8. CONCLUDING REMARKS

The key parameters that determine the likelihood of DDT in a practical
enclosure are the system geometry (obstructions, compartments, etc.) and
the thermodynamic state (pressure, temperature and composition) of the
mixture. With regard to containments, system geometry is complex and
plant-specific. The thermodynamic state of the mixture is dependant on the
accident scenario. Further, the codes and models used to calculate the
distribution of the mixture conditions during a scenario are not fully
validated. The above would lead to a large variation and significant
uncertainty in the calculated distribution of mixture conditions. This,
together with the complicated influence of geometry on flame acceleration,
means that the assessment of the likelihood of DDT in reactor containments
has to involve a significant amount of judgement, e.g., in the selection of
conservative mixture conditions and in arriving at simplified representa-
tions of the system geometry. However, the current state-of-the-art method
(severity scale method) is very qualitative, requiring further judgement in
the classification of the mixture conditions and geometry. This indicates
the need and scope for improving the methodology.

The discussions in the previous sections suggest that a quantitative
methodology with a significantly reduced need for qualitative categoriza-
tion is possible with further goal-oriented R&D work on specific aspects.
This is recommended in view of the need to consider DDT in assessing
reactor safety and the need both to minimize overly conservative mitigation
measures that require costly retrofits and to properly design requisite
mitigation systems.
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FIGURE 7: Stroboscopic Laser-Schlieren Photographs of the Onset of
Detonation [21] in Stoichiometric H2-02 Mixtures I n i t i a l l y at a
Subatmospheric Pressure and Room Temperature
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