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Abstract

A new methodology for safe igniter implementation in a full-scale 3-d contain-
ment is described. The method consists of the following steps:

determination of bounding H2/steam sources,
high-resolution analysis of the 3-d transport and mixing processes,
evaluation of the detonation potential at the time of ignition,
optimization of the igniter system such that only early ignition and non-
energetic combustion occurs,
modelling of the continuous deflagration processes during H2-release.

The method was implemented into the GASFLOW code. The principle and the
feasibility is demonstrated for a single room geometry. A full-scale 3-d reactor
case is analyzed without and with deliberate ignition, assuming a severe dry H2
release sequence (1200 kg). In the unmitigated case significant DDT potential in
the whole containment develops, including the possibility of global detona-
tions. The analysis with igniters in different positions predicted deflagration or
detonation in the break compartment, depending on the igniter location. Ig-
niter positions were found which lead to early ignition, effective H2-removal,
and negligible pressure loads. The approach can be used to determine number,
position and frequency of a safe igniter system for a given large dry contain-
ment.

1. INTRODUCTION

1.1 Background
A promising hydrogen control concept in severe accidents is deliberate ignition
of reactive mixtures. The main intention is to burn hydrogen early and at low
concentrations where only slow combustion can occur. The advantage from the
load point of view is that no appreciable pressure rise occurs.

Different igniter systems have been developed and qualified for severe acci-
dent environments in various countries [1-9]. Experiments were performed in
single room [2-9] or multi-room geometries [10-12], however on scales much
smaller than a full-size reactor containment [1-8] and/or without turbulence
generating flow obstacles in the test volume [9-12].
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This data base was considered sufficient by the USNRC to call for installation of
igniter systems in some of the US plant designs (BWR Mark III , PWR ice-
condensers). No H2-countermeasures were required for PWRs with large dry
containments. This decision is based on a number of regulatory presumptions:

only successfully recovered degraded core accidents are considered,
not more than 75 % of the active cladding can oxidize (about 55 to 60 %
of the total Zr inventory),
containment sprays or fans are always available for mixing,
the containment failure pressure is 2.5 times the design pressure, and
early containment failure is tolerated in 10% of the sequences.

These assumptions lead to well-mixed lean H2-air-steam mixtures and contain-
ment failure probabilities below the 10 % threshold.

The situation in other countries is different due to other regulatory guidelines
and other plant designs. For the hydrogen management in existing German
plants for instance, more extended sequences with 100 % Zircalloy oxidation
must be controlled. The theoretical well-mixed dry ^-concentration in the con-
tainment can reach 20 %. No active systems like fans or sprays for mixing are
available. Under these conditions igniter application is charaterized by higher
hydrogen inventories, more complex geometries, plenty of turbulence generat-
ing equipment, (-^-gradients, local enrichments, and higher temperatures. The
use of deliberate ignition as a safety-oriented measure under these conditions
has been questioned [13]. The main open issue is the predictability of the com-
bustion progress after ignition. What flame speeds and overpressures can be
generated? Can fast flames or local detonations develop spontaneously with
high pressure loads, missile production and containment damage?

Recent large scale experiments with spark igniters and dynamic H2-injection in-
to an air-filled obstructed volume [14,15] have identified the relevant processes
and confirmed that under such conditions a large spectrum of combustion pro-
cesses is possible, ranging from benign burn to fully developed detonations.
The actual combustion mode depends on the detailed local conditions between
source and igniter at the time of igniton. Clearly, for a safety-oriented mitiga-
tion system potentially containment threating events like DDT processes must
be eliminated on physical grounds.

The German Reactor Safety Committee consequently asked for additonal re-
search in this direction before deliberate ignition could be recommended as a
harmless hydrogen mitigation method [16]. It must be shown that igniter sys-
tems in real PWR dry containments can eliminate the risk of combustion in-
duced early containment failure.

1.2 Objectives
This paper proposes a mechanistic approach to safe igniter application which
does not require the direcc numerical simulation of DDT processes during the
accident. The approach is based on a DDT criterion which involves a geometri-
cal scaling law, allowing extrapolations to full reactor dimensions. The main
steps in deriving a safe igniter system for a given plant are the following:
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1. Determine the bounding H2/steam release scenarios.
2. Perform a detailed 3-d distribution calculation for the given H2/steam

source and containment geometry (GASFLOW code).
3. Select apparently suitable igniter positions.
4. Evaluate the possibility of DDT events by applying a DDT criterion.

a) if DDT: improve number, location or frequency of igniters
b) if no DDT: acceptable igniter position, model further progress

of combustion (standing diffusion flame, slow or fast
deflagration).

These steps address the important processes which must be modelled in suffi-
cient detail: H2/steam release at the break location, subsequent 3-d transport
and mixing, combustion mode at first ignition (DDT or not), and further com-
bustion progress in a large complicated geometry.

The theoretical and experimental basis for the used DDT criterion is summa-
rized in Section 2. Section 3 describes the implementation of the DDT criterion
in the GASFLOW code, and Section 4 discusses two examples for the determina-
tion of acceptable igniter positions.

2. THE DDT CRITERION

2.1 DDT process and effect of scale
The process of spontaneous initiation of a detonation can be divided into two
separate phases: (1) the creation of conditions for the onset of detonation by
processes of flame acceleration, vorticity production, and formation of jets; (2)
the actual formation of the detonation wave itself. Processes in the first phase
are scale dependent. They depend on the specific initial and boundary condi-
tions of the problem. However, the second phase, the actual formation of the
detonation appears to impose the final scale limitation, which is addressed in
the following discussion.

Critical conditions for detonation onset in nonuniform mixtures were studied
in [17-19] and certain requirements were derived for the scale of the nonuni-
formity which is necessary for formation of a detonation in an explosive mix-
ture. These conditions are expressed in terms of local parameters inside the
nonuniformity. However, the generation of a local explosion alone is not suffi-
cient for the onset of a detonation. The transmission of the explosion wave to
the mixture part outside the nonuniformity should be included in the analysis.

This phase includes the propagation of the explosion wave, which consists of a
leading shock and a reaction front, through the region with decreasing reac-
tion rate. During this process, the characteristic width of the reaction zone
should grow continuously with decrease of the reaction rate. Increasing regions
of reactants should be heated by the leading shock. The associated energy
losses can be responsible for the failure of the wave, if the gradient in the reac-
tion rate is too strong. In cases of an expanding wave, additional energy losses
are caused by continuous expansion of the wave surface. Finally, the width of
the induction and reaction zone should be that of the unperturbed mixture.
The larger the characteristic width of the reaction zone of the unperturbed
mixture, the larger is the minimum size of the nonuniformity necessary for initi-
ation of a detonation.
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The question is what is the minimum volume of a preconditioned mixture so
that a local explosion can result in a detonation?

2.2 Scaling parameters
The most important possible parameters for characterizing a mixture sensitivity
are

the reaction zone width lr,
the detonation cell width A,
the critical exit diameter for detonation transmission from a tube to un-
conf ined space,
the minimum blast initiation energy, and
the critical tube diameter for single head spin detonation propagation.

Use of the last three parameters is not possible because not enough data are
available. Their experimental determination is rather difficult and requires
large scale tests for the lean mixtures of interest here. Only lr and A can be used
at the present time. They both represent characteristic linear scales for a chemi-
cal reaction. A value for l r may be computed using a detailed reaction mecha-
nism and a 1D ZND model. The disadvantages of this parameter compared to
the cell width are that (i) it ignores multi-dimensional structure of real detona-
tions, and (ii) the detailed reaction mechanism should be validated itself.

2.3 Numerical modelling
Numerical modelling of the self-initiation phase has been carried out in [20,21].
The aim was to study detonation onset conditions as a function of mixture
properties. Two different problems have been analyzed. The first was detona-
tion initiation via autoignition of locally nonuniform mixtures and pressure
wave amplification (SWACER mechanism). The initial nonuniformities were
formed by spatial temperature distributions and distributions of an additional
active chemical component. The second problem was the detonation transmis-
sion through a mixture with decreasing reaction rate.

The problem of detonation transition has been considered individually for an
one-dimensional planar case. A small high-pressure region was used to initiate
the detonation wave. This passed through the region of decreasing reaction
rate, which was varied by changing the dependence of the cell length versus
distance. An example is discussed in more detail in Appendix A. The possibility
of detonation propagation and transmission to the ambient mixture was stud-
ied in a number of calculations. It has been found that both the results of the
SWACER modelling and the transition study give similar values for the mini-
mum nonuniformity size required for the onset of a spontaneous detonation.
This minimum scale for detonation formation can be estimated as 7 X in terms
of the cell width [21,22]. This estimation corresponds to the planar case, opti-
mum shape and nature of the nonuniformity. In the case of expanding waves
(spherical symmetry), the minimum scale of nonuniformity increases up to 30 A
due to additional requirements for the minimum curvature of the wave.

Also analytical 1-d calculations for detonation propagation through sensitivity
gradients confirmed that such cell size scaling correlations should be applica-
ble. Additional calculations have shown that the estimate of 7 A for minimum
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size of a sensitized mixture should also be valid for mixtures with different ef-
fective activation energies.

2.4 Experimental results
The minimum scale requirement for the onset of a detonation provides a basis
for the comparison of different experimental results [23]. Such a comparison is
presented in Fig. 1, as a correlation between the nonuniformity size L and the
detonation cell width A. Experimental results on both detonation initiation by a
turbulent jet of hot combustion products, and on deflagration to detonation
transition have been collected. Experimental data on cell width were used
[24,25]. For the turbulent jet initiation experiments, the jet orifice diameter
was used as the characteristic size L. For DDT experiments this is the linear size
of the volume (V1/*), which controls the possible macroscopic nonuniformity
size. The results of the premixed RUT experiments represent the largest scale
and the least sensitive mixtures. The shown line describes the relation L = 7 A,
described above.

Because the scale limitation represents a necessary but not sufficient condition,
no sharp separation can be expected between the deflagration and detonation
modes. For initial conditions below the line the minimum scale requirement is
satisfied, but this does not mean that detonations must be initiated in all cases.
Other conditions concerning the early stages of the DDT must also be met. The
important point is that a detonation should not occur in the upper part of Fig.
1, due to the scale limitation.

The accuracy of the cell width data is within a factor of 2. Furthermore, the
minimum scale requirement L = 7 A itself is only approximative. Nevertheless,
the data in Fig. 1 show dearly the effect of scale within these limits of accuracy.
The proposed scale limitation L = 7 A is in a good agreement with the experi-
mental results over a wide range of volumes and H2-air mixture compositions.

Several series of experiments with dynamic hydrogen injection and spark igni-
tion have been carried out in the RUT facility [14,15]. The objective of the tests
was to study possible consequences of deliberate ignition in dynamic condi-
tions. The experimental variables were igniter location, ignition time, injection
rate and injection location.

The possibility of DDT was found to depend only on the mean hydrogen con-
centration in the cloud for the given size of the enclosure. If the detonation cell
width is defined by the mean hydrogen concentration in the cloud, and the
cloud size itself gives the characteristic nonuniformity size, we can analyze the
data of the dynamic tests in the same way as those of premixed experiments.
Fig. 1 shows that the 7 A criterion can be applied for dynamic as well as for pre-
mixed initial conditions.
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3. NUMERICAL MODEL

The above described DDT criterion was implemented into the 3-d field code
GASFLOW, which has been described recently [26-28]. The methodology pro-
ceeds as follows.

Step 1: Characteristic cloud dimension L.
The characteristic dimension Ln(t) of the H2-air-steam cloud in room number n
which evolves from the source location is calculated from

Ln(t)=Vn(t)
1/3 (1)

Vn(t) = IjAVi,n(t) (2)

where AVj,n are those computational cells in containment room n, which con-
tain a burnable mixture at time t. In case of a dry H2-air mixture this are the grid
cells containing between 4 % and 75 % H2, the lower and upper flammability
limits, respectively.

Step 2: Average detonation cell width X.
The average composition of the H2-air-steam cloud in room n at time t is

H2()n ( H 2 ( r i ) n / V n (3)
[xH20(t)ln = (IXH2O,i ' AVj)n/Vn (4)

where XH2,i = hydrogen volume fraction in cell i of the H2-air-steam
cloud in room n

XH20,i = corresponding steam volume fraction.

This average composition is used to calculate the average equivalence ratio of
the cloud which in case of H2-air-steam mixtures is

<f>n = 2.3866 XH2,n/(1 " XH2,n - XH20,n) (5)

The average detonation cell width An of the cloud mixture in room n can now
be evaluated from measured data for An (cj), XH2O)<

 e-9- Pig- 2- The average com-
position and detonation cell size of the cloud is used here as measure for the
detonation sensitivity because this evaluation method gave good agreement
with the 7A-correlation in the RUT tests with dynamic H2 injection into air (cir-
cles in Fig. 1).

Step 3: DDT index R.
At any given time during the calculation a DDT index R is evaluated for room n
according to

If this ratio is less than 1 at the time of ignition t jg n , then the igniter is located in
an acceptable position in that particular room n. If the ratio Rn is larger than 1
at the time of ignition the iqnitor is located in a not acceptable position. In this
case a DDT cannot be excluded, according to the above described criterion. It is
important to note that this criterion includes the different experimentally ob-
served types of detonation transition, like e.g. accelerating flames, jet ignition,
normal reflection, or focussing of pressure waves in corners.
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4. APPLICATIONS

The described methodology is first illustrated for a single room geometry and
then applied to a full scale 3-d multi-compartment reactor containment.

4.1 Battelle Model Containment
Hydrogen is injected into one closed room of the Battelle Model Containment
(Fig. 3). The room contains initially dry air at 1 bar pressure and 300 K. The verti-
cal H2-jet enters the room at the center of the floor, the H2-gas being at the
same initial conditions (1 bar, 300 K, 21.6 g H2/S, velocity 1.0 m/s). Two cases will
be discussed: a calculation with early ignition (R < 1), and a calculation with
late ignition (R > 1).

4.1.1 Early ignition
A GASFLOW analysis was performed with a glow plug ignitor in the upper cor-
ner of the BMC room (Fig. 3). This high location should cause an early ignition
because buoyancy forces support the transport into this direction.

The cloud dimension grows monotonically with time. At 12 seconds the flam-
mable edge of the H2-air cloud reaches the ignitor which initiates a burn. The
flame attaches to the source, reducing the cloud diameter of unburned gas to
one or two computational cells. The hydrogen inventory in the room drops rap-
idly due to the burn. The DDT index R initially shows large values when only
few cells above the release location are filled with a rich H2 mixture. R then de-
creases quickly and it was well below 1 at the time of ignition, so that no DDT
potential should have existed. The fluctuations in R during the burn are due to
the relatively rich but small standing diffusion flame. This diffusion flame does
not represent a DDT threat.

The gas temperatures above the standing flame reach high values during the
full burning period. To reduce thermal loads it is advisable to place igniters
high, but not directly above potential H2 release locations. The calculated (uni-
form) pressure in the BMC room depicts the phases of H2-injection, sudden
bum-out of the accumulated hydrogen, and continuous burn of the injected
H2.

4.1.2 Late ignition
The second calculation involved an ignitor at the worst possible location, name-
ly at the lowest and farthest position from the source (Fig. 4). Hydrogen reaches
this point only after the room is completely filled by the H2-air cloud. At igni-
tion time the cloud dimension L is equal to the third root of the room volume
[(41 m3)1/3 = 3.44 m]. The calculated DDT index is well above 1. Almost 800 g of
hydrogen burn out after ignition. The current chemical kinetics model in
GASFLOW is not intended to describe fast turbulent combustion and DDT but
treats the combustion as a slow diffusion controlled deflagration. Fig. 4 shows
the calculated pressure and temperature increase.

The DDT criterion predicts that in this late ignition the deflagration could well
develop into a local detonation [R (tjgn) ~ 10]. At the time of ignition the hy-
drogen concentration at the ceiling had reached 40 %, a highly sensitive H2-air
mixture.
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Figure 4 Results for H2 injection into BMC room with igniter in lower cor-
ner (late ignition).
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4.2 Reactor containment
Two types of calculations were performed for a future 3-d reactor containment
with 90000 m3 free volume:

a transport analysis with evaluation of the detonation potential, and
a transport and combustion analysis with deliberate ignition.

The containment geometry is shown in Fig. 5. A 180 degree symmetry was as-
sumed. The main structures and components are modelled with about 12000
computational cells. Hydrogen is released through an internal water storage
tank (IRWST) according to Fig. 6. In this hypothetical release scenario the first
major peak corresponds to the early core deqration process and the second
large peak could be due to a partial reflood of the molten core, similar to the
TMI case. The release curve contains peaks of different magnitudes (=» 2, 0.8,
0.2 kg/s). The maximum value of 2 kg/s, the total mass of 1200 kg, and the as-
sumptions of a dry H2-source and containment atmosphere represent very se-
vere conditions. This case was investigated to explore the limits of the
delibereate ignition concept.

4.2.1 Transport analysis
A 3-d transport analysis was performed for the described scenario to evaluate
the DDT potential without mitigation measures. The evolution of the hydrogen
distribution is characterized by calculating the H2-cloud dimensions L and the
corresponding DDT index R in the following six rooms of the containment:
IRWST, pump rooms 1 and 2, steam generator rooms 1 and 2, and containment
dome.

The results are presented in Figures 7 and 8. During the first release phase (up
to 2000 seconds) hydrogen is transported into all the rooms. The characteristic
cloud dimension reaches in all cases the respective geometrical limit, namely
the cube root of the room volume, e.g. 30 m for the dome. The means that a
burnable mixture exists in all containment regions. Fig. 8 shows the calculated
detonation potential which decreases with the distance from the source (0 -
2000 seconds). Very high DDT potential exists in the IRWST over long periods of
time. In the first pump room local detonations are only possible during the first
main release peak, and not at all in the remaining rooms.

A different situation evolves during the second release phase (2000 - 4000 sec-
onds). The mixture in the IRWST is even more reactive because now the atmo-
sphere, which enters the IRWST by natural convection, already contains a back-
ground level of hydrogen. The detonation potential in all other rooms in-
creases with increasing hydrogen release in a similar way. At 4000 seconds a sig-
nificant DDT possibility exists throughout the containment (R > 1 in all rooms).
In the containment dome the possibility of a global detonation is predicted.
The stepwise increase of R(t) in the dome corresponds closely to the released H2
mass (Fig. 6). The DDT potential in the containment dome reacts in an integral
manner to the H2-release rate, whereas rooms close to the source follow the re-
lease rate directly.
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Figure 5 GASFLOW 3-d geometry model for full scale containment.

Figure 6 Hydrogen release in the analyzed dry release scenario and result-
ing H2 inventory without and with deliberate ignition.
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Fig 8 also provides information on the typical time constants needed to change
from the deflagration regime (R < 1) to the potential detonation regime (R >
1). Generally this time constant increases with the distance from the source, but
it is relatively short, typically 50 to 500 seconds. The second major release peak
drives the large dome into DDT conditions within only 100 seconds. These times
are significantly shorter than practicable H2 removal times with recombiners
(thousands of seconds). The present calculation quantifies the well-known con-
cern that recombiners alone may not be sufficient as H2-control system.

The presented example demonstrates that the proposed approach allows to
quantify the DDT potential in a 3-d containment during a given H2/steam re-
lease scenario by calculating a DDT index R as function of time and space. The
results clearly show the need for a reliable and fast acting hydrogen manage-
ment system in such dry containments equipped with large PWR cores.

4.2.2 Analysis with deliberate ignition
The above described unmitigated sequence was analyzed with spark igniters at
different positions in the IRWST (Table 1).

Table 1. Analyzed deliberate ignition cases and results.

Case

1 -BO

2-C4

3-C2

4-C3

Spark igniter
location intervall (s)

at IRWST openings
to pump rooms

as case 1

at IRWST ceiling,
3 m above source

2 m above H2-source

10

1

10

10

tign (S)

944

941

914

912

R(tjgn)

24

13

0.5

0.1

H2-inventory
at t i g n (kg)

18

16.6

10.5

10.2

Fig. 9 shows a 3-d view of the investigated geometry. The grey volume below
the igniters represents the calculated flame shape after the flame traveled
from the igniters towards the H2-sources (case 3-C2, 922 s). The flame later ex-
pands throughout the IRWST and remains attached to the H2-sources. The later
combustion in the IRWST is oxygen limited by the air inflowing from the right
opening. A hot H2/N2 mixture leaves the IRWST through the left opening and
burns on first contact with air.

For discussion of the results it is helpful to distinguish two time periods in the
sequence:

1. a low release phase f rom 600 - 900 s with an average H2-release rate of
rhH2 = 0.04 kg/s (Fig. 6),

2. the first release peak, 900 -1000 s, with rhH2 = 0.04 -> 1 kg/s.
(All H2-masses in the GASFLOW calculation are half of the total release because
of the assumed 180 degree symmetry.)
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Figure 9 GASFLOW analysis of a dry release scenario with deliberate igni-
tion. The flame travelled back from the igniters to the H2-sources
(case 3-C2, 922 s).

During the first period about 500 m3 of the IRWST are filled with a lean H2-air
mixture (cloud size 8 m). The ^-concentration remains constantly between 4
and 5 %, which is the flammability limit for upwards propagation. Hydrogen
above this value is removed by small local, multiple burns at the igniter location
(3 to 4 kg H2 up to 900 s). This initial situation was very similar for all investi-
gated igniter positions.

In the second time period (900 - 1000 s) the H2 release rate increases rapidly
from the low value to about 1 kg H2/S. The burnable cloud now expands from
about 500 m3 volume (L ~ 8 m) to 718 m3 (L = 8.9 m) which is the total IRWST
volume in the calculation. More importantly the mixture sensitivity now in-
creases rapidly, the detonation cell size h decreases, and the DDT index R in-
creases. The critical value of R = 1 is reached at 928 seconds.

The further events depend on the "time of ignition", the time at which the
flame propagates away from the igniter towards the source the first time. In
two of the investigated cases the ignition occurred when R was above 1 (later
than 928 s) and in two cases when R was below 1 (before 928 s). The hydrogen
inventories in the IRWST at the ignition time were between 10.2 and 18 kg (Ta-
ble 1), which corresponds to a very insensitive and a quite reactive mixture, re-
spectively.

The full burn-out of the IRWST requires two necessary conditions, namely that
the edge of the burnable cloud has arrived at the nearest igniter, and that the
^-concentration is high enough for free flame propagation. With the present
release scenario and igniter positions the time of ignition was determined by
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the second reason, the H2 concentration necessary for downward propagation
(8-9% H2).

In summary the calculations have shown that very severe release sequences can
be controlled with correctly located spark igniters. The appropriate locations
depend on details of the geometry and the source, and they cannot be inferred
from scaled down model experiments.

A purposely conservative situation was investigated here to explore the limits
of the deliberate ignition concept. Dry hydrogen was injected with high rates
and multiple release peaks into a dry containment atmosphere. This is the most
reactive case possible. In all mechanistic sequences steam will be present and
lower the mixture sensitivity. If e.g. the IRWST water would be at elevated tem-
peratures a significant steam source would be present (psat = 0.5 bar for 80 °C).
A corresponding "sump model" to describe water evaporation and transport in
GASFLOW is currently under development. For the lean mixture of interest
here, the addition of e.g. 20 % steam, would increase the detonation cell width
by a factor of about 30 (Fig. 2). The value of R would therefore decrease by the
same factor, and all cases in Table 1 would become acceptable ignitor positions
(R < 1). (The ignition time would be similar because the downward flammabil-
ity limit depends only weakly on the steam concentration.)

Thermal loads are another topic that needs to be addressed in future analyses
for igniter positioning. GASFLOW predicted standing diffusion flames in all in-
vestigated cases, which produced significant temperatures in the vicinity over
extended periods of time. These regions can be identified in the simulations
and should be excluded as potential igniter locations.

5. CONCLUSIONS

This paper proposes a new mechanistic approach to safe igniter implementa-
tion which includes determination of bounding H2/steam release sequences,
high-resolution 3-d analyses of transport and mixing, selection of apparently
suitable igniter positions, evaluation of the detonation potential at the time of
first ignition, and modelling of the further deflagration modes. The used DDT
criterion (L = 7 A) is based on theoretical and experimental work. The data cov-
er a sufficiently large range of scales to justify extrapolation to the full plant
size (Fig. 1).

The methodology was implemented into the GASFLOW code and demon-
strated for a single room of the BMC by analyzing early and late ignition of the
spreading H2-air cloud. The high igniter position leads to early ignition (DDT in-
dex R < 1). The low igniter position leads to late ignition of an enriched H2-air
cloud and high DDT possibility (R > 1).

Calculations were performed for a future full-scale 3-d reactor containment,
without and with deliberate ignition. To explore the limits of the deliberate ig-
nition concept a very severe dry release sequence was investigated.

The unmitigated case provided quantitative information about the time and
space dependency of the detonation potential. During the first release phase
(total of 600 kg H2) DDT possibilities exist only near the release location. The
second release phase with additional 600 kg H2 leads to significant DDT poten-
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tial throughout the whole containment, including global detonations in the
dome. The times required to change from the deflagration regime (R < 1) to
the potential detonation regime (R > 1) can be significantly shorter than typi-
cal recombiner time constants. Recombiners alone are not sufficient as a H2-
control system for fast sequences similar to the analyzed one. CO2 dilution must
be accomplished before the first H2-release begins, to be an effective H2 con-
trol measure.

The GASFLOW analysis of the same sequence with different igniter positions
predicted that it is possible to control even severe dry release conditions with
appropriately located igniters. The first burn-out of the release compartment
(IRWST) could be triggered early enough before DDT possibilities had devel-
oped. Very effective H2-removal was predicted for the whole release sequence
without damaging pressure loads. The existence of steam largely decreases
DDT possibilities because the detonation cell size A increases rapidly with the
steam concentration (Fig. 2).

The outlined methodology has been realized in the GASFLOW code. The cur-
rent model verification covers the sequence of events up to the first bum-out
of the release compartment, where either the detonation regime (R > 1) or the
deflagration regime (R < 1) is entered. Models are under development to de-
scribe the further progress of the deflagration as attached diffusion flame,
freely propagating slow or turbulent flame.

Appendix A

An example for the successful! transmission of a local detonation from a sensi-
tive region to a less reactive gas mixture is presented in Fig. A1 [29]. The one-
dimensional planar calculation considers a mixture gradient with increasing
detonation cell width. The most reactive mixture is located at x = 0 and the
sensitivity decreases with increasing x up to about 180 mm, from where on the
mixture has a constant cell width AQ of about 24 mm. This \Q value corresponds
e.g. to approximately 20 % H2 in air at 1 bar and 375 K, or to 30 % H2 and 10 %
steam in air at the same pressure and temperature conditions.

A small high pressure region was used to start the detonation at x = 0. The
evolving pressure profiles are shown for three times: first inside the sensitive
region (ti), then shortly after propagation into the unperturbed mixture (t2),
and finally after achieving the stable self-similar profile in the homogeneous
mixture (t3).

The linear extension of the sensitive region was shlightly larger than 7 times Arj,
the detonation cell width of the unperturbed mixture. The detonation decayed
in calculations with smaller sensitive regions.
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Fig. A1 Example for calculated planar detonation transmission from a sen-
sitive region (x < 180 mm) to an unperturbed mixture (x > 180
mm).
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