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1 Introduction

The consequence of a potentia hydrogen burn is a safety issue for nuclear containment [1,2]. There are
two modes of hydrogen burn: deflagration and detonation. Direct initiation of detonation is very unlikey
indde a containment building, sSnce it requires high-energy ignition sources such as solid explosives.
However, a detonation may occur viaatrangtion from adeflagration. Deflagration to Detonation
Trangtion (DDT) refers to the aborupt change in the mode of combustion from deflagration to detonation
in the absence of ahigh-energy source. The magnitude of the shock waves associated with atmospheric
H,-air detonations are of the order of 15 atm (1.5 MPa). Such a strong blast wave may pose athreat
to containment integrity. To assess the potentid threet of a hydrogen burn in a post-accident
containment, it is necessary to evauate the potentid or likelihood of aDDT under various accident
scenarios.

The scenario of trandtion to detonation usudly conssts of a continuous acceleration of aninitidly dow
flame to acritica speed at which the mechanism of propagation of the reaction front suddenly changes
from adiffuson-controlled to a kineticaly controlled process, auto-ignition via shock heeting [3-5].
Experimenta observations suggest that flame acceleration is an essentid step in DDT. Detalled
mechanistic models capable of predicting flame acceleration and subsequently trangition to detonation
have not yet been developed. To analyze the potential for DDT in a post-accident containment,
andydsts haveto rdy on a set of experimentaly determined criteriaas aguide. The paper describesa
computer code package that uses these criteria to assess the potentia for DDT under various accident
scenarios. Sections 2 to 5 of this paper describe the theory of these criteria. Section 6 and 7 describe
the gpplication of this code.

2 Flame Accderation and Trangtion to Detonation

A fredy propagating flame strongly influences the flow conditions ahead of it. Its burning rateisthen
influenced by these flow conditions when it moves ahead into these regions [6-9]. When obstructions
are present in the path of a propagating flame, turbuence will be generated as the unburnt gas flow
(induced by the thermal expansion of the burnt gases) passes over these obstructions. The structure of
this turbulence usudly conssts of large eddies characterized by the Size of the obstruction [3]. Asthe
flame front advancesinto this turbulent flow field, the initidly smooth flame surface will be distorted.
The digtorted flame will now consume unburnt gas over alarger surface area, leading to anincreasein
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the rate of heat release (i.e., ahigher flame speed). Thisincrease in the flame speed caused by
turbulence increases the volumetric burning rate, resulting in alarger flow velocity of the unburnt mixture
ahead of the flame. Thisin turn increases the turbulence, leading to an even higher burning rate. Thus, a
positive feedback mechanism, coupling the flow velocity and the burning rate, is established. The
interaction between the fluid dynamics and the combustion process can lead to ahighly unstable
gtuation, which may result in continuous flame accel eration to choking velocity or trangtion to
detonation [3]. For aStuation where the gas mixtureisignited by awesk ignition source such an
electricd spark or a hot surface, the flame acceleration processis the controlling step in the trangition to
detonation.

21  Run-up Digancefor DDT

The run-up distance (dso commonly referred to as the trangition distance or the induction distance) is
defined as the distance between the ignition point and the location of DDT. This run-up distance is not
an intrindc property of the mixture; it depends on the size of the duct, the level of confinement of the
surrounding walls, as well as the obstacle configuration used in the experiments [7]. The run-up
distance, dthough not an intringc property of the mixture, can have sgnificant implications in safety
andyss If it ispossble to determine the minimum run-up distance for a certain mixture, this distance
represents the critical cloud size required for DDT to occur. DDT can be precluded if the combustible
cloud issmdler then this critical Sze. The chdlenge is to determine this minimum run-up distance.

Chan [10] reported the run-up distances for H,-ar-steam mixturesin a 28 cm diameter duct filled with
obgtacles. Theseresults are summarized in Fig. 1. These experiments were performed in an gpparatus
which was designed to produce the highest rate of flame acceleration. 1t has been demonstrated that
obstacles with a blockage ratio of 0.4 and spaced one tube diameter gpart produce the highest rate of
flame acceleration (block ratio = blocked area/ tota cross sectiond area) [11]. Therefore, the results
from these experiments, data shown in Figure 1, represent the shortest run-up distances of these
mixtures.

These results suggest that the run-up distanceisinversdy proportiond to the laminar burning velocity of
the corresponding mixture [12]. In this series of experiments, no DDT was observed for mixtures of
30% or more steam by volume. The run-up distance derived from these experiments can be used to
edimate of the critical (or minimum) cloud Size required for DDT.

2.2  Scding Parametersfor DDT

The initiation of a detonation can be divided into two separate phases. 1) the creation of conditions for
the onsat of detonation and 2) the actual formation of the detonation waveitself. Processesin the first
phase are scale dependent. They depend on the specific initid and boundary conditions of the problem.
The actua formation of the detonation, on the other hand, appears to be more or lessuniversd. Itis
from thisfirst phase of onset of detonation that a scale limitation (a criterion for DDT) can be derived.
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Figure 1. TheRun-up Distancefor Various H,-air-steam
Mixturesin a 28 cm Diameter Duct Filled with
Obstacles (B.R. = 0.31) [10]

In order to formulate a criterion for onset of detonations, a definition of characteristic geometrical Szes
L of an enclosure is necessary. The Sze L should be a macroscopic Size of a sendtized mixture where a
detonation wave might originate and develop. Dorofeev [14,15] has shown (Fig. 2 and Fig. 3) that the
criterion for onset of detonation equiresL > 71 , where| isthe detonation cdll S9ze. This result suggests
that a criterion L =71 can be used as a conservative estimate for one of the necessary condition for
DDT. Based on this observation, it is helpful to defineaDDT Index, f ppr, for assessng the likelihood
of aDDT. The DDT Index istheratio of the two length scdles L and L., where L isthe dimenson of
the detonable cloud and L, isthe critical cloud sizetaken as 71 . The value of the DDT Index indicates
the possibility of aDDT. A DDT ispossblefor f ppr >1 and aDDT is highly unlikely or impossible for
f por <1. Thelikelihood decreases asthe f ppr value decreases.

3 Criteriafor Hame Accderation and Transgition to Detonation

3.1  Criteriafor DDT (thel criteria)

The above methods were determined from tests with uniform mixtures. If the gas mixture is not
uniformly mixed indde the containment building or a sub- compartment, the gas mixture ingde this
detonable cloud is not likely to be uniformly mixed either. To properly assessthe likelihood of aDDT
for an imperfectly mixed gas cloud, it is necessary to evaduate the DDT Index, f ppr, indde the cloud
such that the DDT Index discussed earlier till gpplies.
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For a non-uniform combustible cloud, it is difficult to directly goply the criteriafor detonation onset that
are based on detonation cell Szel . Itisnecessary, a least, to definewhat | value should be used asa
representative chemical length scae. One approach isto use the average cdll sze in acombustible
cloud. Due to nonlinear behavior of the cell Sze on concentration, | of an averaged composition <C>
isusudly smdler than the average cell Sze <l >. Thus, the former (cell Sze of an average mixture) gives
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If the gas concentration distribution is known, one can start from the cloud boundary with determination
of anorma size (eg. L = V*3) and the averaged cdll size, and test the L/71 criterion for the cloud. This
procedure can be repeated going into asmaller and more sendgtive cloud. If a acertain sagethe DDT
Index isfound to be bigger than 1, this means detonation is potentidly possible insde this part of mixture
if L islarger than the minimum run-up distance for the averaged mixture.

To gpply the DDT Index requires identifying the envelopes for various hydrogen concentrations,
cdculating the volume of each envelope and determining the DDT Index for each envelope. DDT can
be ruled out if the DDT Index is below unity for each envelope.

It should be noted that these solutions for a norn-uniform mixture can be gpplied only as estimates.
Although they are based on the DDT corrdation from uniform mixtures, no direct experiments are
available to verify them. It should dso be noted that a DDT Index greater than 1.0 only indicates that
DDT ispossible, anecessary condition for DDT. It is not asufficient condition.

3.2  Criteriafor Flame Acceleration (thes criteria)

The mechanism for flame accderation is dominated by the product expansion in the burned gas. To
develop the criteriafor flame accderation, it isimportant to estimate whether the flame is able to
accelerate under given conditions resulting in fast turbulent combustion regimes (like “sonic” or
“choked” flames). If these conditions are not met, flame acceleration can eventudly result in abenign
combustion and even flame quenching.

A series of tests was made recently to study systematically the effects of scale and mixture properties on
the behavior of turbuent flamesin obstructed areas [12, 13]. A set of parameters was chosen which
can influence the flame-flow-flame feedback in obstructed area. It was found that whether aflame can
reach supersonic velocities via flame acce eration depends on the expansion ratio (dengity of the
unburned gas to the density of the burned gas), s, and the Zeldovich number, b. The Zeldovich number
is defined as
b = E{Ty-TY/(RTy),
where E, is the effective activation energy,
T, istheinitid unburned gas temperature of the mixture,
Ty, isthe burned gas temperature, and
R isthe gas congtant.
These two parameters gppeared to be those defining the eventua flame velocity. It was found that with
b(Le-1) <-2, (where Leisthe Lewis number of the mixture, aratio of the therma diffusvity to
molecular diffusvity) the borderline between dow and fast combustion regimes changes with the critica
expansonratios* intherange of 2t03.75. For b(Le-1) > - 2, thevdueof s* rangesfrom 3.5to
4.

For mixtures typical for nuclear containment atmosphere (H,-ar-steam), hydrogen-lean mixtures are
generdly characterized by b(Le-1) < -2 and hydrogen-rich mixturesby b(Le-1) > -2. For H,-lean
mixtures, the eventua outcome of flame acceleration is expected to depend on b, and hence on initid



temperature. For gas mixtures near room temperature (~ 300K), s* iscloseto 3.75. For gas mixtures
at 400K and 500K, s* equalsto 2.8 and 2.25, respectively. For hydrogen rich mixtures, the critica
expansion ratio is not a strong function of temperature and has avaue of 3.75.

The results of the previous consderation enable the congiruction of a combustion regime map for a
particular set of thermodynamic conditions. The key parametersin this map are the amount of hydrogen
and seam in the mixture. Fgure 4 illugtrates that within the flammable regime, there isanarrow region
of mixtures for which only dow flame are possble. Ingde of thisregion, fast flames can appear once
the expanson ratio, s, islarge than the minimum vaues described earlier. Also included in thisfigure
are the flammability limits, DDT limits and the detongtion limits
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4 Methodology for caculating DDT Index and DDT Potentid

To assess the potentia hazard of a hydrogen burn inside a containment building after areactor accident,
it is necessary to caculate the gas digtribution within the containment following a postulated accident. A
computationa code such as GOTHIC can be used to perform the caculation.

To determine L, one needs to select a reference hydrogen concentration. If areference hydrogen
concentration is selected to be 10% (6%, 8%, 12% etc.), the volume of al the cdllsthat have a
hydrogen concentration equd to or higher than 10% can be determined. This gas cloud (with dl cell
H,% > 10%) can be of any shape. The hydraulic diameter of this non-spherica cloud isthe diameter of
asphere that has the same volume of thisgas cloud. The equivadent hydrogen concentration of this
cloud is the average hydrogen concentration indgde this cloud. The equivaent H,% is dways higher than
10%. The detonation cell Size of the equivaent mixture isused to cdculate Ly, (L = 71 ).

Because it has been established that DDT cannot occur if the cloud Sze isless than the minimum run-up
distance for DDT, a“DDT Potentid” can aso be defined as a second criteriafor DDT. A DDT
Potentid, gopt = L/LppT, Can dso be cdculated for each cloud, where L isthe hydraulic diameter of the
combustible gas cloud and Lppr isthe run-up distance for DDT. DDT is possible only when gopr is
larger then unity.

5 Methodology for calculating FA Index and FA Potentid

The Hame Accderation Index (FA Index) istheratio of s of the equivaent mixture (obtained from the
reference data set) to s*, wheres =r /r , isthe expangon ratio (densty of unburned gasto the density
of the burned gas) and s * isthe critica expansion ratio which depends on the mixture compaosition and
itsinitia temperature. It should be noted that the critica expangon ratio isindependent of the steam
concentration because the effect of diluents (in al tests with He, Ar, N, H,O and CO,) could be
condensed into one common vaue. The criticd expanson can be evauated using the following
correlaion.

s* =3.75for Xz = or >2Xg;, , X isthe gas pressureratio or vol. %
s* =3.75 - 0.0115(T-25) + 0.00002(T-25)? for Xp, < 2Xop, T isaverage
temperature of the gascloud in °C

Similar tothe “DDT Potential”, a“FA Potentia” can dso be defined as a second criteria for supersonic
flame. The FA Potentid, f 4, isan indication for the potentid for flame acceleration to supersonic
veloditiessuch thet f ga = L/Lsr, where L isthe hydraulic diameter of a combustible gas cloud and Lgr is
the run-up distance for a supersonic flame. Flame accderation to supersonic velocity is possible only

for f .4 >1. The methodology for determining the FA Potentid, gea, IS Smilar to that for determining the
DDT Potentid. The hydraulic diameter and the equivaent hydrogen concentration for the combustible
gas cloud are determined the same way as above. From the reference data set, run-up distances for
DDT and for supersonic flame can be determined for the equivdent mixture.



6 DDTINDEX Program

A computer code called DDTINDEX has been developed to perform the assessment of the likelihood
of DDT and cregtion of a supersonic flame ingde a post-accident nuclear containment. DDTINDEX
takes the hydrogen and steam distribution output from a CFD code such as GOTHIC and determines
the DDT Index, DDT Potentia, FA Index and FA Potentid for various regions. If these parameters are
lessthan 1 everywhere in the containment, DDT and supersonic flames can be precluded. 1t should be
noted that computer codes such as GOTHIC assume a uniform distribution of gas within each grid cell.
Thismeansthat DDT and FA indices cannot be cdculated for regions smaler than the resolution the
grid spacing used in the smulation. To avoid these difficulties, it isimportant to employ fine grid
resolution in regions that have large hydrogen concentration gradients.

The above parameters are calculated for each cdll insde agas cloud. The gas cloud is determined by
default threshold vaues or threshold values supplied by the user.

DDTINDEX may only be gpplied to hydrogen cases, as interpolation tables only exist for hydrogen.
DDTINDEX can potentidly be used for other gasses, but they are not being considered here.

6.1  Capabilities and Features
The following list briefly describes the capabilities and features of the DDTINDEX program:

The four indices used to determine if DDT or a supersonic flame is possible are caculated.
The error and warning messages generated are printed to an output file.

User can enter input to the program viaflags in the command line or viathe configuration file.
Users can sdlect the amount of information in the output files.

The output from GOTHIC 6.1 or previous versons of GOTHIC may be used.

The interpolation tables or look up tables can be changed to meet the needs of the problem
being anayzed.

6.2  Limitations and Redrictions
Thefollowing isalig of the limitations and restrictions for the DDTINDEX program:

If the GOTHIC smulation had blocked cells or blocked walls there is no mechanism to transfer
thisinformation to DDTINDEX. Because the blocked cdlswill have asmal amount of H,, a
PERL script, was created to set theindices to O after running DDTINDEX.
The results may not be conservative in certain Stuaions:
0 When only the six cdlstouching the cell being examined are used to determine whether
the cdl isin the current cloud.
0 When cdculating the hydraulic diameter, a spherica cloud is assumed. The hydraulic
diameter for along cloud in anarrow chamber will not be caculated correctly.
0 When large mesh sizesare used. Computer codes such as GOTHIC assume a uniform
digtribution of gas within each cdl of the grid. Thismeansthat DDT indices cannot be



caculated for sub-volumes finer than the resolution the grid used in the Smulation.
Therefore DDT Index caculations may not be aways conservative. To avoid these
difficultiesit isimportant to have afine grid resolution in areas of large gradientsin the
gas concentration.

The output from a CFD code must be extracted in the following columns X, Y, and Z

coordinates, steam (H,0), H,, and temperature.

The maximum grid Sze that may be used is 50x50x50.

The current verson of DDTINDEX (V1.18) conssts of the main program DDTINDEX.EXE and afew
auxiliary programs for generating the reference data st.

6.3  Application to Nuclear Containment

In certain reactor accidents, hydrogen can be formed and released into the containment building.
Development of a supersonic flame or DDT is aconcern because of the resulting pressure loads. Even
with ignitors and hydrogen recombiners being used by various reactor designs to mitigete the impact of
hydrogen, safety analysts still need to determine the potential impact of a hydrogen burn insde
containment. DDTINDEX isacomputer program that can assst andysts to assess the potentid for the
cregtion of asupersonic flaneviaflameaccderation —~ =77 T oot o e S
DDTINDEX, this program was used to andyze apc ——
accident involves areactor outlet header bresk in the
heated water is gected into the containment building
hydrogen. For such an accident, as much as 100 kg «
machine room. This may pose athreat to the integyrity

DDTINDEX isnot a program that can be used to an
another computer code such as GOTHIC to andlyze
containment building following an accident. Resultsf
ng the potentia for adow burn to develop intc
software package is aso needed to view the output fi
showninFg. 5.

Figure 6 isan illustretion of a CANDU 6 reector cont
the steam generator enclosure, containing the reactor
digtributed parameter model or 3-D modd. The dor
parameter modd. Therest of the containment wasn
fuelling machine room, a 3242n7 volume, was model Figure6. A Schematic of a CANDU 6 Reactor
ocdlIsx 5 cdlsx 26 cdls) ranging in size from 1.5nT tc Containment

header bregk was smulated by releasing hydrogen a _ i

magor equipment such as steam generators were modeled with null cdlls. For this example, a hydrogen
control system that included loca air coolers, fans, and ignitors was activated.

DDTINDEX OVERVIEW

2 the smulation are shown in Fg. 7. At the pesk of the
ration in the vicinity of the broken header (the cell a

Containment
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GOTHIC
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which hydrogen was injected) reaches a maximum value of about 15%. The hydrogen concentration at
2m above the break is about 10%. Further away from the break, the hydrogen concentration is even
lower. Mogt of the hydrogen and steam are carried upwards into the dome region and diluted to a
concentration below the flammability limit. In thissmulation,

the released hydrogen becomes well mixed through out the containment building after 2000 seconds into
the accident. As shown by the graphsfor DDT Index, DDT Potentid, FA Index, and FA Potentid,
hydrogen concentrations within the containment are below the combustible limit except the region in the
vicinity of the broken header. The DDT Index for the cell at the break is 1.36 and the FA Index for the
samecdl is1.27. TheDDT Index including the 3 cells with the next highest hydrogen concentration is
0.37. It should be noted that these indices represent the necessary but not sufficient conditions for flame
acceleration and DDT. For the cell at the bresk, DDT Potential and FA Potentia are calculated to be
0.29 and 0.32, respectively, indicating the cloud size is not sufficient for aflame to accelerate to
supersonic speeds or trigger aDDT. Therefore, aloca supersonic flame and DDT within the cloud are
not possible and can be precluded in the safety andysis.
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Frame 001 208 Jun 2001 %DDT Index [1.1a] Thu Jun 07 Frame 002 %08 Jun 2001 %DDT Index [1.1a] Thu Jun 07 Jll Frane 003 %08 Jun2001 ¥%DD Tindex [1.1a] Thu Jun 07

H2 Frac DDT Index DDT Potential
012 1.2 1.2
011 1.1 1.1
01 1 1
009 0.9 0.9
008 0.8 0.8
007 0.7 0.7 I
006 0.6 0.6
005 0.5 0.5
004 0.4 0.4
003 0.3 0.3
002 0.2 0.2
001 0.1 0.1
0 0 0 N
H20 Frac FA Index FA Potential
0.2 12 12
0.18 11 11
0.16 1 1
0.14 0.9 09
0.12 0.8 08
0.1 s 0.7 07
0.08 0.6 06
0.06 N 05 05
0.04 0.4 04
0.02 0.3 03
0 0.2 02
01 01
0 0
Figure7. DDTINDEX Resultsfor Reactor Header Break (hydrogen concentration,
steam concentration, DDT Index, DDT Potential, FA Index and FA Potential)
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