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5.1 TURBULENT COMBUSTION AND DDT EVENTS AS AN UPPER BOUND FOR
HYDROGEN MITIGATION TECHNIQUES

S.B. Dorofeev ///I/II/HI;

Abstract
A brief review is presented on the limiting conditions for fast combustion regimes
(accelerated flames, fast turbulent deflagrations, and DDT events), and on their effect on
confining structures. Main attention is given to hydrogen-air-steam mixtures typical for
severe accidents in nuclear power plants. Comparison is made of the pressure loads
resulting from different combustion regimes. Transient wave processes are shown to be
very important for description of the pressure loads. Different limiting conditions are
discussed for DDT being the most dangerous combustion event. Possibility of DDT is
shown to be limited by the geometrical scale. Detailed description is presented for DDT
criterion based on the minimum scale requirement for detonation formation. This criterion
gives a conservative estimate that DDT is impossible, if characteristic size of combustible
mixture is less than 7 detonation cell widths of the mixture. Conditions limiting possibility
of flame acceleration are also discussed.

Introduction
Hydrogen can be generated during loss of coolant accidents in a nuclear power plant.
Mixing of hydrogen and steam with air can result in formation of the combustible mixture
in the containment building. Average hydrogen concentration in a containment depends on
the total amount of hydrogen, and on the volume of the containment building. This
average concentration could be rather high - up to stoichiometric one. Different ignition
sources can initiate combustion of the mixture. Resulting pressure rise and thermal effect
can be dangerous for the containment building and internal equipment.
Different mitigation concepts against hydrogen explosions are being discussed and
implemented. The most advanced one is deliberate ignition. Main intention is to burn
hydrogen early at low concentrations, when benign burn is more probable. Desired results
are diffusion flames and/or slow deflagration. However, mixing does not necessarily
results in the uniform mixtures. Some parts of the mixture can principally be of high
reactivity, which is sufficient to support fast combustion modes. Other mitigation
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concepts, like partial inertization and catalytic recombination of hydrogen, are not able to
solve the problem for all postulated accident sequences. Combustion of hydrogen-air-
steam mixture cannot be excluded, at least for all containment designs. Under certain
initial and boundary conditions the accelerated flames, fast turbulent deflagrations, and
transition to detonation are principally possible. It is therefor important to understand the
impact of these combustion events, and conditions at which they can be expected. Purpose
of this paper is to make a short review of the impact of fast combustion modes and of their
limiting conditions.

Flame Acceleration and Fast Combustion Modes
One of the most important phenomena responsible for dangerous explosions is flame
acceleration. If combustion is generated by a non-energetic source, like a weak electric
spark, laminar flame is the initial result of the ignition. Here and in the following
discussion we assume that mixtures are within flammability limit. Diffusion flames
represent special case, which is beyond the scope of this paper. Propagation speed of the
laminar flame with respect to the gas ahead the flame defines by a local burning rate,
which is a function of chemical kinetic rate, heat conductivity and energy release in the
reaction. Laminar flame speeds for typical hydrogen-air-steam mixtures are about a few
meters per second [1]. These low values are much less than the sound speed. Overall
pressure rise due to such a combustion is supposed to be quasi-static. Upper bound of
pressure increase is limited by thermochemical properties of the mixture, and can be
evaluated with equilibrium calculations [2], Some values of adiabatic isochoric complete
combustion pressures PAICC are presented in Table 1.
However, the scenario of laminar flame is hardly possible to expect in practical conditions.
The primary reason is that combustion is accompanied by expansion of combustion
products. If combustion starts from the closed end of the volume, flame propagation
velocity in the laboratory frame (flame speed) is defined by the burning rate and expansion
ratio. The flame speed appeared to be several times greater than the burning rate itself.
Products expansion generates gas flow and compression waves ahead of the flame.
Interaction of the flow with confining structures leads to generation of vorticity and
turbulence. Flame propagats through turbulent region with the flow pattern defined by
geometrical configuration. This results in increased flame surface and burning rate, which
in their turn results in increased expansion, flame speed and so on. Compression waves
generated by combustion becomes sharper with increase of the flame speed. Finally a
shock wave can be formed ahead of the flame. Reflection of this shock wave can result in
mixture autoignition and further increase of the flame surface. This describes the main
mechanism responsible for flame acceleration - positive energy feedback between flame
produced flow and the flame itself.
Extremely powerful mechanism of flame acceleration is not able to result in flame speeds
exceeding some limiting value. When the flame speed with respect to combustion products
rise up to the sound speed in the products, the flow appeared to be choked. "Choked" or
"sonic" flames give an upper bound for the speed of turbulent flame propagation. This
combustion regime was studied in details earlier [3, 4]. Typical values for the speed of
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"choked" flames are about 600 - 1000 m/s. Figure 1 shows examples of flame acceleration
and quasi-stationary propagation of fast turbulent deflagration.
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Figure 1. Propagation of turbulent flames in obstructed channel (2.3*2.5 m)

A change of main propagation mechanism is required to increase the propagation speed
further. Such a change takes place in the transition from deflagration to detonation.
Ignition of compressed mixture behind the leading shock becomes the main mechanism
responsible for propagation of the explosion wave. Detonation wave speed depends on the
composition and initial conditions. Typical values for severe accident conditions are about
1000 - 2000 m/s. Conditions necessary for Deflagration to Detonation Transition (DDT)
will be discussed later.

Impact of Combustion Events

Release of chemical energy in confined conditions results in the increased temperature and
pressure of combustion products. The impact of combustion events is thus connected with
temperature and pressure loads to the containment and its internal structures.
Thermal loads are due to the heating by the hot product gases. The temperature of the
products depends on the mixture composition and initial conditions. Generally it depends
also on combustion mode, and on conditions for products expansion. Typical values of
adiabatic flame temperatures for several mixtures are presented in Table 1. The values are
rather high, in the range of 1000 - 2400 K. The effect of heating depends on the heat
transfer rate to confining structures. This process is slow, and transient temperatures,
which can be observed in fast combustion waves (sonic flames and detonations), are not
able to change the thermal effect significantly. From this point of view, the most
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dangerous for neighboring equipment are diffusion flames, because of comparatively long
time of the effect.
Pressure loads depend significantly on the combustion mode. If combustion is slow and
flame propagates with a speed much less than sound speed, quasi-static pressure rise will
be observed. Corresponding overpressures depend on the mixture composition and initial
conditions. Maximum pressure rise PAJCC can be achieved, if combustion is complete and
takes place in closed volume under adiabatic conditions. Table 1 shows PMCC pressures
from thermodynamic equilibrium calculations.
If flame speed becomes comparable to the sound speed in the mixture, pressure waves are
formed. Their amplitude depends on composition, initial conditions, confinement, and
combustion mode. Description of fast combustion regimes requires gasdynamic
consideration. Thermodynamic calculations alone are not able to predict transient pressure
loads.

Table 1. Equilibrium Combustion Parameters

T,
K
300
300
300
300
373
373

H2,
% vol.
10
30
50
70

12.75

18.75

H2O, %
vol.
0
0
0
0
15
25

Tad,

K
1100

2390

1940

1330

1330

1720

bar
4.3
8.0
7.1
5.2
4.1
5.0

PCJ,

bar

8.1
15.9

13.9

10.0

7.8
9.8

Da,
m/s
1290

1980

2180

2310

1440

1700

Dynamic Overpressures

Slow Deflagrations

Quasi-static pressure rise represents some global, long-term characteristic of combustion
process. In multi-compartment geometry, local overpressures are functions of time, even
for slow flames. They defined by competition of pressure rise due combustion, and
depressurization due to venting. Figure 2 shows an example of pressure waves generated
by deflagration with flame speed less or close to 100 rn/s in a large vented enclosure.
Overpressures are close to 0.2-0.3 bar. Presence of negative phase is typical feature of
vented and unconfmed deflagrations. The amplitude of the negative phase can be close to
that in the positive phase.

Fast Turbulent Deflagrations

Increase of flame speed results in corresponding increase of explosion wave
overpressures. Supersonic combustion wave, with respect to fixed observer, generates
compression and shock waves ahead of the flame. The form of the pressure wave depends
on the history of flame acceleration, resulting flame speed and geometrical configuration.
Pressure waves generated by choked flame are shown in Fig. 3. Peak values are about 6-8
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bar, what is about twice less than that from detonation in the similar conditions. Amplitude
of pressure wave can be high than value of PAICC, although the duration of this wave is
limited. Venting has less significant effect on overpressure generated by fast deflagration
compared to the slow one. Even for unconfined fast deflagrations destructive blast waves
are observed with overpressures in the range of several bars.

DD T and Detonations

DDT and detonations result in the highest peak values of overpressures. Peak pressure in
the stationary Chapman-Jouguet (CJ) detonation wave as well as the propagation speed of
this wave are defined by mixture composition and initial conditions. Corresponding
parameters Pa and Da are presented in Table 1. Nevertheless this kind of data cannot
describe actual peak values, which can be observed in cases of DDT and real detonations
[5, 6]. Very high peak values can be achieved in the DDT events, detonation reinitiation,
and in reflections [5, 6]. Example of pressure records for DDT is shown in Fig.4. Peak
values are about 20 -25 bar, what accedes the CJ value for average mixture composition.
This type of pressure loads can be modeled using 3D gasdynamic calculations [6].
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Figure 2. Pressure records for slow deflagration. Non-premixed H2 - air mixture in
vented enclosure of 310 m3 (RUT facility). Average H2 concentration 8% vol. Flame

speed < 100 m/s.
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Figure 3. Pressure records for fast turbulent deflagration. Non-premixed H2 - air
mixture (19% average) in RUT facility
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Figure 4. Pressure records for DDT. Non-premixed H2-air mixture (42% average) in
RUT facility
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Impulses
Transient overpressures generated by combustion waves depend on the speed of these
waves. The highest values are observed for DDT and detonations. However, the effect of
pressure waves depends not only on the peak values, but also on the impulse of the
pressure waves. The relative significance of the peak value and impulse depends on the
response of the structure, which is exposed to the pressure load. If the response time is
less or compared to the duration of pressure effect, peak values are of prime importance.
In the opposite case, impulse becomes the defining factor. This is why impulses generated
by different explosion mode should be compared as well. Such a comparison is presented
in Figs. 5, 6. Figure 5 shows the values of impulse versus time for different combustion
modes ranging from rather slow deflagration (< 100 m/s) to fully developed detonations
for similar locations of measuring point. Data from confined experiments, and those with
small venting area (2 m2 per volume > 300 m3) are collected. Figure 6 shows the same
curves normalized with the hydrogen concentration, which represent approximately the
energy store in the mixture. The scatter of the data in Fig. 6 does not exceed that of the
records of neighboring transducers in one test. One can see that impulse depends mainly
on the energy content, and does not on the combustion mode. This specific feature of the
pressure effect from different combustion modes should be accounted in the evaluation of
structural response.
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Figure 5.
Impulses vs. time for slow deflagration,

fast deflagration, and detonation

Figure 6.
Impulses normalized with energy content

DDT Phenomenology
Since DDT events and detonations are able to produce the most severe loads to confining
structures, the limiting conditions for these combustion events should be addressed first.
As it was mentioned above, fast turbulent deflagration precedes usually the DDT event.
Deflagrations with a speed about 700 - 1000 m/s generate a shock wave, or several shocks
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ahead of the flame. Then, a localized explosion occurs somewhere in the region between
the leading shock and turbulent flame, mainly due to reflections of pressure waves and
turbulent mixing of combustion products and reactants [7 -9]. The localized explosion can
generate a detonation wavelet, which in certain conditions can succeed to propagate
through remaining unburned part of the mixture as a detonation wave.
An alternative option is so called "turbulent jet initiation of detonation" [10]. In this case,
turbulent mixing of combustion products and reactants is responsible for formation of the
localized explosion. We need to note, however, that fast turbulent deflagration in one of
the connected compartments is the most probable way of turbulent jet formation.
Following [7, 8], the process of DDT including turbulent jet initiation can be divided into
two phases. Phase 1 is creation of conditions for the onset of detonation. This is achieved
through flame acceleration, production of vorticity, formation of turbulent jets, and
reflections of pressure waves. This phase results in a general situation of formation of an
autoignition center somewhere in partially reacted and/or compressed mixture region.
The Phase 2 is the actual formation of detonation. It is achieved through localized
explosion, amplification of the explosion wave (coupled sock and reaction front), and
finally, transmission of the explosion wave from sensitized to unpertubed mixture part.
No model is presently available to describe complete set of DDT event. The process itself
depends on the complicated interaction of compressible flow, turbulence, and chemical
reaction. Many different time and spatial scales are in the fluid motion, turbulence and
multi-species chemistry. This makes impossible a numerical simulation of the problem, at
least with current computer capabilities. Nevertheless, problem of DDT conditions can be
addressed with analysis of different phases and aspects of this phenomenon.

DDT Criteria

Run-up Lengths

Early studies of DDT were focused on determination of the flame propagation distance,
which is necessary for transition to detonation. Laboratory experiments in long tubes
showed that approximately 20-100 tube diameters are necessary for DDT. Large scale
tests in 80th have demonstrated possibility of fast transition to detonation with much
smaller run-up length, at about one diameter [11]. In laboratory tests, due to relatively
small size of the tubes, large run-up lengths were required to produce conditions for the
onset of detonation. It became clear, that run-up length is not correct question to be
addressed.

Creation of Conditions for DDT

A number of requirements has been found, which are necessary to provide conditions for
DDT (Phase 1 of the process). An example is that the turbulent flame should accelerate to
a certain critical value 500 - 1000 m/s to produce conditions for DDT [12]. Alternatively,
a high speed jet ignition source (~ 600 m/s) with sufficient size is required [10]. The high
speed jet, or fast turbulent flame result in mixing of combustion products and reactants,
and are able to generate conditions for localized explosion.
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Another scenario is mixture autoignition behind reflected shock waves. Reflections from
corners provide the highest local temperatures. It has been found that accelerating flame
should be able to generate shock wave with Mach number 2.25 or higher to ignite mixture
in reflections, and to generate localized explosion [13].
Some other requirements for generation of conditions for localized explosions can be
found. Their application, however, is limited, since no predictive tools are available to
describe fast turbulent combustion.

Empirical Criteria for Long Channels (McGill)

Detailed study of DDT in tubes was carried out in McGill university [3, 12]. Flame
acceleration and transition to detonation was studied in tubes having 5 - 30 cm internal
diameter, and with orifice plates installed inside the tubes. Blockage ratio (BR), fuel type,
and mixture composition were variables in these experiments. Detonation cell size X was
used to characterize mixture sensitivity to detonation initiation. This means that different
mixtures were compared on the basis of the value of the cell size.
It was found, that BR = 0.43 (corresponding ratio of inner and outer diameters of orifice
plates is 0.75) provides optimum conditions for DDT. The most effective flame
acceleration was observed with this blockage ratio. For this optimum blockage ratio, it
was found that the size of unobstructed passage d more than IX is necessary for transition
to detonation. This criterion can be used as the necessary condition for DDT in obstructed
channels. However, it is applicable for very long channels only, having the length more
than ten to twenty times the width. It should be noted, also, that empirical character of this
criterion cannot ensure its validity far beyond the range of the channel widths (5-30 cm)
used in the tests.
Long channels with or without obstacles are not typical geometry for the containment. A
chain of connected compartments could principally represent a similar geometry.
However, even for long channels many questions remain with applicability of McGill
criterion. This is shown in Fig. 7, where data of [14] are used.

U 12.77. I_3.6A.
, • • I • I I I

B.5X 5.6X
Figure 7. Critical conditions for DDT in long channels with different obstacle

configuration

If the blockage is small like it is shown in the left part of Fig. 7, criterion d > IX is valid. If
the blockage is big (central and right part of Fig. 7), much greater characteristic sizes are
necessary for DDT. The width of unobstructed passage appeared to be not a defining
factor for transition to detonation. It seems that the mixture volume, which can effectively
participate in detonadon formation, might be of interest. With small blockage, this volume
can spread over many obstacles (Fig. 7, left part). In the systems of connected
compartments (central and left part of Fig. 7), the volume of the compartment seems an
appropriate measure.
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Despite of the obvious limitations of the criterion for long channels (d > X), it gives an
important indication of the effect of geometrical scale on the transition to detonation. The
detonation cell size X increases with changes of the mixture composition below and above
stoichiometry. Consequently, the large the scale the wider is the composition range for
DDT.

Minimum Scale Requirement for Detonation Formation

The analysis of DDT conditions at RRC "Kurchatov Institute" is focused on formulation
of the minimum scale requirement for detonation formation [15 - 21]. It is assumed that
necessary conditions for generation of localized explosion (Phase 1) are met, and the
process of actual formation of detonation wave is studied. The question addressed is what
minimum size of a sensitized mixture should be created in order that the localized
explosion can result in a detonation?
Evolution of the localized explosion from an autoignition center includes several stages
shown in Fig. 8.
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Figure 3. Schematic illustration of wave processes for spontaneous initiation of
detonation

Spontaneous flame propagation, in the case of its coupling with gasdynamic processes
[22], results in formation of a shock wave - reaction front complex. This explosion wave
have to propagate from the sensitized to unperturbed mixture through the region with
decreasing reactivity. During this process, the width of reaction zone growth continuously
with the decrease of reaction rate. Finally, the width of reaction zone should accommodate
that of unpertubed mixture (see Fig. 8). The more is the width of reaction zone in the
ambient mixture, the larger size of the sensitized region is required. Continuous increase of
reaction zone width results in effective energy losses, because increasing volume of
reactants should be heated by the leading shock. If the increase of reaction zone is too
fast, the leading shock attenuates, and detonation complex decays. Thus, detonation fails
to propagate from sensitized to unpertubed mixture if the gradient in sensitivity is too
strong. Certain minimum size of sensitized mixture (detonation kernel) Lm is required.
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Figure 9 shows results of calculations of detonation propagation through reactivity
gradients for subcritical and supercritical cases [19, 20].
Numerical (ID and 2D) study of the critical conditions for detonation selfmitiation [15 -
19] have shown that the minimum size of sensitized mixture Lm can be expressed as
Lm « IX, in terms of detonation cell width. This minimum requirement was found for the
optimum shape of nonuniformity, and plane geometry. Numerical modeling of detonation
transmission gives minimum value of Lm »IX for different effective activation energies of
chemical reaction [16, 19, 20]. Analytical model of detonation transmission, which was
developed for linear increase of the reaction zone width with distance [20] gives similar
values for critical gradient. On this basis the minimum scale requirement for DDT has been
formulated, namely, the macroscopic size of sensitized mixture should be not less than IX
for detonation formation. As a conservative estimate, this means that DDT can be
expected only, if characteristic size of the compartment, or combustible cloud is greater
than IX..
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Figure 9. Subcritical case (left) and supercritical case (right) for detonation

propagation through decreasing reactivity.

The minimum scale requirement gives necessary, but not sufficient condition. If it is
satisfied, it does not mean that detonation should be certainly initiated. Other requirements
concerning earlier stages of the DDT process should be met as well. However, if the
minimum scale requirement is not satisfied, detonation should not be expected. This
important point gives simple conservative estimate for accident analysis.
In the criterion described above, detonation cell size is used as a measure of mixture
sensitivity. This allows scaling of DDT conditions found for different mixtures and
compositions. Nevertheless, the cell size cannot be considered as a fundamental mixture
property. Its application as a scaling parameter should be validated experimentally.

Experimental Data on Limiting Conditions for DDT

A considerable data base has been accumulated in literature on limiting conditions for
DDT. This includes McGill small scale tests on DDT and turbulent jet initiation [10, 23],
experiments in the FLAME facility [24 -26], Battelle tests with hydrogen-air [27] and
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hydrogen-air-steam mixtures [28], Large scale experiments have been made on DDT and
turbulent jet initiation [11, 29, 30].
Recently, large scale DDT experiments with hydrogen-air mixtures were conducted at
RRC "Kurchatov Institute". Turbulent jet initiation of detonation was studied in the
KOPER facility under semiconfined [16, 18] and unconfined conditions. DDT in large
confined volume of 480 m3 was studied in the RUT facility [21]. Similar tests with
hydrogen-air steam mixtures at elevated temperatures are currently in progress. In
addition, critical conditions for detonation transmission through reactivity gradients were
studied in the DRIVER facility [31].
The experimental studies described above were performed under premixed initial
conditions. Severe accidents, however, involve cases of dynamic formation of combustible
clouds. Ignition can occur during mixing process, when hydrogen concentration is not
uniform. Deliberate ignition of hydrogen-air-steam mixtures can be responsible for this
scenario. This is even more important in cases of fast hydrogen release, and of hydrogen
ignition near the release location.
Special experimental program in the RUT facility was aimed to study possible
consequences of deliberate ignition at dynamic conditions [32]. Hydrogen injection with
the rate about 0.1 kg/s, or 1 kg/s was arranged in a large vented enclosure (310 m3). Two
different locations of the injector were used. One spark igniter was placed at different
distances (« 5, 10, 15, 20 m) from the injection point. It operated continuously during
injection. Sparking rate was 0.1, or 1 Hz.
In the tests, hydrogen cloud was formed moving to the igniter position. Ignition occurred
when the cloud boundary reached the igniter. Processes observed in the tests included the
following cases:

(1) no ignition (H2 is low at ignition time and igniter location);
(2) ignition, flame acceleration, DDT, and local detonation;
(3) ignition and flame propagation with a speed up to 100 m/s.

Explosions observed under dynamic conditions were essentially local phenomena. The
amount of hydrogen, which was involved in local detonation, was limited by igniter
location. It was found that the possibility of DDT depends only on the average hydrogen
concentration in the cloud for the given size of the enclosure. The limit (12.5% vol. H2) is
exactly the same as for premixed DDT experiments in the same facility [21]. Distance to
igniter has an indirect effect only on the possibility of DDT. For small distances,
dangerous concentrations of hydrogen cannot be accumulated before ignition.

Minimum Scale Requirement and Experimental Results

Results of the experiments described above are collected in Fig. 10. The macroscopic size
of sensitized mixture Lm, which can be responsible for detonation initiation, is plotted
against the detonation cell width of the mixture. Close points correspond to detonation,
open - to deflagration. For turbulent jet initiation experiments Lm was estimated as the jet
orifice size. For confined DDT experiments, characteristic (average) size of the
compartment was used, where DDT occurred. For RUT dynamic tests, characteristic size
of the cloud (cubic root of the cloud volume V1/3), and average mixture composition for
the cell width were used. Accuracy of the cell size data used is within a factor of 2.
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The line in Fig. 10 corresponds to the minimum scale requirement (Lm > 7X) for
detonation formation. This means that above the line, detonation should not be expected,
while below the line both the detonation and deflagration are possible. Within the pointed
limits of accuracy, the minimum scale requirement Lm > IX is in a good agreement with
the experimental results over the wide range of volumes and compositions. Good
agreement is observed both for premixed and non-premixed initial conditions.
The comparison presented shows that criterion based on the minimum scale requirement
Lm > IX can be used as a conservative estimate for accident analysis: if characteristic size
(Vt/3) of compartment or combustible cloud is less than IX, DDT is impossible. In long
channels, McGill criterion (d > X) imposes additional limitation. Average composition can
be used to estimate X for non-premixed initial conditions.
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Figure 10. Correlation between detonation cell width and characteristic mixture
size necessary for DDT.

Cell size data are necessary for application of the DDT criterion. Detonation cell sizes of
hydrogen-air and hydrogen-air-steam mixtures have been measured experimentally [12,
33, 34]. The data are available for different mixture compositions and temperatures in the
range 290 -650 K. The measurements were performed for a number of particular
compositions and initial conditions. Fitting of experimental data can be used to estimate
the cell sizes for arbitrary composition and initial conditions within the range of tested
parameters. An example of such a fit is shown in Fig. 11 for T = 375K and atmospheric
initial pressure.
The line X = 5 m is an extrapolation made with the fitted function. Detonability of such
insensitive mixtures is questionable. Nevertheless, this line shows approximately the
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overall detonation limit for severe accidents, if the temperature does not exceed 375K. A
cloud with characteristic size more than 35 m (!) is required for DDT in the mixtures
beyond the line \ = Stn. The line X = 0.1 m shows another important limit. Mixtures with
compositions inside this line are detonable practically in any compartment (T = 375),
because the limiting geometrical size is about 0.7 m only. DDT possibility for mixtures in
between these lines depends on the characteristic size of compartment (cloud), and can be
estimated with IX criterion.

a?

10 15 20 25 30 35 40 45

Figure 11. Detonation cell sizes of hydrogen-air-steam mixtures at 375K and
atmospheric initial pressure.

Flame Acceleration Limit
DDT criteria described above are useful to estimate possibility of the most dangerous
combustion regime. However, fast turbulent deflagrations are not excluded, if DDT is
impossible. The blast effect from fast turbulent deflagrations is less severe than that from
DDT and detonations, but it can be unacceptable for some containment designs. Fast
turbulent deflagrations, as well as DDT cannot be observed, if flame is not able to
accelerate. The second important threshold, thus, can be indicated as a flame acceleration
limit.
Results of experimental studies on accelerated flames and fast turbulent deflagrations [3]
have demonstrated that initial flame acceleration can be followed by deceleration, and even
by quenching for lean mixtures. Recent experiments in Brookhaven National Laboratory
and Forschungszentrum Karlsruhe show the same effect. It has been shown also, that the
increase of turbulence above certain level lead to a decrease of the turbulent burning rate
[35]. However no model is available, which is capable to give quantitative description of
the flame acceleration limit, similar to that for DDT limit.
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Generally, the positive energy feedback responsible for flame acceleration should not be in
force under certain conditions in order to destroy the flame acceleration mechanism. An
idea can be found in the comparison of the characteristic turbulent mixing time xtUrb, and
characteristic reaction time in a local flame element xr. If Tturb « xr, turbulent mixing is
very fast compared to chemical reaction. This means that the flame structure is destroyed,
and products become mixed with reactants in a local volume. Temperature controlling
reaction rate drops down, the reaction becomes very slow, or is quenched. This qualitative
explanation shows that certain increase of turbulence level can be responsible for
quenching instead of the increased burning rate. Such a situation is more probable for lean
mixtures, which have low reaction rates. The local quenching is able to decelerate overall
flame propagation, and even global quenching can occur under certain conditions.
Conditions necessary for flame acceleration are defined by the processes of turbulent
generation and by the turbulence - flame interaction. Physical mechanisms responsible for
quenching phenomena are different from those responsible for detonation formation. This
means that sets of defining parameters are different for these processes. Description of
mixtures reactivity in terms of the detonation cell size, for example, has no value for the
flame acceleration. Presently, the flame acceleration limit remains an unresolved problem.
More research are necessary to develop quantitative description of this important
phenomena.

Summary

Under certain initial and boundary conditions accelerated flames, fast turbulent
deflagrations, and transition to detonation are principally possible in the hydrogen-air-
steam mixtures, which can be formed during severe accidents. Fast turbulent deflagration
and transition to detonation can result in severe loads to the containment and its internal
structures. For such a fast combustion events transient wave processes define the level of
pressure loads. Peak overpressures produced by DDT and local detonations are extremely
high. Peak values of 10 - 15 bar, and several times more in reflections can be expected for
near-limit compositions. Fast turbulent deflagrations result in about twice lower peak
values of overpressures compared to that from detonations. Impulse loads to confining
structures depend mainly on mixture composition and venting. They are very similar for
deflagrations and detonations under the same conditions.
Possibility of DDT for a given mixture composition is limited by geometrical scale.
Corresponding criterion has been suggested. Its applicability has been confirmed by
analytical, numerical and experimental studies for wide range of mixture compositions,
initial and boundary conditions. Detailed studies are being in progress for hydrogen-air-
steam mixtures at reactor relevant scale and conditions.
Research on detonations and DDT are able to provide practical outcome for accident
analysis, and design needs. More efforts are still necessary to describe limiting conditions
for accelerated flames and fast turbulent deflagrations.
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