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A B S T R A C T

The combustion of flammable gases, such as hydrogen (H2) and carbon monoxide (CO), during severe accidents 
in Light Water Reactors might threaten the containment integrity. In this context, the AMHYCO project, funded 
by the European Commission, aimed to enhance the understanding of combustion risks in Pressurized Water 
Reactors and assess accident management strategies. The presented study, conducted within AMHYCO, uses the 
integral code MELCOR v2.2 to systematically analyse the combined role of Passive Autocatalytic Recombiners 
(PAR) and safety systems in mitigating combustion risks. The H2 and CO evolution is simulated in two reference 
scenarios for a generic 1000 MWe Pressurized Water Reactor: a Large Break Loss of Coolant Accident (LBLOCA) 
and a Station Black-Out (SBO). Results show that PARs effectively reduce flammable gas concentrations, though 
their performance depends on accident conditions. In low-steam scenarios and early vessel failure, such as a 
LBLOCA, combustible gas accumulation poses a significant challenge, especially during the ex-vessel phase. In 
these scenarios, reducing the containment cooling capacity has advantages for the combustion risk without 
affecting PAR's recombination capacity. Nonetheless, if pressure approaches the design pressure, reducing it 
might be a priority. In contrast, high steam concentration in SBO dilutes flammable gases, lowering combustion 
risk. The study quantifies the impact of spray-system recovery time, highlighting the importance of delaying 
activation timing so that PARs deplete enough combustible gases and oxygen to prevent deflagrations. These 
findings emphasize the need for specific accident management strategies to optimize PAR operation and cooling 
systems.

1. Introduction

In the evolution of a severe accident in a Light Water Reactor (LWR), 
hydrogen (H2) can be generated by steam reaction with overheated 
zirconium and stainless steel in the Reactor Pressure Vessel (RPV). 
Moreover, in case of RPV failure, molten material might fall into the 
cavity and interact with the concrete (ex-vessel phase of the accident). 
The thermal decomposition of the concrete will produce steam and CO2 
that, when bubbling through the molten material, will result in further 
generation of H2 and CO by oxidation of the metals remaining in the 
corium. The amount of combustible gases generated depends on the 
corium and concrete composition. The accumulation of H2 and CO in the 
containment might form a flammable cloud that could threaten 
containment integrity and safety system components. Such energetic 
phenomena happened in the containment of TMI-2 [1] and in the reactor 
buildings of Units 1, 3 and 4 at the Fukushima-Daiichi Nuclear Power 
Plant [2].

Combustible gas hazards in nuclear power plants have been studied 
for a long time. Substantial effort has been made internationally to 
synthesise up-to-date knowledge on analyses related to hydrogen and 
carbon monoxide generation, distribution, combustion as well as miti
gation measures [3–5]. Given hydrogen's safety relevance and the lack 
of knowledge, the combustion risk was ranked as a high-importance 
issue in the EURSAFE [6] project and, more recently, by the NUGENIA 
association [7]. Moreover, dynamic loads that threaten the containment 
integrity caused by deflagrations have become a key concern in nuclear 
safety. In particular, the post-Fukushima stress tests performed in Nu
clear Power Plants (NPP) in the European Union highlighted the need to 
implement mitigation measures to prevent hydrogen explosion hazards 
[8]. The IAEA also defined the safety requirements and acceptance 
criteria for NPPs to ensure containment integrity in severe accident 
conditions [9]. Furthermore, to avoid excessive accumulation of 
combustible gases and to prevent potential uncontrolled combustion, 
Passive Autocatalytic Recombiners (PARs) are an effective mitigation 
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measure against hydrogen and carbon monoxide hazards [5,10].
In this context, the AMHYCO project [11] was launched in 2020 

under the coordination of the UPM (Universidad Politécnica de Madrid) 
and with the funding of the European Union. The main objective of the 
project was to extend the understanding of H2 and CO combustion risk 
that supports an optimization of accident management measures in the 
present Pressurized Water Reactors (PWR). A workpackage (WP4) of the 
project was devoted to conducting a comprehensive analytical assess
ment regarding the H2 and CO combustion risk and the interactions 
between the mitigation measures (PAR) and safety systems (venting, 
sprays, or fan coolers) in different generic PWR containments [12]. 
Within this workpackage, CIEMAT performed a set of simulations with 
MELCOR v2.2 [13] in a generic containment representing a 3-loop 
Westinghouse PWR-1000 MWe reactor.

The MELCOR code and other lumped-parameter (LP) codes compute 
fluid properties as volume average within a given control volume and 
therefore tend to amplify mixing in a necessarily coarse nodalization. In 
addition, inter-compartment flows are affected by these volume- 
averaged properties. In this context, users must be aware that the re
sults will not provide local details but global trends. Nonetheless, 
MELCOR has been used in containment interpretation of several ex
periments, which have allowed the validation of its model for hydrogen 
mitigation [14–16]. MELCOR has also been used, together with other LP 
codes, in benchmark exercises such as those defined in the SARNET 
project in plant application [17]. Moreover, in recent years, MELCOR 
has been used by several international organizations for the simulation 
of hydrogen behaviour in different types of nuclear power plants: PWR 
[18–20] or VVER [21]. MELCOR can then provide valuable results about 
the PARs' performance in combination with other safety systems. 
However, fewer publications used MELCOR-based PAR modelling to 
derive accident management-oriented insights on the time-dependent 
interaction of PARs and other containment systems.

The objective of this paper is to systematically assess how in- 
containment safety systems interact with PARs and how these in
teractions affect their efficiency in removing combustible gases during 
both in- and ex-vessel phases of a severe accident, as well as the resulting 
impact on the containment atmosphere's flammability margin. For a 
detailed analysis of accident management, two sequences are selected: a 
LBLOCA (Large Break Loss of Coolant Accident) and a SBO (Station 
Black-Out) [22,23]. These scenarios represent, respectively, low-steam 
and high-steam conditions, which strongly influence the combustion 
risk. The main insights from this analysis focus on the operation con
ditions, steam dilution, oxygen depletion, and pressure control.

2. Approach and model

2.1. Approach

The basis of the sequence analysis in the AMHYCO project [12] is the 
extension of the generic containment model methodology developed in 
the SARNET-II project [17] to different PWR containment designs. To 
meet the objectives of the AMHYCO project, the generic containment 
model must be built up from publicly available data [24] and the 
boundary conditions and nodalization must be determined precisely. 
This methodology uses LP codes to simulate the full plant for different 
sequences to determine the fluid releases and heat exchanges within the 
containment atmosphere, as well as the initial conditions. These data are 
then used to define external sources in the generic containment 
stand-alone model by appropriate data files.

Based on this model, CIEMAT has built up the MELCOR v2.2 dataset 
for the generic Westinghouse PWR containment. The mass and energy 
sources defined in AMHYCO are then treated as external sources in the 
MELCOR containment model. Besides, the heat transfer from the molten 
corium in the cavity is set as a direct heat source into the cavity atmo
sphere. Fission products, and therefore their associated heat, are 
considered in the simulations. Boundary condition data for the LBLOCA 

sequence have been obtained from the simulations performed by CIE
MAT, whereas the SBO simulations have been carried out by IRSN, also 
as part of the project [22,23].

2.2. Containment nodalization

The total internal free volume of ~6.1⋅104 m3 is represented by 11 
different control volumes (Fig. 1) with an additional large volume to 
model the environment. A total of 32 flow paths are defined to model the 
gas flows between these volumes. The flow path lengths are defined as 
the center-to-center distance between volumes. This definition follows 
the guidelines in the MELCOR's manual [13]. Finally, the model con
siders 71 heat structures that capture the total heat capacity and heat 
transfer area of all concrete and steel containment surfaces.

Concrete properties are taken from literature for representative high- 
density concrete (2500 kg/m3). Because steam condensation promotes 
the combustion risk, the concrete thermal conductivity, λ, as a function 
of the concrete temperature T, is set to the upper limit in EUROCODE 
[25], 

λ=2 − 0.2452
(

T
100

)

+ 0.0107
(

T
100

)2

W
/

m⋅K 

which is significantly higher than MELCOR's default value of 0.93 W/ 
m⋅K [13]. It is worth noting that if the simulation interest were focused 
on the rise in containment pressure, the lower limit on thermal con
ductivity would give more conservative results.

The BURN package of MELCOR, devoted to simulating the combus
tion of gases, is not activated since one of the aims of this work is to 
explore the possible accumulation of combustible gases and their 
removal by PARs without being affected by possible deflagrations.

2.3. PARs model

PAR's efficiency to recombine H2 by reacting with O2 is modelled 
using control functions based on the Framatome correlations for 
recombination mass rates [26,27]. These correlations have been 
extended within the AMHYCO project to conditions with low oxygen 
concentration and/or significant CO fraction, such as those found in the 
ex-vessel phase of a severe accident. The general expression for the 
recombination rates of PARs can be written as: 

RH2 = ηH2 ⋅ (k1 ⋅ P+ k2)⋅ Coff (1) 

RCO = ηCO ⋅ (k1 ⋅ P+ k2)⋅ Coff (2) 

where ηH2 and ηCO, are the effective H2 or CO concentration for 
recombination. P is the pressure and Coff is the cut-off condition. Finally, 
k1 and k2 coefficients depend on the PAR dimensions. Details of these 
expressions are given in the paper by Braun and Reinecke [28].

The only system considered for combustible gas depletion is PARs 
and no thermal recombiner or igniters are considered in this work. A 
total of 40 PARs of two different sizes, FR-1500T and FR-960, are 
distributed in the containment as detailed in Table 1 [24].

3. Sequences description

Two accident sequences are simulated: LBLOCA and SBO. These se
quences were selected within AMHYCO for their relevance to contain
ment integrity [22,23]. Both have very different characteristics that 
make them of interest. The first one, LBLOCA, evolves with a relatively 
low containment steam concentration, and consequently, so does the 
pressure, while the fraction of combustible gases is significant. In 
contrast, SBO evolves with high vapour content and high pressure, while 
the combustible gas fraction is moderate. In none of the sequences does 
the pressure reach sufficiently high levels to require the activation of the 
FCVS (Filtered Containment Venting System).
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The LBLOCA is initiated by a double-ended guillotine break in the 
hot leg of the pressurizer's loop. Therefore, water and steam are dis
charged into the containment almost immediately (t = 0.003 s) in the 
SG1 compartment (Table 2). Hydrogen generation due to core degra
dation begins at 1200 s. Later in the sequence, the RPV fails early in the 
sequence (t = 2.4 h), and the ablation of the limestone concrete in the 
cavity initiates at 2.6 h with the subsequent generation of H2 and CO by 
Molten Corium-Concrete Interaction (MCCI).

For the LBLOCA base case, sprays are automatically activated early 
in the transient due to a high-containment pressure signal. The activa
tion setpoint is 2.6 bar to sprinkle water into the dome at a constant flow 
rate of 0.208 m3/s. The initial spray water is supplied from the external 
RWST (Refueling Water Storage Tank) at 30 ◦C. When the RWST in
ventory is depleted (approximately 2.1 h after injection stars), the spray 
system switches to recirculation mode, taking water from the contain
ment sump. To model the heat exchanger's effect during recirculation 
operation, the water injection temperature is set to 30 ◦C below the 
sump temperature.

Due to the loss of electrical power in the SBO, none of the in- 
containment safety systems are available at the beginning of the 
sequence. The overpressure in the reactor coolant system is relieved 
through the pressurizer safety valves towards the PRT (Pressurizer Relief 
Tank). The H2 produced by the cladding oxidation is also conducted to 
the PRT with the steam. When the PRT rupture disk breaks at t = 2.4 h, 
steam, and later also H2, are discharged into the containment's annular- 

east (ANN-E) compartment (Table 2). After this event, the release from 
the primary circuit is regulated by the pressurizer's safety valves. The 
first H2 release into the containment is produced at t = 3.81 h. The RPV 
fails at t = 11.58 h, and the concrete decomposition starts in the cavity at 
t = 11.60 h. In this sequence, siliceous concrete is assumed in the cavity. 
Table 2 summarizes the chronology of the main events in the sequences.

Different cavity concrete compositions were intentionally selected in 
the two base sequences to span contrasted MCCI gas-production regimes 
relevant to H2/CO combustion risk and PAR performance. The LBLOCA 
base case assumes limestone concrete to represent CO-richer MCCI 
under low-steam conditions, which is particularly challenging for PARs 
in the ex-vessel phase. The SBO base case assumes siliceous concrete to 
provide a complementary, more H2-promoting MCCI regime under high- 
steam conditions. Finally, the sensitivity effect with the concrete 
composition is also analysed (section 4.2.3) to explicitly assess the 
impact of increased CO generation and H2/CO competition on PAR ef
ficiency, particularly under spray-recovery conditions.

Starting with the base case for each sequence, sensitivity calculations 
are performed to analyse the effect of different safety system actuations 
on the evolution of combustible gas clouds and their combined impact 
with PARs.

4. Results

4.1. Large break LOCA (LBLOCA)

The LBLOCA is characterized by an initial sudden rise in containment 
pressure at the beginning of the transient, driven by rapid water-steam 
discharge. As a direct consequence, the containment spray system is 
automatically activated (Table 2). The main effect of the spray is a 
reduction in containment pressure through the condensation of steam on 
the water droplets. After about 2 h of operation, the sprays switch to 
recirculation mode, taking water from the containment sump and re- 
spraying it after it is cooled in the intermediate heat exchanger.

In this LBLOCA sequence, the discussion focuses on the dome 
compartment because the combined effects of thermal-hydraulic con
ditions of the gas release, containment layout, and sprays operation in 
the dome make it the most representative compartment regarding gas 
combustion.

The fast generation of H2 in the in-vessel phase, but especially the 
sustained generation of H2 and CO by MCCI in the ex-vessel phase, leads 
to the accumulation of combustible gases in the containment up to 

Fig. 1. Containment nodalization.

Table 1 
PARs distribution inside the containment [24].

Cavity SG-1 SG-2 SG-3 Ann-E Ann-W PZR Stairs-E Stairs-W O.P. DOME

Volume (m3) 775 1469 1717 1906 3306 3458 411 111 218 1178 46744
FR-1500 - 2 2 2 2 2 - - - - 10
FR-960 2 4 4 4 - - 3 1 1 1 -

SG, steam generator; Ann, annular compartment; PZR, pressurizer compartment; O.P., outage pool; E, east; W, west.

Table 2 
Sequence description and main events timing.

LBLOCA SBO

Spray activation 4.1 s Not available
Sprays switch recirculation 2.1 h Not available
Containment fan coolers OFF Not available
Discharge compartment SG1 ANN-E
Fluids release 0.003 s 2.4 h
First H2 release 1200 s 3.81 h
RPV failure 2.4 h 11.58 h
Onset of MCCI gases generation 2.6 h 11.60 h

RPV, reactor pressure vessel; MCCI, molten core-concrete interaction; SG, steam 
generator; ANN-E, annular-east compartment; LBLOCA, Large Break Loss of 
Coolant Accident; SBO, Station Black-Out.
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flammability conditions [3,5], as shown in the Shapiro diagrams below. 
The low steam concentration resulting from spray operation means the 
steam dilution is insufficient to prevent the cloud from becoming 
flammable.

Finally, different sets of parametric cases are analysed to assess the 
impact of PAR recombination capability (section 4.1.1) and cooling 
system activations (section 4.1.2) on the containment atmosphere.

4.1.1. Effect of PAR performance
In a severe accident, the catalytic plates of PARs could become 

contaminated by smoke, oils, or other organic substances and may 
partially lose their recombination capability. For this reason, three 
recombination efficiencies are considered to explore the effect of PAR's 
degradation: 100% (full capacity), 75% (degraded), 50% (severely 
degraded). The simulation without PARs is presented as a limiting case.

The impact of different PAR efficiencies on containment pressure and 
on the dome's temperature (Fig. 2) is overall small. PAR operation has 
two effects: the formation of steam by reacting H2 and O2 (with a net 
reduction in molar content) and the heating up due to the exothermic 
recombination reaction. The operating spray system mostly condenses 
the produced steam, thereby increasing the effect of reducing the 
number of moles in the containment atmosphere. Besides, the spray 
system also partially compensates for the heat released by the PARs.

Results show that PARs are effective, even with a “reduced effi
ciency”, in avoiding conditions of uncontrolled combustion in the in- 
vessel phase. This is consistent with the recombination dependence on 
combustible gas concentration. Nonetheless, the assumed PAR system is 
insufficient to prevent flammability during the ex-vessel phase when CO 
and H2 are generated and accumulated in the containment. This 
behaviour is due to the large generation of combustible gas after the 
onset of the MCCI. Due to the low steam concentration of this scenario, 
the gas mixture deeply enters the flammability region in the Shapiro 
diagram for the dome compartment (Fig. 3). In the long term, during the 
accident evolution, the steam and CO2 generated by MCCI, once the 
corium gets completely oxidized, partially dilute the flammable cloud. 
This fact, combined with the prolonged operation of PARs, reduces the 
concentration of combustible gases, especially oxygen, making the 
containment atmosphere inert (Fig. 3).

4.1.2. Effect of cooling systems
Besides the spray system, the PWR-W containments are equipped 

with fan coolers to provide the containment with suitable cooling. Fan 
coolers are activated automatically by a containment high-pressure 
signal (setpoint at 1.3 bar). The operation of fan coolers simulta
neously with the failure of the spray's intermediate heat exchanger (HX) 
between the sump and the spray nozzles is postulated. Moreover, the 
total loss of cooling capacity in the recirculation mode is also considered 
(i.e., unavailability of the HX). Therefore, three different cases are 
considered: 

• Sprays working as expected (i.e., with the HX in the recirculation 
mode).

• Unavailability of the HX (labeled as Sprays w/o HX in figures below).
• Unavailability of the HX with parallel operation of fan coolers 

(labeled as Sprays w/o HX + FC in figures below).

As long as the spray system draws water from the external RWST, the 
HX is not in use. Thus, significant deviations between these cases occur 
only after the spray system switches to recirculation mode. The simul
taneous operation of fan coolers with the spray system in the injection 
mode leads to a very slight reduction of the pressure and temperature in 
the dome (Fig. 4). The evolution of the pressure and dome's temperature 
differs more after the start of the recirculation mode (t > 2 h). Without 
the HX, the water sprayed into the containment dome has the temper
ature of the water in the sump. Consequently, the spray system loses its 
efficiency due to steam condensation. The first effect is a fast rise in both 

pressure and temperature in the containment. At the conditions reached 
at about 2.5 h, fan coolers are able to keep up with the energy release 
from the core melt. Therefore, the pressure evolution follows the one for 
the normal spray operation, although moderately higher. The lack of any 
cooling system (no HX or fan coolers) causes the sprayed water tem
perature and the steam content to rise continuously and more rapidly 
than in the other two cases with heat removal (Fig. 4). Considering only 
the combustion risk, the most favorable case is the one without any 
cooling system for the containment (Fig. 5).

The cooling capacity of the containment (i.e., fan coolers and HX) 
hardly has any effect on the recombination rate by the PARs (Fig. 6). 
Indeed, the recombination correlation for both H2 and CO (Eqs. (1) and 
(2)) depends basically on the partial pressure of each gas in the atmo
sphere surrounding the PAR and does not include a direct dependence 
on steam. The only noticeable effect of steam is a shorter cutoff time due 
to CO poisoning of catalyst plates at low O2 concentrations. The higher 
the pressure (no heat exchanger), the lower the O2 concentration, and 
the earlier the cut-off criterion for the PARs is reached.

4.2. Station Black-Out

In a SBO, the containment pressure starts rising when the pressurizer 
relief tank disk ruptures. At this instant (t = 2.4 h), the H2-mixture 
accumulated in the PRT is released into the containment. After the disk 
rupture, communication between the primary system and the contain
ment is primarily governed by the cycling of the pressurizer safety 
valves, which continue releasing steam to the containment in the 
annular-east compartment (ANN-E). Results and discussion are there
fore reported in this compartment, since the initial accumulation of 
steam and combustible gases occurs there and represents the higher 
combustion risk.

Successive oxidation runaways and/or steam flashing in the reactor 
pressure vessel lead to the containment pressure and temperature steps 
observed between 2.4 and 10.5 h (Fig. 7). The temperature step at 10.5 
has special significance and is driven by steam flashing as hot material 
falls into the lower plenum in the highly degraded core.

These pressure surges are followed by periods of pressure relaxation 
due to steam condensation on the containment walls. At 2.6 h, the 
pressurizer valves are maintained locked open for the rest of the acci
dent. The decrease in pressure after 10.2 h is due to the end of steam 
release from the vessel, once the core is completely uncovered, together 
with the steam condensation on the walls. The vessel fails at 11.58 h at 
low pressure, and then the generation of gases by MCCI starts.

Due to the unavailability of safety systems, the SBO sequence is 
characterized by a significantly higher containment pressure than the 
LBLOCA sequences. From a combustion risk perspective, the high steam 
content of the containment atmosphere lowers the concentration of 
combustible gases. However, it is worth noting that, if combustion oc
curs, the high pressure might also challenge containment integrity. 
Moreover, a reestablishment of electric power is a realistic possibility in 
a SBO, and it could lead to a recovery of the spray system. The start of 
the spray system would then drastically change the flammability of the 
containment atmosphere. Spray actuation is considered in the recovery 
sensitivity cases.

4.2.1. Effect of PAR performance
Similar to the LBLOCA sequence, PAR performance is analysed 

across different efficiencies. A simulation without PARs is also given for 
comparison. The different PAR recombination rates show only a slight 
effect on the containment pressure and annular-east temperature 
(Fig. 7). In the SBO, the capability of the containment to remove heat 
and/or steam is limited to the condensation on walls. Thus, during the 
in-vessel phase and the first hours of the ex-vessel phase, the energy 
release of the PARs contributes to containment pressurization and to a 
heat-up of the containment gas phase. Regarding combustion risk, PARs 
significantly recombine H2 during the in-vessel phase, and when the 
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combustible gases accumulate well into the ex-vessel phase, the atmo
sphere in the annular-east (ANN-E) compartment is inerted due to ox
ygen depletion (Fig. 8). Therefore, PARs drastically reduce the risk of 
uncontrolled flammability, even when assuming a degraded PAR 
efficiency.

4.2.2. Effect of spray recovery time
The late recovery of sprays in a SBO, although it has positive effects 

on pressure reduction, can cause a significant rise in the concentration of 
combustible gases because of the steam removal. Therefore, in a 

scenario with PARs, the time for spray recovery has a significant impact 
on the combustion risk. Based on the scenario with PARs at full effi
ciency, different scenarios are analysed considering four different times 
for the spray activation. The earliest time considered, 4.5 h since the 
onset of power loss, is when the evolution of this specific scenario leads 
to the entry into the severe accident management criteria [29,30]. For 
the successive scenarios, the spray activation is considered at 3-h in
tervals (i.e., 7.5 h, 10.5 h, 13.5 h). The figures below compare the 
sequence evolution for the base case without sprays (labeled ‘w/o SPR’) 
with the four spray activation times considered.

Fig. 2. Containment pressure and dome's temperature evolution for the LBLOCA sequence. Comparison of PAR's efficiency.

Fig. 3. Shapiro diagram in the dome for the LBLOCA. Comparison of PAR's efficiency.
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The spray system is able to reduce the containment pressure on the 1- 
h time scale (Fig. 9). With the spray system working, the diluting effect 
of steam vanishes, and the H2 and CO molar fractions increase accord
ingly with the consequent risk of deflagrations in the annular-east 
compartment (Fig. 10). The parametric cases show that with the two 
earliest times considered (i.e., 4.5 and 7.5 h), the H2 concentrations 
exceed the lower bound of the flammability limits (Fig. 10 (a)). During 
these periods, the PARs have not depleted enough oxygen yet to make 
the containment inert. A flammable cloud is not predicted for the two 
later times (10.5 and 13.5 h). At these times, PARs have already 
recombined enough hydrogen (and/or oxygen) to avoid flammable 
conditions even with the spray activation (Fig. 10 (b)). CO is not 
involved in this discussion, as only the latter time corresponds to the ex- 
vessel phase.

After a spray activation, the composition of the containment atmo
sphere changes drastically. Nonetheless, as discussed in the LBLOCA 
sequence effect on cooling systems, this does not lead to a strong impact 
on the recombination rate of the PARs (Fig. 11). The slight effect 
observed at 12 h in the last spray activation time is due to the cliff effect 
of the PARs cut-off. At about 12 h, H2 concentration is very close to 2%, 
which is the setpoint for PARs cut-off at low combustible gas 
concentration.

4.2.3. Effect of concrete composition
An important aspect when analysing combustion risk in the ex-vessel 

phase is the generation of CO by an ongoing MCCI. It is known that the 
CO generation depends directly on the concrete composition. Therefore, 
the same study concerning spray reactivation in a SBO case is repeated, 

Fig. 4. Containment pressure and dome's temperature evolution for the LBLOCA sequence. Comparison of safety systems.

Fig. 5. Shapiro diagram in the dome for the LBLOCA sequences. Comparison of the containment cooling systems.
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but assuming a limestone-type concrete instead of a silicious concrete. 
The analysis focuses on sequences with spray recovery due to their high 
impact on flammability risk. Therefore, the same spray recovery times as 
in section 4.2.2 are considered. Results show that for all the considered 
spray activation times, the presence of CO in the ex-vessel phase moves 
the combustible mixture to flammability before containment inertiation 
due to the low oxygen concentration (Fig. 12(a) and (b)). The compe
tition between CO and H2 for reaction on the catalytic surface, along 
with the lower efficiency of CO recombination compared to H2, are the 
reasons for this outcome.

5. Conclusions

The basis of this work is a stand-alone model for a generic PWR-W 
containment that is fed with the initial and boundary containment 
conditions (i.e., mass and thermal energy input) from a LBLOCA and a 
SBO sequence. Through the LBLOCA scenario, insights into a low- 
pressure and low steam fraction scenario are gained; conversely, the 

SBO scenario does it for a high-pressure and high-steam fraction (late 
operation of sprays, though, might drastically change it).

By conducting a separate containment analysis, computation times 
were substantially reduced, enabling comparison of the simulation re
sults with those from other codes employed within the EU AMYHCO 
project.

The results presented in the previous sections lead to the following 
observations related to the scenarios' features: 

• PARs efficiently reduce the concentration of combustible gases and 
oxygen in the containment atmosphere. The latter might play a key 
role in the ex-vessel phase, turning a flammable mixture into an 
inflammable one. Scenarios with late vessel failure, like SBOs, would 
favor reaching oxygen-depleted atmospheres (<5% molar).

• In case of steam-starved scenarios, like LBLOCAs, the ex-vessel phase 
represents a challenge for a PAR system. In particular, if the reactor 
vessel fails early in the accident, PARs will not have enough time to 
extensively consume the oxygen in the containment atmosphere 

Fig. 6. Total PAR's recombination rate in the dome with different cooling systems for the LBLOCA sequence.

Fig. 7. Containment pressure and annular-east temperature evolution for the SBO sequence. Comparison of PAR's efficiency.
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before additional H2 and CO are continuously released by the MCCI. 
Given the significance of the ex-vessel phase in combustion risk, the 
availability of suitable validated correlations for H2-CO mixtures 
under oxygen-lean conditions is fundamental to this kind of analysis.

• High steam fraction during accidents implies the gas mixture dilution 
with a low molar fraction of combustible gases. Given that the PAR 
recombination model adopted is not explicitly affected by the pres
ence of steam, steam-rich conditions would be preferable without 
compromising combustible-gas mitigation, provided there is suffi
cient margin up to the design pressure.

The comparison of both sequences during in- and ex-vessel phases 
shows how H2/CO mitigation effectiveness is strongly sequence- 
dependent and a single strategy should not be assumed for all scenarios.

As for management actions, the following insights are identified: 

• PAR's reliability is sound. Even when the full PAR system capacity is 
reduced to half, the effect of PARs is evident and quantitative. The 
reason underneath is the dependence of the recombination rate on 
combustible gas concentration. Nonetheless, a large generation of 
combustible gas in the ex-vessel phase may lead to the formation of 
flammable gas mixtures within the containment.

• Recovery of cooling systems initially unavailable during the accident 
should not lead to their automatic activation. In case of prolonged in- 
vessel phases, a delayed onset of their operation beyond 7.5 h is 
recommended, so that PARs operate long enough to consume at least 
three-fourths of the oxygen initially present in the containment 
atmosphere.

Fig. 8. Shapiro diagram in the annular-east atmosphere for the SBO. Comparison of PAR's efficiency.

Fig. 9. Containment pressure evolution for the SBO sequence. Comparison of spray activation time in siliceous concrete.
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• Although particular results are scenario-specific, generally, the 
eventual depletion of oxygen in the containment allows the cooling 
system to be activated without increasing the risk for combustion. 
Nonetheless, if a rapid containment pressure rise to values close to 
the design pressure occurs, lowering the containment pressure might 
take priority.

• With the postulated assumptions on mitigation systems availability 
(PARs), large masses of combustible gases can accumulate in the 
containment in the long term of the sequence due to oxygen 

starvation. In case of initiating the FCVS, attention should be given to 
where this in-containment gas mixture will come into contact with 
oxygen-rich environmental air and where it could re-establish 
flammable conditions.

It is worth noting that the results obtained represent upper bounds 
under the conservative assumptions adopted and are not representative 
of typical PWR sequences.

Finally, the performed analyses show that any PAR system design 

Fig. 10. Shapiro diagram in the annular-east atmosphere for the SBO sequence. Comparison of spray activation time in siliceous concrete.

Fig. 11. Total recombination rate in the annular-east compartment. Comparison of spray activation time in siliceous concrete.

Fig. 12. Shapiro diagram in the annular-east atmosphere for the SBO sequence. Comparison of spray activation time in limestone concrete.
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and distribution should consider both the in-vessel and the ex-vessel 
phases. Thereby, particularly, the basement concrete composition has 
a strong impact on the composition of generated gases.
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