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ABSTRACT. Fame accderation and trangtion to detonation were examined for various Hp-ar-steam
mixtures in a 28 cm diameter, 6.4 m-long, combustion duct filled with obstacles. The run-up distances for
DDT (distance between ignition and onset of detonation) were measured for these mixtures and found to
be inversdy proportiond to the laminar burning velocities of the corresponding mixtures. Based on these
results, experimental DDT limits were established.  Instead of relying on the detonability limits as the
consarvative criteria for DDT, the experimenta DDT limits offer a st of less redtrictive criteria. Results
also showed that DDT did not occur if aflame had not accelerated to a speed corresponding to a flame
Mach number greater than 1.5. This critica value indicates that for Hop-ar-steam mixtures, the mecheniam
for DDT is closdly rdated to the strength of its leading shock. Comparison with other experiments
confirms that initiation of detonation by shock focusing caused by the reflection of the leading shock off
obstacles is the dominant mechanism for DDT in these insengtive mixtures.

INTRODUCTION

During postulated |oss-of- cooling accidents in nuclear power reactors, hydrogen can be produced as a
result of meta-steam reactions. This hydrogen can lesk into the containment building to form a
combustible mixture. If ignited, the pressure loading on loca structures resulting from a hydrogen burn,
depends on whether the burn is a deflagration or adetonation. Direct initiation of detonation is very
unlikely because it requires a high energy source such as solid explosive that is not present inside a reactor.
However, adetonation is fill possible by way of a Deflagration to Detonation Trangtion (DDT). At the
present time, the necessary conditions (or criteria) for aDDT to occur under a given Situation have not
been fully quantified. Computer codes that fully describe the DDT phenomenon have not been devel oped.
It isnot possible to predict a priori whether atrandtion can occur in agiven Stuation. Quditative methods
based on empiricd criteria are the only available methodology to assess the likelihood of aDDT. In recent
years, many studies had been devoted to determine these criteria[1-6]. For Ho-air-steam mixtures, the
most probable cause for trangtion to detonation is believed to be related to the intrinsc ingtability of



accelerdtion of afredy expanding flame. Due to afeedback mechanism between the combustion induced
flow and the reaction zone itsdlf, aflame can accderate very rapidly if obstructions are placed aong its
path. 1f appropriate conditions (in terms of the composition of the mixture, the flame speed, the local
turbulent flow structure and the configuration of the obstruction) are present, aDDT can occur.

Asrecently asin 1979, it was generaly accepted that the detonability limits for Hy-air mixtures were 18%
and 59% of hydrogen by volume at lean and rich limits respectively [7]. The detonability range for Hp-air
mixtures has been widened gradually in recent years as more data have become available. It was reported
recently [8] that the detonable range for dry Ho-air mixtures at 1 atm initia pressure and 209C is between
11.6 and 74.9 percent by volume. At 1000C initial temperature and 1 atm pressure, the range of
detonable concentration expands to between 9.4% and 76.9%. This report aso pointed out that steam
plays an important role in reducing the detonable range. The addition of steam not only reduces the
volume percent of Hp and air, it o acts as an effective heat removal medium. Detonation was not
obsarved even in a stoichiometric Ho-ar-steam mixture when steam concentration was above 38.8%.
Since the experimentaly determined detonakility limit is the most readily available information on the limits,
it is often used asthefirg criterion for DDT.

Another criterion for DD Tthat may be useful for practica application is the flame speed (extent of flame
acceleration) required before trangition to detonation becomes likely. In aregion filled with obstacles, a
flame may accdlerate due to obstacles-induced turbulent in the unburned gas flow. However, if the
available length of travel for the flame isinsufficient for the flame to accelerate to high enough speeds, such
that shock waves produced are not capable of causing loca explosions, then atransition is unlikdy. Thus
trangition distance (or run-up distance) may be used as a criterion for assessing the likelihood of DDT [9-
11]. Although run-up distance is not an intrinsic property that characterize DDT and it depends on the
mixture compogtion as well as the geometry (obstacle shape, size and spacing, wall roughness that can
promote turbulence) of the enclosure, data from the same gpparatus can provide a relative measure of the
susceptibility to flame acceeration and DDT for various mixtures,

Recent studies [5,12] indicate the existence of acriterion for DDT that is more quantitative and less
consarvative than the detonability limits. This criterion is based on measurable experimenta parameters. |
trangition arises through flame acceleration, then the possibility of atrandtion can be quantified as the
critical strength of the shock wave ahead of the accelerated flame that leads to the local explosion in the
mixture of interest. This criterion trandatesto a critica flame speed.

The critical flame gpeed and the detonability limit are merely necessary conditionsfor DDT. Any one
alone does not represent a sufficient condition for aDDT to occur under agiven et of initia and boundary
conditions. For aDDT to occur, both of the criteria have to be satisfied. Nevertheless, these criteriafor
Ho-air-steam mixtures have not been systemetically determined.  This paper presents results of studies on
DDT resulting from flame acceleration and, based on these results, establishes the criteriafor DDT for
these insengtive mixtures.

EXPERIMENTAL APPARATUS

Experiments on transition from deflagration to detonation for Ho-air-steam mixtures (at 1000C initid
temperature and 100 kPa initid pressure) were performed in a 28 cm diameter, 6.4 m-long, combugtion
duct. A flame was created by igniting the gas mixture with awesk dectricd spark (=1 mJ).



Rectangular baffle-type obstacles with a blockage ratio (blocked areato total cross-sectiond ares) of

0.31 were ingtaled aong the duct to induce turbulence in the unburned gas. Schematics of the
experimental apparatus and the obstacle configuration are shown in Fig. 1. Piezodectric pressure
transducers were mounted aong the sde wall and a the end plate of the duct to monitor the location of
DDT aswdll as the flame speed just prior to the onset of detonation. The last pressure transducer is
mounted on the end plate and usually recorded much higher pressures (reflected shock) than the rest of the
transducers, asthe end plate is facing the incoming shock (or flame). The pressure at the end plate, in
generd, represents the highest mechanicd loading resulting from an explosion.

RESULTSAND DISCUSSION

Upon ignition, it was observed that aflame accelerated very rapidly in the duct. Even though pressure
transducers cannot detect the arriva of adow flame front, they can detect the leading shock front
associated with an accelerated flame (with flame speeds greater than 300 m/s). For supersonic
deflagration, the leading shock and the reaction zone propagate at roughly the same speed [13]. After a
flame had accelerated beyond a certain critical speed, a sudden jump in the flame speed to detonation
velocity was observed. Assuming the find velocity of the detonation corresponds to the
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Figure 1. Schematics of the Experimenta Apparatus and the Obstacle Configuration

Chapman Jouguet detonation condition of the mixture, the location of DDT (onset of detonation) can be
estimated to an accuracy equivaernt to haf the distance between consecutive pressure transducers (~0.5
m). Figure 2 shows the run-up distances for various Hp-ar-steam mixtures. The run-up distance (aso
commonly referred to as trangtion distances or induction distances) is defined as the distance between the
ignition point and the location of onset of detonation. As mentioned earlier, thisrun-up distanceis not an
intringc property of the mixture; it depends on the size of the duct as well as the obstacle configuration.
Since dl experiments were performed under the same boundary conditions, the run-up distance provides a
comparison of the sengtivity of the mixture in terms of flame accderation and DDT. For example, for
lean mixtures (< 30% Hy in Hy-air), the run-up distances increase by a factor or two for every 5 vol %
decrease in Ho concentretion. Smilarly, a



10 vol % increase in steam will have the same effect on the run-up distance as a5 vol % decrease in Hp
concentration.  For dry, 10%, and 20% steam mixtures, data show the trend of a U shaped curve. These
results suggest that the run-up distance isinversaly proportiond to the laminar burning velocity of the
corresponding mixture. In this series of experiments, no DDT was observed for mixtures of 30% or more
steam by volume,
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Figure 2. The Run-up Distances for Various Hy-ar-seam Mixturesin a28 cm
dia Duct Filled with Obstacles (B.R. = 0.31)

For dry Ho-ar mixtures, the run-up distances as defined above were not observed for mixtures containing
less than 15% or more than 62% of hydrogen by volume. The run-up distances for 15% and 62% Hy
mixtures were estimated to be about 5.8 m which isthe mid-point between the last two pressure
transducers. For 12% and 14% Hp mixtures, while their flame speeds between the last two transducers
were below 800 mV/s, the pressures recorded by the last pressure transducer were above the
corresponding detonation pressures of the mixtures. Thisimplies that trangtion to detonation was
triggered by the reflected flame or shock off the end flange. In these cases, DDT did not occur in the
mixture at their initid pressure of 100 kPa. Depending on the flame speed, the reflection of the leading
shock can compress the mixture to 3-5 timesitsinitia pressure[13].  Asaresult, the critica conditions of
DDT for these mixtures are different from those of the rest of the mixtures. Neverthdess DDT was
observed in these experiments. The run-up distances for these experiments were assumed to be at least at
the end flange.



Figure 2 shows that the limiting mixtures for DDT in this series of experiments are 15% and 62% Hy by
volume for dry mixtures, 19% and 52% Hy in Hp-air for mixtures containing 10% steam, and 24% and
40% Ho in Hy-air for mixtures containing 20% steam. In terms of the concentration by volumein the
mixtures, the last two sets of numbers become (17.1% and 46.8%) and (19.2% and 32.0%). These
limiting mixtures can be considered as the experimental DDT limits. For comparison, these experimenta
DDT limits (open symbols) are shown in Fig. 3 together with the detonability (solid symbols) and
flammability limits (solid line). 1t should be mentioned thet DDT limits determined in these experiments
may be different from the limits determined using a different gpparatus. DDT limits are known to be scae
dependent. However, a collection of data from various DDT experiments using different gpparatuses can
be used to establish a boundary in terms of compaosition of the mixture outsde which aDDT has not been
observed. Ingtead of relying on the detonability limits as conservative criteriafor DDT, these experimenta
DDT limits provide useful guiddines for the sefety analysts to determine the likelihood of aDDT inagiven
Stuation. With the experimenta DDT limits identified, ameaningful uncertainty andys's can be made; the
further away a Stuation isfrom these limits, the lesslikely aDDT can occur in the mixture.
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Figure 3. Experimentad DDT Limits, Detonability Limits and Hammability Limits for Ho-air-
seam Mixtures



The flame speeds just prior to DDT were also determined in this series of experiments. These data,
expressed as the flame Mach numbers (flame speed normdized by the sonic velocity in the uncompressed
mixture), are shown in Fg. 4 (solid symbols). Mogt of the critical flame Mach numbers are within the
range of 1.5t0 2.0. In generd, the higher the steam content, the higher isthe critical flame Mach number.
Thisimpliesthat it ismore difficult to trigger aDDT in mixtures containing high sleam content. For those
casesinwhich DDT was not observed, the maximum flame speeds (the average speed between the last
two pressure transducers) are also shown in Fig. 4 (open symbols). As discussed earlier, these critica
flame speeds just prior to DDT can be used as one of the criteriafor DDT. Nevertheess, these critical
Speeds are only necessary conditions. For aDDT to occur, other criteriamust aso be satisfied. Figure 4
shows that if amixture iswithin the experimenta DDT limits, DDT is probableif its flame Mach number
exceeds about 1.5. For mixtures outsde the limits, DDT is not possible even though the flames have
aready accderated to much higher flame Mach numbers.

The existence of a criticd flame Mach number implies that the dominant mechanism for DDT in these
relatively insengtive mixturesisrelated to the strength of its leading shock. It has been demondtrated [12]
that compound reflection and deflection of the leading shock by collisions with obstacles dong its path can
cause loca strengthening of the shock wave (commonly referred to as shock focusing) and creste local hot
spots capable of causing direct initiation of detonation. Experiments on initiation of detonation by shock
focusing [14] showed that the critical shock Mach numbers for initiation of
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Figure4. The Criticd Hame Mach Numbers for DDT Resulting from Flame Accderation in
Ho-ar-steam Mixtures



detonation have smilar range of vaues. Even though it has been demongtrated that under certain
Stuations, turbulence can play an important rolein DDT [15], our results suggest that for Hp-ar-steam
mixtures, turbulence is unlikdy the dominant mechanism for DDT. If turbulence is the dominant
mechanism, the criticadl Flame Mach numbers would be below 1 because the maximum turbulent
fluctuation velocity isthe sonic velocity. The fact that no DDT was observed for flames with flame Mach
numbers lower than 1.5, indicates that the initiation of detonation by shock focusing resulting from the
reflection of the leading shock off obstacles is the dominant mechanism for DDT in accelerated flames.

SUMMARY

Hame acceleration and DDT were examined for various Hp-ar-seam mixturesin a 28 cm diameter, 6.4
m+long, combustion duct. The run-up distances for DDT were measured for these mixtures. Results
show that the run-up distances are inversdy proportiond to the laminar burning velocities of the mixtures.
Experimenta DDT limits were established by assuming that mixtures a the limits would have infinitdly long
run-up distances. Ingtead of relying on the detonakility limits as conservative criteriafor DDT, these limits
can be used as less consarvetive criteria. Results aso showed that DDT did not occur if the Mach number
of the accelerated flame was less than 1.5. This critical value suggests that for Ho-ar-steam mixtures near
the limits of detonatibility, the focusing of the leading shock by compound reflection off obstaclesisthe
dominant mechanism for DDT for accelerated flames. The DDT limits and the critica flame speed are
necessary conditions for DDT but are not sufficient conditions. That is, both of these criteria have to be
satisfied beforea DDT can occur.
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