2. PROCESSES OF FAAND DDT*

2.1 Introduction

A freely expanding flame is intrinsically unstable. It has been demonstrated, both in laboratory-scale
experiments [2.1-2.4] and large-scale experiments [2.5-2.8], that obstacles located along the path of
an expanding flame can cause rapid flame acceleration. Qualitatively, the mechanism for this flame
acceleration is well understood. Thermal expansion of the hot combustion products produces
movement in the unburned gas. If obstacles are present, turbulence can be generated in the
combustion-induced flow. Turbulence increases the local burning rate by increasing both the surface
area of the flame and the transport of local mass and energy. An overall higher burning rate, in turn,
produces a higher flow velocity in the unburned gas. This feedback loop results in a continuous
acceleration of the propagating flame. Under appropriate conditions, this can lead to transition to
detonation.

Turbulence induced by obstacles in the displacement flow does not always enhance the burning rate.
Depending on the mixture sensitivity, high-intensity turbulence can lower the overall burning rate by
excessive flame stretching and by rapid mixing of the burned products and the cold unburned
mixture. If the temperature of the reaction zone is lowered to a level that can no longer sustain
continuous propagation of the flame, a flame can be extinguished locally. The quenching by
turbulence becomes more significant as the velocity of the unburned gas increases. For some
insensitive mixtures, this can set a limit to the positive feedback mechanism and, in some cases, lead
to the total extinction of the flame. Hence both the rate of flame acceleration and the eventual
outcome (maximum flame speed attained) depend on the competing effects of turbulence on
combustion.

This chapter summarizes some of the key findings since the publishing of the last state-of-the-art
report on DDT in 1991. It should be noted that to give a comprehensive discussion of the phenomena
on flame acceleration and DDT is beyond of the scope of this chapter. Only a brief overview of
recent works is presented. Furthermore, this chapter only cites studies that are relevant to the nuclear
industry.

To provide a proper perspective of the issue, this chapter describes in some detail the key
mechanisms that are responsible for flame acceleration and transition to detonation. It outlines the
various eventual outcomes of flame acceleration. It also summarizes some of the recent studies that
have contributed to the current understanding of the phenomena. Finally, this chapter discusses the
various possible responses of a structure that has been subjected to a pressure load resulting from an
accelerated flame or a detonation wave.

2.2 Flame and Detonation Propagation Regimes

Depending on the fuel concentration and the flow geometry, flame acceleration may be expected to
progress through a series of regimes, as depicted in Figure 2.2-1. For the case of mild ignition, the
first phase involves a laminar flame that propagates at a velocity determined by the laminar burning
velocity and the density ratio across the flame front. This phase of the flame propagation is very well
understood, and data are available for a wide range of hydrogen-air mixtures. The laminar flame
propagation regime is relatively short-lived and is soon replaced by a "wrinkled" flame regime. For

* Lead authors of Chapter 2 are Dr. Calvin Chan of AECL and Dr. Paul Thibault of Combustion Dynamics Ltd.
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most accidental explosions, this regime can persist over relatively large flame propagation distances.
For this reason, it is therefore far more important than the initial laminar regime. Because of the
increase in flame area, the burning rate, and hence the flame propagation velocity for the wrinkled
flame can be several times higher than for the laminar flame.

Because of turbulence generated by obstacles or boundary layers, the wrinkled flame eventually
transforms into a turbulent flame brush. This change results in further flame acceleration because of
the increase in surface area of the laminar flamelets inside the flame brush. For sufficiently high
levels of turbulence, the flamelet structure may be destroyed and then replaced by a distributed
reaction zone structure.
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Figure 2.2-1 Regimes of flame propagation leading to DDT
(SWACER = shock wave amplification by coherent energy release)

The flame acceleration process can eventually lead to DDT through shock ignition or the SWACER
amplification mechanism. For configurations involving repeated obstacles, the turbulent flame
propagation regime is self-accelerating because of the feedback mechanism between the flame
velocity and the level of turbulence ahead of the flame front. The final flame velocity produced by the
turbulent flame acceleration process depends on a variety of parameters, including the mixture
composition, the dimensions of the enclosure, and the size, shape, and distribution of the obstacles.

Figure 2.2-2 shows the flame trajectories for flame propagation in tubes filled with obstacles. Figure
2.2-3 shows the maximum flame speed achievable in tubes of various diameters. Various turbulent
flame and detonation propagation regimes have been identified for hydrogen-air mixtures in obstacle-
filled tubes. These regimes include

1. aquenching regime where the flame fails to propagate,

2. asubsonic regime where the flame is travelling at a speed that is slower than the sound speed of
the combustion products,
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3. a choked regime where the flame speed is comparable with the sound speed of the combustion
products,

4. aquasi-detonation regime with a velocity between the sonic and Chapman-Jouguet (CJ) velocity,

5. a CJ detonation regime where the propagation velocity is equal to the CJ detonation velocity.
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Figure 2.2-2. Visible speeds of turbulent flame propagation versus reduced distance along
tubes (D - tube diameter) for lean hydrogen-air mixtures. Blockage Ratio (BR) = 0.3 (upper)
and 0.6 (lower). Obstacle spacing is equal to D. Solid points - fast combustion regimes
(choked flames and quasi-detonations), empty points - slow combustion regimes [2.9].
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It should be noted that the above regimes are geometry-dependent for a given mixture. Consequently,
the concentration range for each regime in Figure 2.2-3 may differ for circular tubes and rectangular
channels.

2.2.1 Quenching Regime

For sufficiently large BRs (blocked area and total cross-sectional area) in which the pressure
difference across the orifice plate can build up rapidly, the flame is observed first to accelerate and
then to quench itself after propagating past a certain number of orifice plates. This regime is referred
to as the “quenching regime”. (Quenching means that the flame ultimately ceases to propagate.) In
this regime, flame propagation can be considered as the successive explosion of a continuous
sequence of combustion chambers interconnected by orifice plates. Ignition of the mixture in one
chamber is achieved by the venting of the hot combustion products from the upstream chamber
through the orifice. Quenching occurs when the hot turbulent jet of product gases fails to cause
ignition in the downstream chamber because of the rapid entrainment and turbulent mixing of the
cold unburned mixture with the hot product of the jet. As shown in Figure 2.2-3, for most hydrogen-
air mixtures, the boundaries between the quenching regime and the other flame propagation regimes
are very distinct.
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Figure 2.2-3. Maximum flame speeds for H,-air mixtures in tubes of different sizes
2.2.2 Subsonic Flame Regime

Total quenching of hydrogen-air flames is not always possible. In this case, a quasi-steady flame with
an average velocity range from a few tens of metres per second to a couple hundreds of metres per
second is possible. This subsonic velocity is a result of a competition of the positive (enhancement)
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and the negative (quenching) aspects of turbulence on combustion. Such a flame is highly unstable. A
slight change in the boundary condition can cause the flame to quench totally or suddenly jump to
another flame propagation regime. This instability is clearly shown in Figure 2.2-3.

2.2.3 Choking Regime

When the conditions for quenching are not met, the flame continuously accelerates to reach a final
steady-state value. When this happens, flame propagation can be considered as a quasi-steady one-
dimensional compressible flow in a pipe with friction and heat addition. This regime is referred to as
the choking regime, where the combined effects of wall friction and heat addition control the final
steady-state flame speed.

2.2.4 Quasi-detonation Regime

Since the flame speeds typically attained in the choking regime are of the order of 1000 m/s, a local
explosion leading to an onset of detonation may occur. If the orifice diameter, d, is sufficiently large,
a stable detonation wave can be formed. For detonation combustion, it is found that the detonation
cell size, A, provides an important characteristic length that can be used to determine the limit of
detonation propagation. When d/A exceeds a certain critical value, a successful transition from
deflagration to detonation can occur. In the detonation regime, the propagation mechanism will be
one of shock ignition and transverse wave motion corresponding to a normal detonation. The
detonation velocity, however, can be significantly below that of the normal CJ value because of the
severe momentum losses in the obstacle-filled tube. In previous studies of detonation propagation in
very rough tubes by Shchelkin [2.10] and Guenoche and Manson [2.11], detonation velocities of less
than 50% of the CJ value have been observed. Such sub-CJ steady-state detonation waves have been
called quasi-detonation waves. As a result, this regime is referred to as the “quasi-detonation regime”.

2.25 CJ Detonation Regime

To examine flame propagation in tubes of different sizes, similar experiments were performed with
various hydrogen-air mixture in three different tubes. Results are summarized in Figure 2.2-3. The
above propagation regimes are clearly visible. It is of interest to note that in a composition of near
24% Ho-air there occurs another transition within the detonation regime itself. In this case the
transition is from the sub-CJ quasi-detonation regime discussed above to the CJ detonation regime.
The cell size for the 24% H,-air composition is about 2 cm. This gives a value of d/A = 13, which is
the condition at which the detonation propagation would be insensitive to the wall effects. That is to
say, if the unobstructed area in a tube is sufficiently large, the propagation of a detonation wave is
unaffected by the obstruction.

2.2.6 Criteria for the Various Propagation Regimes

As seen from Figure 2.2-3, an increase in the tube diameter results in an increase in the threshold
concentrations for the transition between the various regimes. Various criteria have been proposed for
these transitions. Requirements for fast and unstable flames may be expressed in terms of a criteria,
described in Section 3.2.2, which is expressed in terms of the combustion expansion ratio, the flame
thickness, and a geometric scale. For the quenching regime, the minimum blockage diameter depends
on the sensitivity of the mixture and the pressure gradient across the blockage during the passage of
the flame front [2.12, 2.13]. For the quasi-detonation and CJ regimes, the criteria are usually
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expressed in terms of a characteristic dimension such as the blockage or tube diameter, and the
detonation cell size. A general guideline is that quasi-detonations become possible when the blockage
diameter is larger than the detonation cell size, A, for the mixture. A CJ detonation, on the other
hand, is possible when the unobstructed tube diameter is larger than approximately 13A which

corresponds to the critical tube diameter discussed in Section 2.3.2. For a particular obstacle
geometry, the limiting conditions for DDT may also be described in terms of a 7A criteria, which is
described in Section 3.2 of this report.

2.3  The Effect of Confinement on Flame and Detonation Propagation

The limiting conditions for DDT discussed in the previous section represent the best currently
available estimates of the necessary conditions. For DDT to occur, a flame needs to accelerate to
beyond a certain critical flame speed. This speed is usually close to the choking flame speed (i.e.,
approximately 600 m/s). As a result, to assess the likelihood of DDT, it is necessary to examine the
conditions that can affect the FA process. Examples of such conditions are the obstacle configuration
(spacing and blockage) and the level of confinement of the surrounding walls.

2.3.1 Effect of Confinement on Flame Propagation

The positive feedback between the flame propagation and turbulence generation in a channel is very
sensitive to the level of confinement in the channel [2.14-2.17]. A decrease in confinement, using top-
venting, for example, reduces the flow velocity ahead of the flame, thereby reducing the obstacle-
induced turbulence.

Large-scale experiments, with H,-air mixtures relevant for reactor safety were performed in the
FLAME facility [2.17]. FLAME is a large rectangular channel 30.5 m long, 2.44 m high, and 1.83 m
wide. It is closed on the ignition end and open on the far end. The presence of the obstacles tested
greatly increased the flame speeds, overpressures, and tendency for DDT compared with similar tests
without obstacles. Similarly, transverse venting reduced the flame speeds, overpressures, and the
possibility of DDT.

Figure 2.3.1-1 shows the maximum equivalent planar flame speed as a function of hydrogen mole
fraction for five series of tests, no top venting and no obstacles, 50% top venting and obstacles, and
13% top venting with no obstacles. Tests with no top venting are indicated with shaded squares; tests
with 13% top venting are indicated with open triangles, and tests with 50% top venting are indicated
with shaded circles. The tests with obstacles are distinguished from those without obstacles (dashed
line instead of a solid line). For those tests in which DDT did occur, an upward pointing arrow from the
maximum equivalent planar flame speed point indicates that the combustion accelerates and approaches
detonation speeds.

The effect of the presence of obstacles is shown by the lower hydrogen concentration required to attain
the same maximum equivalent flame speed or overpressure compared with a similar test without
obstacles. With 50% top venting and no obstacles present, this speed would not have been attained even
for a stoichiometric mixture. The inhibiting effect of large degrees of transverse venting on the flame
speed and overpressures is evident. The complex behaviour of small degrees of transverse venting is
observed in the 13% top venting test series. For lean mixtures below approximately 18% hydrogen
mole fraction, the flame speeds are lower and overpressures comparable to those obtained in similar
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tests without transverse venting. Above this hydrogen concentration, the flame speeds and
overpressures are higher than in tests without transverse venting.
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Figure 2.3.1-1 Combustion front velocity versus hydrogen mole fraction for hydrogen-air
mixtures at 500 K and 0.1 MPa at the High-Temperature Combustion Facility at BNL. Open
circles denote the average velocity over roughly the second half of the vessel and error bars
represent the standard deviation in the measured velocity. Open squares denote the maximum
flame velocity for slow deflagration.

2.3.2 Effect of Confinement on Detonation Propagation

As in the case of flames, detonations are also very sensitive to the level of confinement. A sudden
removal of confinement at the end of a tube, for example, can result in detonation failure. The ‘critical
tube' diameter for which detonation failure occurs is determined by the sensitivity of the mixture,
which is expressed in terms of the detonation cell size A. For fuel-air mixtures with an irregular
cellular structure, the critical diameter D, [J13A.

Figure 2.3.2-1 displays the detonation cell size data for a hydrogen-air mixture as a function of initial
temperature [2.18, 2.19]. As seen from this figure for an initial temperature of 300 K, cell size
measurements can vary by a factor of 2. This is due to differences in the interpretation and
preparation of the smoke foils used to record the cellular structure.
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Figure 2.3.2-1 Detonation cell size for hydrogen-air mixture at different initial temperatures
[2.18, 2.19]

2.4 Mechanisms Involved in FA

Although the various flame and detonation propagation regimes are relatively well established, the
underlying mechanisms can be complex and, in some cases, poorly understood.

24.1 Laminar Flame and Flame-folding Regimes

The early stage of flame propagation involves a laminar flame regime followed by a wrinkled or
cellular flame. The laminar flame velocity is determined by thermal and mass transport across the
flame front and the heat released because of combustion. It can be predicted using readily available
chemical kinetics codes. The more important wrinkled flame regime is controlled by a variety of
diffusion and hydrodynamic instabilities that are much more difficult to model. The cellular flame
propagation has been described by Markstein and Somers [2.20] and by Markstein [2.21] and
theoretically analyzed by numerous authors, including Clavin and Williams [2.22], Joulin and Clavin
[2.23], Pecle and Clavens [2.24]. The flame cell size typically varies between 0.5 cm and 3.5 cm and
increases with the square of the burning velocity. Figure 2.4.1-1 displays typical flame structures as a
function of the Lewis and Zel’dovich numbers [2.25]. A detailed view of the flame structure is also
provided in Figure 2.4.1-2, which displays a laser-induced predissociation fluorescence (LIPF) image
of a cellular flame front [2.26, 2.27]. From a modelling point of view, the flame-folding regime is
usually addressed by adopting a flame surface enhancement factor that is derived from flame
propagation experiments for a particular mixture composition.
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Figure 2.4.1-1 Effect of Lewis number on flame structure. Threshold for thermal-diffusion
instability corresponds to B(Le - 1) < -2. B = Eo(T,-Ty)/Ty’ is Zel’dovich number, where E,
effective activation energy, T, and T, — unburned and burned gas temperatures [2.25].
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Figure 2.4.1-2 Schematic (left) illustrating competition between thermal diffusion, a, and
hydrogen diffusion, Dy, in a lean hydrogen-air flame laser-induced predissociation fluorescence
(LIPF) image (right) displaying reaction zone in cellular flame front [2.26, 2.27].

2.4.2 Turbulent Combustion and Acceleration

The wrinkled flame regime is soon followed by a turbulent flame regime when the flame encounters a
wall or an obstacle. The mechanisms responsible for the turbulence include Kelvin-Helmholtz, or
Rayleigh-Taylor instabilities, which are triggered when the flame is suddenly accelerated over an
obstacle or through a vent [2.28]. In the case of a flame propagating over repeated obstacles, this is a
self-accelerating process that is due to the feedback mechanism between the flame propagation and
the flow velocity and turbulence generated ahead of the flame.

The structure of the turbulent flame brush depends greatly on the turbulence intensity and the
characteristic time scales for combustion and turbulence. If the combustion time scale is smaller than
the turbulent eddy turnover time, the flame brush may be modelled as consisting of a large number of
distinct laminar "flamelets”. On the other hand, if the combustion is slow compared with the eddy
turnover time, the reaction zones inside the flame brush become distributed and require a different
modelling approach. The Borghi diagram [2.29] provides a useful classification of turbulent
combustion regimes based on non-dimensional numbers such as the Karlovitz and Damkdhler
numbers. Figure 2.4.2-1 displays a Borghi diagram with LIPF images of the flame structure for the
various regimes [2.26]. As discussed in Chapter 4, the validity of theoretical models depends greatly
on the Borghi diagram regime and the corresponding flame front structure.

2.4.3 Acoustic-flame and Shock-flame Interactions

Flame propagation in an enclosure generates acoustic waves that can interact with the flame front and
promote flame acceleration though a variety of instability mechanisms. Such instabilities have been
observed by Guenoche [2.30] and Leyer and Manson [2.31] for open-ended and closed tubes, by
Kogarko and Ryzkor [2.31] for closed spherical chambers and by van Wingerden and Zeeuwen.
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[2.33] and Tamanini and Chaffee. [2.34] for vented enclosures. For rich propane-air mixtures, van
Wingerden and Zeeuwen observed that these instabilities can result in a peak pressure enhancement
factor of 8, whereas Tamanini and Chaffee observed enhancement factors of 2 to 9 for stoichiometric
methane-air and propane-air mixtures.

Flame acoustic instabilities have usually been associated with relatively slow flames in enclosures
that are relatively free of obstacles. Such instabilities have been successfully eliminated by lining the
enclosure walls with materials that can absorb acoustic waves. More recently, however, Shepherd and
Lee [2.12] reported flame acceleration experiments in tubes with repeated obstacles, with and without
an absorbing material on the tube wall. These experiments, performed with a hydrogen-oxygen
mixture, indicate that the presence of an absorbing material reduces the final flame velocity from
1000 m/s to 100 m/s. These results would suggest that acoustic flame instabilities may in fact not be
limited to slow flames in obstacle-free environments.

The exact nature of the acoustic-flame instabilities have been reviewed by Oran and Gardner [2.35]
and have been modelled by Searby and Rochwerger [2.36], Joulin [2.37], Jackson et al. [2.38], and
Kansa and Perlee [2.39]. These mechanisms include flame distortion caused by the flame-acoustic
wave interaction, and wave amplification caused by the coherence between the acoustic wave and the
exothermic energy release (Rayleigh criterion).

Finally, sufficient fast flames can produce a shock wave that can reflect off a wall and interact with

the flame. As shown by Markstein and Somers [2.20], this can result in severe flame distortion which
can induce flame acceleration and, in extreme cases, cause transition to detonation [2.40, 2.41].
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Figure 2.4.2-1 Borghi Diagram (top) categorizing the flame propagation regime in terms of
the turbulence intensity, u’, the laminar burning velocity, s;, the integral length scale, L, the
laminar flame thickness, d,, the Damkdhler number, Da , the Karlowitz number, Ka, and
the turbulent Reynolds number, Re,. LIPF images (bottom) of flame structure for the

various regimes [2.29].
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2.4.4 Global and Local Quenching

Flame quenching can occur for a wide spectrum of flame propagation regimes including laminar,
wrinkled, and turbulent flames.

2441 Quenching of laminar flames and flammability limits

Theoretically, a mixture is flammable, if a flame, regardless of how it was produced, continues
propagating within the mixture. However, beyond a certain range of mixture composition, continued
propagation of a reaction front is no longer possible because of heat losses to walls and low burned
gas temperature. This composition limit is commonly known as the flammability limit. The measured
limit can be affected by the size of the apparatus as well as the strength of the ignition source.
Coward and Jones [2.42] suggested that tube diameters larger than 5 cm are needed to produce limits
that are free of wall effects. They also found that a minimum tube length of 1.2 m is required to avoid
the igniter effects. Using a 5-cm-diameter, 1.8-m-long tube, Kumar [2.43] measured the flammability
limits for various hydrogen-air-steam mixtures at 100°C and 200°C. These results, summarized in
Figure 2.4.4.1-1, show that steam can significantly reduce the range of the flammability. At an initial
temperature of 100°C, a mixture is not flammable if it contains more than 63% of steam by volume.
Results also show that increasing the gas temperature widens the flammability limits. It was observed
that the flammability limits are greatly influenced by the buoyancy effects. The upward propagation
limits (assisted by the buoyancy) are different from the downward propagation limits for hydrogen-
lean mixtures. Results also show that there is a difference (~5 H, vol %) between the upward and the
downward flammability limits. However, the difference for the upward and the downward limits is
relatively small for hydrogen-rich mixtures. It was also observed that the lean flammability limits are
not sensitive to the steam content, whereas the rich flammability limits are greatly affected by the
steam content in the mixture. It should be noted that near-flammability-limit mixtures are not very
reactive. These mixtures usually cannot support flame acceleration to supersonic velocities and DDT.

Flammability Limits of H2-Air-Steam Mixtures
1O r———T—7T—T T T T T

B Upward Propagation at 200°C

@ Downward Propagation at 200°C
----- Upward Propagation at 100°C
Downward Propagation at 100°C -

80 @

Alr (%) = 100 - H, (%) - H,0 (%)

Hydrogen Concentration, vol. %

80

Steam Concentration, vol. %

Figure 2.4.4.1-1 Flammability limits for hydrogen-air-steam mixtures [2.43]
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2.4.4.2 Quenching of turbulent flames

The same turbulent mixing processes that produce flame acceleration can also result in local or
global quenching. For turbulent flames that are in the flamelet regime, this quenching is due to
excessive stretching of the laminar flamelets. For more turbulent flames, quenching can occur
because of the mixing of cold unburned gas into the distributed reaction zones. The flame-quenching
process has been investigated by various authors including Abdel-Gayed and Bradley [2.44], Ballal
and Lefebvre [2.45], Checkel and Thomas [2.46], Chomiac [2.47], Phillips [2.48] and Larsen [2.49].

Local quenching is important to the flame acceleration process because it can lead to violent
secondary explosions and DDT. Global quenching has been observed for lean flames propagating in
tubes filled with obstacles [2.50, 2.51]. It has also been observed when a flame propagates through an
orifice into an unconfined area [2.13]. In this case, the minimum quenching diameter increases with
the magnitude of the pressure differential generated across the orifice before the arrival of the flame
front.

2.4.5 Effects of Buoyancy

Buoyancy affects the early stages of flame propagation and is particularly important for large-scale
2

explosions. These effects are considered to become significant when the Froude number, Fr = ;_L is
small. There are three potentially important effects of buoyancy. First, the gravitational effect lifts the
flame, thereby modifying its path and often bringing it in contact with the top boundary, which can
result in local cooling and quenching. Second, for mixtures between the flammability limits for
upward and downward propagation, flame propagation may be limited to the top of a channel
resulting in incomplete combustion in the bottom section. As can be seen from Figure 2.4.4.1-1, this
is more likely to occur for lean hydrogen-air flames where the limits differ significantly for upward
and downward propagation. Finally, upward acceleration can result in Rayleigh-Taylor instabilities
that can promote acceleration.

2.5 Mechanisms Involved in DDT

251 Types of DDT Phenomena

Transition from deflagration to detonation can be observed in a wide variety of situations, including
flame propagation in smooth tubes or channels [2.52, 2.53], flame acceleration caused by repeated
obstacles [2.54-2.56], and jet ignition [2.57-2.60]. The processes leading to detonation can be
classified into 2 categories:

1. detonation initiation resulting from shock reflection or shock focusing, and

2. transition to detonation caused by instabilities near the flame front or caused by flame
interactions with a shock wave, another flame or a wall, or caused by the explosion of a
previously quenched pocket of combustible gas.

The first category essentially involves a direct initiation process where the shock strength is sufficient

to auto-ignite the gas and promote detonation. For accidental explosions where the shock is produced
by an accelerating flame, this process becomes much more probable when the shock interacts with a
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corner or a concave wall that can produce shock focusing. Shock initiation is an important
mechanism in maintaining the propagation of quasi-detonations in a channel or a tube filled with
obstacles [2.54-2.56]. It has also been found to be very efficient in promoting detonation for
relatively slow flames propagating towards an orifice, a corner, or a concave wall [2.61-2.71].

The second category of DDT processes is considerably more complex because it involves a variety of
instabilities and mixing processes. Detonation in smooth tubes can occur because of a variety of
reasons including (a) DDT ahead of the turbulent flame brush, (b) DDT inside the flame brush, or (c)
DDT resulting from the interaction between the flame front with a reflected shock wave. DDT can
also occur in a flame jet because of a flame-vortex interaction that promotes a suitable temperature
and concentration gradient for inducing DDT by means of the SWACER mechanism discussed in
Section 2.5.2.

2.5.2 Underlying Mechanisms

Although DDT appears though a variety of seemingly unrelated phenomena, there is increasing
evidence that these phenomena may be controlled by a single underlying mechanism. It has been
suggested by Zel’dovich et al. [2.72-2.74] and Lee et al. [2.75] that induction time gradients
associated with temperature and concentration gradients may be ultimately responsible for a wide
range of detonation initiation observations. The mechanism proposed by these authors rests on the
formation of an induction time gradient that can produce a spatial time sequence of energy release.
This sequence can then produce a compression wave that is gradually amplified into a strong shock
wave that can auto-ignite the mixture and produce DDT. This process of shock wave amplification by
coherent energy release (SWACER) was used by Lee et al. [2.75] and Yoshikawa [2.76] to explain
the shockless photo-initiation of gaseous detonations.

Numerous calculations have been presented in the literature to demonstrate the SWACER or
Zel’dovich gradient process. These include the early studies by Zel’dovich et al. [2.72-2.74], Lee et
al. [2.75], Yoshikawa [2.76] and those by Yoshikawa, Thibault and Hassam that were discussed in
the review papers by Lee and Moen [2.77] and Shepherd and Lee [2.12]. More recent calculations
have been performed by Clark [2.78], Frolov et al. [2.79], Dorofeev et al. [2.80-2.82], Gelfand et al.
[2.83], Smijanovski and Klein [2.84], Khokhlov et al. [2.85, 2.86], and others [2.87-2.97]. These
authors have established a strong theoretical foundation for the amplification process, and have
demonstrated the role of the SWACER or Zel’dovich gradient mechanism for various DDT and direct
initiation problems. One observation from these studies is that the minimum size of the pre-
established gradient required for DDT is approximately 10 times the detonation cell size (see Section
3.2.3). There is also an optimal range of induction time gradients that can promote a shock
amplification process that can lead to DDT [2.85, 2.96].

Because temperature and concentration gradients are formed by a wide variety of processes, the
SWACER mechanism is believed to be an underlying mechanism for a wide variety of detonation
phenomena including

1. direct detonation initiation that is due to the temperature gradient behind the leading shock,

2. detonation initiation that is due to shock focusing,
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3. DDT in tubes that is caused by the temperature gradient in the boundary layer or between a
fast flame and the leading shock,

4. DDT that is due to pre-compression at the end of a channel by a slow flame,

5. DDT in rough or obstacle-filled tubes,

6. jet initiation caused by temperature and concentration gradients in the flame/vortex structure,
and

7. DDT in multi-phase systems resulting from the temperature relaxation caused by the
particles.

In spite of the number of SWACER calculations that can be found in the literature, few of these can
be directly and convincingly linked to a particular experimental result. This is particularly true for
problems involving turbulent mixing for which calculations usually assume a spontaneous formation
of a temperature or concentration gradient or both. The actual formation of such gradients involves a
variety of turbulent mixing and combustion mechanisms. These mechanisms introduce additional
instabilities that must be addressed by the calculations in order to be truly predictive. Such
difficulties have recently been addressed by Khokhlov et al. [2.85, 2.86], who investigated the very
difficult problem of DDT caused by shock-flame interaction. This type of DDT, which has been
observed by Thomas et al. [2.41], involves a Meshov-Richmeyer instability, where the reflected
shock interacts with the flame front. The severe flame distortion produced by this instability then
produces Kelvin-Helmholtz instabilities, which increase the flame area and the rate of combustion.
The very high resolution calculations of Khokhlov et al. [2.85, 2.86] have been able to resolve these
instabilities and capture the DDT process that occurs inside a temperature gradient. These Navier-
Stokes calculations remain limited in that they do not directly account for the fine-scale turbulent
mixing. Nevertheless, they represent one of the most successful efforts so far to isolate the SWACER
mechanism for a particular experimental DDT observation.

2.6 Recent Experimental Results

The above description of FA and DDT mechanisms has included recent experimental data obtained
from various laboratories in Europe and in North America:

1. The large-scale deflagration experiments performed in the RUT facility [2.98]: These
experiments, along with previous DDT experiments, contributed to the formulation of the 74
criterion (Figure 2.6-1).

2. The experiments performed by Thomas et al. [2.41, 2.99] for DDT produced by the
interaction of a reflected shock with a flame kernel: These experiments, along with the
calculations of Khokhlov et al. [2.85, 2.86] have shed considerable light on the DDT
phenomenon and the underlying SWACER mechanism (Figure 2.6-2).

3. The shock focusing experiments performed by Chan et al. [2.100] and Gelfand and Khomik.

[2.101]: These experiments have demonstrated that a relatively weak shock can trigger DDT
when concave reflecting surfaces are present in the enclosure (Figure 2.6-3),
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4. The detailed LIPF experiments performed by the Technical University of Munich on
flame propagation and jet ignition [2.103]. (Figure 2.6-4).

5. Experiments on DDT induced by a focused shock wave were performed in FZK for various
focusing geometry: Three test series addressing three different DDT modes in a combustion
tube (12 m long, 35 cm ID) were performed [2.102]. Detailed results from these experiments
are presented in Appendix E.

6. Experiments were performed at BNL [2.110] in the High-Temperature Combustion Facility
(HTCF) to study flame acceleration and DDT with and without venting at high initial
temperatures (up to 650 K) (Figures 2.6-5 and 2.6-6). In these experiments, orifices with a
blockage ratio of 0.43 (spaced 1 tube diameter apart) were used to induce and to promote
flame acceleration. The central element of the HTCF is a 27-cm-inner-diameter and 21.3-m-
long cylindrical test vessel designed for a maximum allowable working pressure of 10.0 MPa
at 700 K.

2.7  Pressure Development and Structural Response
2.7.1 Pressures Associated with Flames, Detonations, and DDT

Flame acceleration in an enclosure produces pressures that, in some cases, may be high enough to
threaten the survival of the enclosure or its substructures. The pressure developed inside the
enclosure depends on

1. the size of the combustible gas region,
2. the concentration of the combustible gas, and
3. the size of the enclosure and the arrangement of the obstacles.

In the case of a uniform mixture inside the enclosure, and no heat losses, the peak pressure achieved
in the enclosure can vary between the constant volume combustion pressure to the very high
pressures associated with DDT. As indicated by Craven and Greig [2.104], the pressure produced by
DDT depends on the flame propagation process prior to DDT. The worst-case scenario proposed by
Craven and Greig involves the transition to detonation on a reflected shock produced by a fast flame.
Calculations indicate that the peak pressure produced on the wall of an enclosure by such an event
can be an order of magnitude higher than the detonation pressure for the mixture. The Craven and
Greig scenario has been observed in the laboratory by Kogarko [2.105], Chan et al. [2.100] and
Zhang et al. [2.106]. In the latter study, a peak reflected pressure of 250 atm was observed for a
hydrocarbon-air mixture at an initial pressure of 1 atm.
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Figure 2.6-1 Pressure histories obtained in RUT Facility. Top: Slow deflagration, 8%
H, in air. Middle: Fast turbulent deflagration, 19% H; in air. Bottom: DDT, 42% H; in
air. Concentrations correspond to average values within the 310 m® vented enclosure.
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It should be noted that the peak pressure alone is insufficient to determine the vulnerability of a
structure. Pressure records associated with DDT or a stable detonation display a sharp pressure rise
followed by a decay, which is relatively rapid for DDT. Slow and fast deflagrations, on the other
hand, display a more gradual pressure rise and decay. The details of the pressure histories can be very
important in assessing the response of a particular structure.

Figure 2.6-2 Schlieren images of DDT resulting from flame-shock interaction
[2.99]
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Figure 2.6-3 Schlieren photographs showing the outcomes resulting
from a collision of a shock wave with a hemispherical cup (dia.= 3 cm).
(Chan et al. [2.100])
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Figure 2.6-4 LIPF images from the Technical University of Munich. Top images
of a fast propagating flame, a detonation for a mixture close to the detonation
limit for the facility, and a fully developed detonation [2.26]. Bottom: Flame-jet
ignition for a 12% hydrogen-air flame [2.27]. The combustion-regime behind the
free jet of a direct ignition can be assigned to the well-stirred reactor regime in
the Borghi diagram.
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Figure 2.6-6 Combustion front velocity versus hydrogen mole fraction for hydrogen-air
mixtures with 25% steam at 500 K and 0.1 MPa at the HTCF at BNL. Open circles denote the
average velocity over roughly the second half of the vessel, and error bars represent the
standard deviation in the measured velocity. Open squares denote the maximum flame velocity
for slow deflagration.
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2.1.2 Structural Response

Important factors affecting the response of a structure to a transient pressure loading include the peak
pressure and the length of the rise and decay times compared to the characteristic response time of the
structure.

Table 2.7.2-1 lists typical natural frequencies for various nuclear reactor components based on the
work of Breitung et al. [2.107], and Breitung and Redlinger [2.108] and Studer and Petit [2.109].
Concrete containment building frequencies were obtained by Studer and Petit based on an eigen-
frequency analysis for a typical PWR reactor. It can be seen that the frequency range that is of
interest for nuclear reactors is approximately 5 to 500 Hz.

Breitung and Redlinger [2.108] performed a detailed 1-degree-of-freedom analysis for a set of
representative time histories for scenarios involving slow flames, fast flames, stable detonations, and
DDT. Figure 2.7.2-1 displays the frequency dependence of the effective static pressure ratio, Pes , that
would produce the same deflection as the transient loading. The frequency range in this figure
corresponds to the range of natural frequencies for nuclear reactor components shown in Table 2.7.2-
1. It can be seen from this figure that the stable detonation is the most severe combustion mode
throughout this frequency range. In the range of 5 to 25 Hz, which is characteristic of the frequency
response of concrete nuclear reactor containment buildings, the stable detonation and fast
deflagrations display a similar response, whereas DDT and slow deflagrations exhibit a weaker
response. This finding differs from that reported by Studer and Petit (Table 2.7.2-2), who observe
significantly larger displacements for fast deflagrations with progressively lower responses for DDT
and a stable detonation. These authors concluded that the fast deflagration is the most severe scenario
for a concrete containment building. The different conclusions emerging from these 2 studies could
be attributed to the different structural response models or to the different pressure histories used to
characterize the various flame and detonation regimes. Assessment of the vulnerability of nuclear
containment buildings and substructures will require more work in the analysis of experimental
results and in the development of detailed models.

Table 2.7.2-1 Typical natural frequencies for various nuclear reactor components

Structure Type Frequency
(H2)
Spherical Steel Containment (Bending Mode) [2.108] 6-12
Spherical Steel Containment (Membrane Mode) [2.108] 50
Concrete Containment [2.108] 5-8
Concrete Containment [2.109] 12-22
Stiff Reinforced Concrete Substructures [2.108] <500
Technical Installations [2.108] 100-400
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reactor applications [2.108]. Pressures are normalized relative to the long-term combustion

pressure

Table 2.7.2-2. Containment wall displacements for the various combustion models and
structural eigen frequencies [2.109]

Eigen Frequency Fast Deflagration DDT Stable Detonation
(H2) (mm) (mm) (mm)
12.47 45 10 7.4
14.01 32 9.9 7.3
18.73 22 9.4 7.0
22.01 16 9.0 6.7

2.8 Summary

Flame acceleration and transition to detonation are complex phenomena. Within the scope of this
chapter, it is impossible to review and discuss all the studies in the subject area. As a result, only
some key studies relevant to the nuclear industry have been included. Nevertheless, the material
presented in this chapter represents a snapshot of current understanding of the phenomena.

In Section 2.2, the regimes of various eventual outcomes of flame acceleration are discussed. These
possible outcomes are well understood; they depend on the initial gas mixture composition and the
boundary conditions such as walls and obstruction configurations. However, the rate at which these

outcomes are reached is not well understood. As indicated in Section 2.3, the degree of confinement
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of the gas mixture dominates the flame acceleration rate. It is not possible to estimate the flame
acceleration rate for a given set of conditions. More work in this area is definitely needed to
determine the effects of confinement on flame acceleration.

Sections 2.4 and 2.5 describe the mechanisms responsible for flame acceleration and transition to
detonation. Qualitatively, these mechanisms are also well understood. However, the current
understanding of the phenomena still cannot enable analysts to develop models that can predict flame
acceleration and eventual transition to detonation (to be discussed in Chapter 4). Nevertheless, new
findings have helped these analysts to refine their models and provide direction for future works.

Section 2.6 outlines some of the recent works in the area of FA and DDT. This work includes large-
scale experiments in the RUT facility and detailed flame structure measurement using LIPF and
schlieren photography. Only a brief discussion is given here. Readers should go to the cited
references to get the details of these works. Section 2.7 discusses briefly the response of various
structures subjected to a pressure load of an accelerated flame or a detonation wave. As mentioned in
this section, the knowledge in this area is still at its infant state. More work is definitely needed in
this area in order to estimate the structural response in any acceptable certainly.

Although FA and DDT are qualitatively understood, they remain a big challenge to scientists to
develop models capable of predicting the dynamic process and the eventual consequence of these
phenomena.
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