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Abstract

Passive Auto-catalytic Recombiners (PARsS) are usedvoid excessive hydrogen accumulation
inside the reactor containment in case of severielaat. Their behavior is based on the exothermic
recombination of hydrogen into steam in presencexgfjen. This surface mechanism leads to an
overheating of the catalytic plates and activatasinal convection-driven circulation of gases in

contact with the catalyst. The heat source induogdhe PAR activity can then create local

conditions for hydrogen gaseous combustion, asagndo.

This paper deals with the numerical simulation teg tmpact of thermal-hydraulic conditions on
PAR hydrogen ignition limits. The separated effeuftshree main parameters (steam, pressure and
temperature) are analyzed. Calculations using &NIRedicated CFD code, reveal that hydrogen
ignition inside recombiners can be significantlycelerated or delayed according to the reactor
containment atmosphere.

I ntroduction

In case of a severe accident with core meltdowa fmuclear reactor, the interaction of the hot core
with the cooling water can generate large amouhtsydrogen. Hydrogen can also result from the
oxidation of metals present in the corium poolrothe basemat during the molten corium-concrete
interaction phase. This hydrogen is transferred the containment (and transported therein) by
convection loops arising essentially from condensabf steam released via the break in the reactor
cooling system or during corium-concrete interatti®epending on mixing in the containment
atmosphere, the distribution of hydrogen is mordess homogeneous. If considerable hydrogen
stratification exists, then local concentrationhgtirogen may become substantial, and may exceed
the lower flammaubility limit. In case of ignitiothe subsequent pressure loads may adversely affect
the containment.

To limit the hydrogen concentration in the contagmt) several methods can be proposed. For
pressurized water reactors (PWRSs), the hydrogeigatiin strategy usually consists in combining a
large free volume to allow atmosphere dilutionjghhvalue of the containment design pressure and
the use of means like passive autocatalytic recoenbito consume hydrogen. This strategy has been
adopted in all French PWRs.
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To support this decision, specific experimentaliget have been conducted to investigate the PARs
efficiency under representative severe accidenditons. Thus, it appeared that for specific
conditions, PARs could induce combustion, as igsitkb. Among these experiments, the H2PAR
program [1], conducted by IRSN (formerly IPSN) awd-funded by EDF, addressed the
characterization of PAR ignition conditions, asstrated in Figure 1.

Combustion spread
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Figure 1 Visualization by UV camera of the hyd¥ndlame propagation during a H2PAR
experimental test (red lines: contour of the PAR, lisdue circle: camera scope)

The numerous tests carried out at atmospheric ymesgath different H/Air/H,O mixtures showed
that hydrogen ignition induced by recombiners caouo, but under specific concentrations limits.
The KALI-H2 program [2] conducted by CEA, and moeeently the OECD THAI project [3], have
corroborated these results, so that experiment&$#ydrogen ignition limit can be defined at:

= around 6.0 vol.% of hydrogen in dry air,
= around 7.5 vol.% of hydrogen with 25 vol.% of steam
= around 9.0 vol.% of hydrogen with 45 vol.% of steam

Based on this experimental data, it seems thatolggdlr ignition induced by recombiners occurs for
low hydrogen concentrations, leading to relatively overpressure. Hence, PARs hydrogen ignition
could have a beneficial effect [4]. Nonethelesgsthexperiments’ results need to be corroborated
by more detailed experiments and by refined modedinphenomena occurring in PARS.

This paper presents the numerical simulation of sbparated effects of steam, pressure and
temperature on the hydrogen ignition limit insiddR3. The calculations are performed with a

dedicated CFD code, named SPARK. This numericalvibach is developed at IRSN is based on a

detailed PAR modeling including multicomponent sport, and complex chemistry in the gas

phase and on the catalytic surface. In this study,analyze numerically the impact of thermal-

hydraulic conditions on the PAR hydrogen ignitiamits, with an accelerated or a delayed ignition

according to steam concentration, pressure, oreesyre.

1. SPARK code

In this section, we describe the numerical toolaligwved by IRSN dedicated to catalytic reactor-type
applications. Its name SPARK is the acronym of 3aton for Passive Autocatalytic Recombiners’
risK. This code solves the two-dimensional steddyesNavier-Stokes equations in the vorticity-
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velocity formulation by including complex gas phaased surface chemistry, multi-component
transport, and heat radiation [5][6].

1.1 Numerical domain

The numerical domain is derived from the box-tygeRB with row of vertical catalytic sheets as

illustrated in Figure 2. We suppose infinitely thaatalytic plates, so that solid heat conduction is
neglected. Moreover, external heat losses are al@nt into account. As a result, the flow is

supposed to be symmetrical and the numerical domsareduced to a half-channel between two
catalytic plates in the median plane (Figure 2).
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Figure 2 Schematic of catalytic sheets inside ® A&t) and numerical domain (right)

1.2 Governing equations

The governing equations are based on the modifatcity-velocity formulation of the Navier-
Stokes equations [7] for two-dimensional planactiga flows. The gas phase equations are written
as follows:

= Horizontal velocity
u v
05U +0,u=0,w-0(=0,p+—0,p), (1)
P P
= Vertical velocity
u v
0,V =-0;u-0,(=0,p+—0,0), (2)
P Y
= Vorticity

05 (M) + 05, (W) =pud,w+pva w+20,10d,(0,u+d,v)—20,1d,(0,u+0d,V)

3
+0.0p0,(U*/2)-9,00,(V*/2) + 20 Ud 1 —20,vO>u—20 Ud2u+20 vOiu+0,p0, ®)
y X X y y XX X yy X yXx y Xy X
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= Gaseous species mass

puod, Y, +pva,Y, =-0,(pY, U,)-9,(pYV,) +M,w, for k=1..n, (4)
= Energy
pc,ud, T +pc,va, T =0,(A0,T) +3,(A0,T) - > pc,Y, (U0, T+V,0,T)-> hM w, (5)
k=1 k=1

wherep is the density, u and v the horizontal and velrtiedocities, T the temperaturey, Yhe mass
fraction of the K speciesp, the space derivative operator, g the gravitati@uaklerationy the
shear viscosity of the mixture lnd \{ the horizontal and vertical diffusion velocitiecthe K"
species, M the molar mass of the"kspecieswy the gas phase molar production rate of tfe k
species, gthe specific constant pressure heat capacityeofitixture, A the thermal conductivity of
the mixture, n the number of gaseous speciethénspecific enthalpy of theékspecies andpg its
specific constant pressure heat capacity. Theoiyrtb is classically defined by:

w=0,u-0,V. (6)
One additional equation expresses the absencefateispecies inside the gas flow:
o, =0 for k=1..p, (7)

where oy is the site fraction occupancy of th8 kpecies, andh the number of surface species.
Finally, the ideal gas law completes the govermiggations:

:poM 8
AT (8)

where M is the molar mass of the mixture, R the universal gpnstant, and phe ambient pressure.

1.3 Boundary conditions

1.3.1 Catalvtic surface

The boundary condition on the catalytic surfaceresges the conservation of species mass and
energy through the solid-gas reactive interfacd, the no-slip conditions. These balance equations
may be written as follows:

= Horizontal and vertical velocities
u=v=0, (9)
» Gaseous species mass
pY, U, =-M, &, for k=1..n, (10)
» Surface species mass (no mass accumulation omthlgte surface)

@, =0 for k=n+l..n+n, (11)
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= Energy
)\axTz_thMk(bk -q™, (12)
k=1

where, is the surface molar production rate of tiespecies and¥ the radiative heat flux.

1.3.2 Inlet

The boundary conditions on the inlet are the eggth&xperimental conditions at PAR inlet. We
consider uniform profiles for all the variables:

u=0, v=v,, w=9,u-d,v, T=T,, pY.v, =pY,(v+V,) for k=1..n, (13)

where v, is the inlet vertical veIocity,Yli(n the inlet mass fraction of théhkspecies, and;Jthe inlet
temperature.

1.3.3 Outlet
The boundary condition on the outlet sets the w&rtilerivatives to zero:

u=0, ayv:O, ayoo:O, ayT:O, aka:O for k=1...n (14)

1.3.4 Symmetry
The boundary condition on the symmetry axis segshtbrizontal derivatives to zero:

u=0 o,v=0 w=0 9,T=0 0,Y,=0 for k=1..n (15)

14 Transport

The different transport coefficients which appearthe governing equations (shear viscosity,
conductivity, diffusion coefficients) are derivedoin the kinetic theory of gases [9], and are
evaluated using multicomponent transport algoritfib@. The species diffusion velocities are then
given by:

U, =-> D,0,X,-6,0,(logT) for k=1..n, (16)

=1

where X is the molar fraction of thé"Ispecies, R the species diffusion coefficients, afidthe
thermal diffusion coefficient of the"k species. This definition includes the multi-comeon
diffusion (i.e. each species diffuses in relationall the other species) and the thermal species
diffusion (or Soret effect).

1.5 Chemical kinetics

The molar gas phase and surface production ragedeaived from detailed chemical mechanisms.
The molar production rate of each species in tleeayeon the surface results from the sum of its
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molar production rates over the reactions describethe next tables. The gas phase chemical
kinetics [11] for hydrogen combustion in air incksd9 gaseous species for 19 reactions (Table 1).
The surface chemical kinetics [12] for catalyticdhygen recombination on platinum includes 5
surface species and 6 gaseous species for 13ammcliable 2). The alumina-supported Platinum
catalyst is simulated by a polycrystalline platindayer with a surface site density taken as
S = 2.06 10 mol/cn? [13]. Both chemical mechanisms have been sucdgssfalidated for
applications in a catalytic channel combustor [T4eir combination allows a relevant estimation of
the ignition distance inside a catalytic reactarHig/Air mixtures.

Table 1 Gas phase chemical mechanism Table &ac®uchemical mechanism
H,/O, reactions A b E Adsorption Reactions S E
1. H+0,=- O+OH 2.0016* 0.00 16802.10 15 H,+ 2 P - 2HE 0.046 -
2. O+H,- H+OH 5.06 1¢ 2.67 6285.85 2. H+Pt HO 1.0 -
3. H,+OH< H,O+H 1.0010% 160 3292.28 3 0,+2Pf) ., 2008 0.07 -
4. OH+OHe- O+HO 15016° 1.14 100.38 4. O+Pt . 0® 1.0 -
5 H+H+Me H,+M 1.8016%8 -1.00 0.00 5. H,0+ P 5 H,08 0.75 -
6. O+0+M-o 0,+M 290167 -1.00 0.00 6. OH +Pfd - OH® 1.0 -
7. H+OH+M~ H,O+M 220162 -2.00 0.00 Surface Reactions A E
HO, reactions A b E 7. H®+ 08 = OH® + P 3.716* 2749
8. H+0,+M = HO,+ M 2.30108 -0.80 0.00 8. H®+OH® = H,0®+ Pt 3.716' 4183
9. HO,+H = H,+0, 25010% 0.00 693.12 9. OH®+ OH® - H,0®+ O 3.7 16' 11520
10. HO,+H < OH + OH 150164 0.00 1003.82 Desorption Reactions A E
11. HO,+H < HO+O 3.0016% 0.00 1720.84 10. H®+ H®  H, + 2 P 3.716' 16109 - 143%,
12. HO,+O = OH+ 0O, 1.8016°% 0.00 -406.31 11. O+ O , O, + 2 Pt 3.716* 50956 - 1434®,
13. HO,+OH < H,O0+ O, 6.0010% 0.00 0.00 12. H,09 - H,0 + Pf) 1.0103 9632
H,0, reactions A b E 13. OH® _, OH + Pf® 1.0 16% 46080
14. HO,+ HO, = H,0,+ 0, 2.50 10 0.00 -1242.83 aEﬁgclg?&rlﬂtneogi.efﬂments: k = A exp(-E/RT) withiiole-cm- Kelvin-sec]
15 OH+OH+ M+~ H,0,+M 3.2516> -2.00 0.00 :The hydrogen adsorption is first order with respecplat.inum.
16. H,0,+H = H,0 + OH 1.00 103 0.00 3585.09 m%%);%%%slgf:kmg coefficient is temperature dejgt:y,,= 0.07(T/T)
17. H,0,+H < H,+ HO, 1.7016%2 0.00 3752.39
18. H,0,+0O = OH + HG, 2.8016° 0.00 6405.35

19. H,0,+OH = H,0+HQ, 540102 0.0 1003.82

2 Reaction rate coefficients: k = A Exp(-E/RT) with A [mole-cm-Kelvin-sec]
and E [cal/mole].
Third body efficienciesa,,, = 6.5,04, = 0.4, andx, = 0.4.

1.6 Numerical method

The solution algorithm has been developed on tkeslmd a laminar Bunsen flame code [9][15]. The
governing equations and boundary conditions arerelized on a two-dimensional tensor-product
grid using a finite difference technique [16]. Thesulting system of highly nonlinear coupled
equations is solved with a damped Newton’s metiddl. [A preconditioned Bi-CGSTAB algorithm
is used to solve the large sparse linear systeisia@during Newton iterations [18].

Additionally, the numerical evaluation of the cheali production rates, thermodynamical
properties, and transport coefficients imposesqadar attention in order to limit the computatibna
cost of the solution. Thus, all properties are waled using vectorized and highly optimized gas
phase chemistry, surface chemistry and transpbraries, respectively named: CHEMKIN II
[19][20], SURF CHEM]I5][21], and EGLIB [22].
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2. Numerical conditions

This study aims to better understand the impastedm, pressure and temperature on the hydrogen
ignition inside PARs during a severe accident. Agsd step in the investigation of this issue, in
spite of the intrinsic coupling between these tharhydraulic quantities, we analyze independently
their influence on the PAR hydrogen ignition. Thémee series of calculations with the SPARK
code are conducted to study respectively the implasteam, pressure, and temperature. Each series
varies one of these parameters and keeps the twersotonstant. By this way, we evaluate the
impact of thermal-hydraulic conditions on PAR hygka ignition for:

= steam concentration between 0 % and 50 %,
= pressure between 0.1 atm and 5.0 atm,
= temperature between 298 K and 423 K.

The specific inlet conditions for the investigatiohthe impact of steam, pressure and temperature
on hydrogen ignition are detailed in the next sedi

All calculations are performed using a symmetrigatl planar numerical domain which is 0.5 cm
wide and 17 cm high. The catalytic plate is locaaed cm from the inlet and it is 15 cm long. The
reference grid is a regular Cartesian mesh witkx 8 nodes. This quite coarse grid has led to
reasonable results during a grid convergence asalfstually, the high number of calculations

necessary for this study imposes to optimize tbest in CPU time while preserving the numerical
accuracy. Now, before investigating the impactharinal-hydraulic conditions on PAR hydrogen

ignition, we need to define a criterion for chaegizting hydrogen ignition inside the recombiners.

3. Characterization of the PAR hydrogen ignition

In order to identify the PAR hydrogen ignition, watroduce two characteristic quantities
respectively related to the heterogeneous (i.@¢hercatalytic surface) and homogeneous (i.e. in the
gas phase) hydrogen combustion:

= the total surface heat release rate:

Yotlp

Q=- I thMka)k , (18)

Yo k=1

= and the total gas phase heat release rate:

Q;Ot = _I_TzhkM kO (19)

00 k=1

where | is the channel length, h the channel wiglhe vertical location of the catalytic plate, and
Ip its length.

The PAR ignition limit is defined as the point waehe heat production on the catalytic platesstart
decreasing and heat production in the gaseous gtese increasing significantly (Figure 3). Then,
the hydrogen (or any relevant species) concentratiagnition is determined by the intersection of
the tangent to the total gaseous heat releasatrghe inflection point with the horizontal axiA|1
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Figure 3 illustrates this criterion foroFAir mixtures without steam. In this example, igoiit occurs
at 5.4 % of hydrogen what is in good agreement exiberimental data [1].

.!...,!..,.40

Tangent in the
inflection point

S NPT [ P P
3 4 5 6 7 8
XHZignition XHalnl(%)

Figure 3 PAR hydrogen ignition criterion

By using the above criterion, the more detailedgbl@tion branch is, the more accurate the ignition
limit. For this reason, the code SPARK has beerentd¢ enriched by a pseudo-continuation
algorithm enabling the solution branches to be mateacally refined according to their curvature.

4. Impact of steam on the hydrogen ignition limit

The concentration of steam in the reactor contaimnsea key feature for the assessment of a severe
accident. Its impact on the hydrogen ignition limsibne of the consequences of a low or high steam
concentration.

This series of calculations aims at applying thiéedon presented previously to the solution
branches obtained with the numerical conditiongitkt in Table 3. The inlet velocity is a typical
average velocity observed at PAR inlet during tkeeeiments. The temperature is held constant at
298 K although water can be liquid at this comboratof temperature and pressure. This set of
parameters is only used for a first analysis ofitingact of the temperature.

Table 3 Numerical conditions for the impact @fash

Ty, = 298K p=1latm
Vi; = 80cm/s  3%<X, <10%
0% <X, o <50%

A first qualitative analysis of the flow structubetween two catalytic plates reveals the strong
impact of steam on hydrogen ignition (Figure 4)tusatly, while the temperature fields do not seem

to be affected by the steam concentration, it ajgpibeat OH radical tends to disappear when steam
concentration increases. As OH radical characterthe homogeneous hydrogen combustion, it
yields that steam can modify the ignition mechanism
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Figure 4 Impact of steam on the flow structuré%tof hydrogen and without steam

A deeper analysis in Figure 5 confirms the sigaificinfluence of steam on the catalytic hydrogen
ignition. Steam clearly delays the ignition, andréfore leads to higher hydrogen concentrations at
ignition. For concentrations beyond 54 %, no igmtcould be observed numerically. This result is
coherent with the experimental flammability limit loydrogen in air-steam mixtures: no ignition
above 58 % of steam.

O — O — r .
_ H28= 0% | E[— H20= 0% ||
— H20=10%|_ I I N ] E| — H20-10%] |
70 El — H20-20%| ! ] f 70 El — H20-20%|
E H20=30%| 3 E H20=30%| ; | 3
60 H — H20=40%| 60 B — H20=40%]i - mmomoomioridion b A2
H20=50%| E 3 H20=50%|

H20=54%| H20=54%]

Figure 5 Impact of steam on the surface (left) gaseous (right) total heat release rates

Table 4 gives an overview of absolute and relagiwéts of the hydrogen ignition limit according to
the steam concentration. Thus, by increasing tkanstconcentration from 0 % to 50 %, the
hydrogen concentration at ignition rises by abau®efrom 5.41 % to 7.76 %.
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Table 4 Impact of steam on the hydrogen ignitiit

Xh20 (%0) | Xuzigni (%) | A Xuprelative (%)
0 541 -
10 6.00 10.89
20 6.48 19.87
50 7.76 43.62

Figure 6 presents a comparison in the ternary dmg(t:, Air, H,O) of the entire numerical
hydrogen ignition limit with the available experimal database. It shows a good agreement
between SPARK calculations and experiments. It lshba noted that each numerical point in the
ternary diagram results from the calculation ofemtire solution branch. Therefore, the previous
solution branches in Figure 5 allow defining theeppart of the PAR hydrogen limit in the ternary
diagram. For more details about the proceduretabish this limit, readers are referred to [6].

—— Flammability limit
—— SPARK ignition limit
@ H2PAR (no ignition)
8 KALI-H2 (no ignition)
@ H2PAR (ignition)
@ KALI-H2 (ignition)
O THAI-AREVA (ignition)
O THAI-AECL (ignition) 0.6, /

E Y

/
o/

Figure 6 Hydrogen ignition limit inside PARs

5. Impact of pressureon the hydrogen ignition limit

The pressure inside the reactor containment isalgswain importance in the assessment of a severe
accident. Beyond the obvious issue related torttegyrity of the containment, the pressure can affec
the behavior of the recombiners, then have an ilpac¢he standard PAR hydrogen ignition limit,
and finally increase the maximum containment pressucase of hydrogen combustion.

Table 5 Numerical conditions for the impact cégsure

n = 298K Olatm<p<5atm
Vi; = 80cm/s  3%<X, <8%
X0 =0%

Calculations are performed for a wide range of sues which includes representative thermal-
hydraulic conditions for PWRs and for the futureER facility. Actually, the low containment

pressure with 0.1 atm is dedicated to the ITERlifgciThe numerical conditions for the impact of
pressure on hydrogen ignition limit inside the mabmers are listed in Table 5. The set of
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parameters listed in this table does not represaiistic containment conditions, but is only used
for a first analysis of the impact of the pressure.

T (K) OH (%)
— 1200 0.02
1100 0.018
1000
0.016
900
0.014
800
700 0.012
600 0.01
500 0.008
400
0.006
300
.004
200 0.00
100 0.002
0 0

p=0.1 atm p=1.0atm p=2.0 atm p=0.1 atm p=1.0 apn2.0 atm

Figure 7 Impact of pressure on the flow struchir6% of hydrogen without steam

Figure 7 illustrates the impact of pressure on flbes structure between the catalytic plates.
Contrary to steam, pressure significantly moditiegh the temperature and OH radical fields. In
other words, the surface and gaseous heat relatese depend directly on the pressure. In fact, it
appears that hydrogen ignition tends to disappelaenwthe pressure drastically increases or
decreases around the ambient pressure.

140:"" T T rr Ty T T 140:----|--"| T
E : i [— p=0.1atm]3 | — p=0.1atm| ! i
F ! ¢ — p=0.5atm|j F| — p=0.5atm i /
120 E S=1.0atm'§ 120 H — E=1.0atm
‘ | e =
3 : s ; =2 E 3 p=-2z.0aim
100 o plgsam 100 f  pI2sam
STy T T N — b-40am|: e ik — P-40am
§ E 055.0 atm E p=5.0 atm
3 60 _ 5 O | AT
N E 3 (=2]
(@] é i ' é ]
40 BT _; ............................................................
0 E r - 1 — .
3 4 5 6 7 8 5

Xpip (%) Xo"(%)

Figure 8 Impact of pressure on the surface (&&ft) gaseous (right) total heat release rates

Figure 8 reveals in more detail the influence adsgure on the hydrogen ignition limit inside the
recombiners. At 0.1 atm no ignition could be obsdmumerically. At such a low pressure, only a
weak catalytic activity remains on the surface. e catalytic recombination rate is roughly linea

with pressure), the catalyst temperature is vewy, land no homogeneous combustion can be
ignited. As the pressure increases, the ignitiamtlis shifted to higher hydrogen concentrations.
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The ignition is significantly delayed because o thigher catalytic recombination rate of hydrogen.
Thus, only a low concentration of hydrogen in tlesaepus phase remains, and ignition becomes
progressively impossible.

Table 6 Impact of pressure on PAR hydrogen ignitimit

p (atm) | Xnzigni (%) | AXnorelative (%)
0.1 - -
0.5 5.27 -1.50
1.0 5.35 0.00
2.0 573 7.10
50 6.39 19.44

An overview of the absolute and relative deviatiosn the standard limit at 1 atm is presented in
Table 6. Almost 20 % more hydrogen is necessargrtibe the mixture if the pressure is increased
from 1.0 atm to 5.0 atm.

—— Flammability limit
—— SPARK (p = 1.0 atm)
—— SPARK (p = 2.0 atm)
—— SPARK (p = 5.0 atm)
@ EXP (no ignition)
@ EXP (ignition)

Figure 9 Impact of pressure on the hydrogenigmiimit

Figure 9 demonstrates the shift of the PAR hydragaeition limit to higher concentrations when
pressure increases. Despite experimental datgfdran inside the recombiners are only available
at 1.0 atm, the numerical results seem to be demsisActually, a recent experimental study on a
dedicated catalytic reactor at Paul Scherrer listihas shown the progressive extinction of
catalytically stabilized hydrogen flames when poessncreases above 4 atm [23].

6. Impact of temperature on the hydrogen ignition limit

Temperature is the last feature considered instioidy of the impact of thermal-hydraulic conditions
on the hydrogen ignition inside the recombinerse Témperature inside the reactor containment, as
well as the pressure, is determining for the assest of a severe accident. Actually, the
temperature can modify the behavior of recombingrsn have an impact on the standard PAR
hydrogen ignition limit, and consequently incresise maximum containment pressure in case of
hydrogen combustion.
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Table 7 Numerical conditions for the impact ohperature

p = l0atm 298K < T,; 423K
Vi; = 80cm/s  3%<X, <8%
X0 =0%

Calculations are performed for a representativgeast temperature inside PWRs. Pressure is kept
constant to point out the separated effects of éeatpre. The numerical conditions for the impact of
temperature on hydrogen ignition limit inside teeambiners are listed in Table 7.

T(°C) OH (%)
— 1200 0.02
1100 0.018
1000
0.016
900
0.014
800
700 0.012
600 0.01
500 0.008
400
0.006
300
. 0.004
100 0.002
0 0
T=298K T=400K T=440K T=298K T=400K T=440K

Figure 10 Impact of temperature on the flow st at 4.8% of hydrogen without steam

As observed for the pressure, Figure 10 revealsthigatemperature modifies both the temperature
and OH radical fields. In fact, while there is nél @adical at ambient temperature, an increase of
the inlet temperature leads to a significant préidncof OH radical.

60 LI LI L L LA BE AL T N N 60 LI . L (L AL A
: : § — T=298K |3 E[— T=298K i : %
| | ! — T=323K |] E| — T=323K
,,,,,,,,,,,,,,,,, ] — T =348K E T = 348K
50 : ; f T - 373K |3 S0 F| — 7' 37k
3 : ; T=398K |3 E| — T=398K
—~ 40 T = 423K . 40 f— f_rf_?_z_gtg_ : : / =
£ : : i ; E E E : 3 1 2 E
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Figure 11 Impact of temperature on the surfaei) (ind gaseous (right) total heat release rates
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Therefore, an increase of the inlet temperaturenset® accelerate hydrogen ignition inside the
recombiners. Actually, the inlet conditions becooh@ser to the auto-ignition conditions in the gas
phase. A deeper analysis of the impact of temperatlm hydrogen ignition inside recombiners
(Figure 11) shows that the inlet temperature shifts PAR hydrogen ignition limit to lower
hydrogen concentrations. Indeed, Figure 11 revbalsthe surface heat release rate decreases when
the temperature increases. Thus, more flammableobgd remains in the gas phase for similar
surface temperatures, and PAR hydrogen igniti@ccelerated.

Table 8 Impact of temperature on PAR hydrogeitigmlimit

T (K) | Xuzoinfl (%) | AXuorelative (%)
298 5.35 0
348 4.97 -7.10
398 4.68 -12.52
423 451 -15.70

An overview of the absolute and relative deviatifmosn the standard limit at 298 K is presented in
Table 8. Almost 16 % less hydrogen is necessatigrite the mixture if the inlet temperature is
increased from 298 K to 423 K.

Figure 12 Impact of temperature on the hydrogeition limit

Finally, Figure 12 demonstrates the slight shifttoé PAR hydrogen ignition limit to lower
concentrations when the inlet temperature incred@3estrary to the impact of pressure on hydrogen
catalytic ignition, the impact of temperature appexperimental data to corroborate this trend.

7. Conclusion

This study aimed at a first analysis and understgndf the impact of the three main thermal-
hydraulic parameters - steam, pressure and tenperaénd their impact on the PAR ignition limit.
The calculations have been performed with a deglicaumerical 2D CFD code named SPARK
which is developed at IRSN.



The 14™ I nternational Topical Meeting on Nuclear Reactor Ther malhydraulics, NURETH-14
Toronto, Ontario, Canada, September 25-30, 2011

The analyses of the impact of steam, pressure emgerature have been driven independently.
Higher steam concentrations in the mixture cleartyeased the hydrogen ignition concentration.
Elevated pressure led to a delayed ignition of bgedn inside PARs. This is due to the better
recombination of hydrogen and oxygen on the catalgtates which causes a lower remaining
hydrogen concentration in the gaseous phase. Q@gnta pressure, increased temperature
accelerated the heat production in the gaseousephiad therefore the hydrogen ignition inside
PARs. The higher temperature at the inlet bringsrttixture closer to the auto-ignition point and

therefore supports an ignition in the gaseous phsisthe same time the catalytic recombination is
mitigated with increasing temperature. The numdyicachieved results are confirmed by

experimental observations.

In the future, coupled analyses will have to beedtm study the complementary and competing
influences of steam, pressure and temperature enPWR hydrogen ignition. Additionally,
investigations on the recombination of carbon mamexand the competition between carbon
monoxide and hydrogen in terms of passive autogatalecombination are scheduled for the near
future. Due to a considerable amount of carbon migleoproduced in line with a severe accident
with core meltdown in presence of concrete and rosteucture materials, these analyses are
necessary to better prevent both hydrogen and sartomoxide ignition.
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