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Abstract  
This D2.2 deliverable gathers the results of the analysis of sequences with high H2 and CO 
combustion risk for three types of pressurized water reactors (Western, Konvoi and VVER) in terms 
of those variables that better characterize the containment scenarios (i.e., Figures Of Merit, FOMs). 
As a result, a set of sequences are selected to be addressed in WP4 and some data are used for a 
better definition of WP3 experimental matrixes.  

Keywords  
Combustion gases, SAMG, Safety, Risk Management, Accident modelling, Gases distribution 
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1. Introduction  

Most of currently operating nuclear reactors use fuel claddings made up of different zirconium -
based alloys. Zirconium itself is a highly reactive metal, which rapidly oxidizes. However, the oxide 
layer forming at the metal surface is very stable under normal plant conditions, preventing any 
further chemical attack of the cladding by water or steam. 

During a severe accident (SA), though, the fuel reaches temperatures where oxygen can diffuse 
through this oxide layer, and thus, the fuel cladding is no longer protected from further oxidation. 
Thus, a redox-reaction starts to set in, reducing the present steam to hydrogen while oxidizing 
the zirconium to ZrO2.  

At temperatures around 1500 K, the redox-reaction between Zr and steam speeds up 
exponentially. This not only causes a rapid increase in core temperatures, but also causes a rapid 
release of large amounts of hydrogen (H2) by reducing the steam. Other in-core materials like 
steel or boron carbide (B4C) also oxidize at these conditions, but these materials contribute 
noticeably less to the overall hydrogen release. In case of Reactor Pressure Vessel (RPV) failure, 
the molten corium may fall into the reactor cavity and there start to interact with the structural 
concrete. This process is called molten corium-concrete interaction (MCCI). The resulting H2Ov and 
CO2 from the concrete thermal decomposition likely oxidize remaining metallic materials in the 
corium pool and, consequently, generate additional H2 as well as carbon monoxide (CO), which is 
also a combustible gas. 

The combustible gases released during the in-vessel as well as during the ex-vessel accident phase 
accumulate in the reactor containment. As pressurized water reactors have typically non-inert 
containments, sufficient oxygen is at least initially present that combustible mixture may form and 
may ignite. Depending on the combustion regime, such combustions may threaten the 
containment integrity  by temperature loads, by quasi-static pressure loads in case of a slow 
combustion, by dynamic loads in case of a detonation . Evidences of energetic gas combustions in 
the course of a severe accident were gathered in the accident of Three Mile Island Unit 2 (TMI-2) 
(Sehgal 2012) and they were also observed in the reactor buildings of Units 1, 3 and 4 of the 
Fukushima Daiichi Nuclear Power Station (TEPCO 2015) (IAEA 2015). 

The gas combustion risk during a severe reactor accident was already identified in the Wash1400 
report  (US-NRC 1975). And despite many efforts to analyse the formation and combustion of 
combustible gases, the in-containment combustion risk was still ranked as a high importance issue 
in EUROSAFE (Magallon et al. 2005) and, more recently, it was highlighted as a high-priority issue 
by the NUGENIA association (Manara et al. 2019). Consistently with these assessments, the 
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Figure 9. Shapiro diagram of PWR -W-1000 simulations  

(Left: SBLOCA with fan coolers; Right: LBLOCA with spray and fan coolers) without PARs 

 

Both sequences lead to a high steam concentration at the beginning of the accident due to the 
steam release or the flashing of the water from the RCS. The sprays operation in the LBLOCA 
triggers a fast and large drop of steam content. Even though, for a short time the H 2 molar fraction 
reaches combustion limits at the end of the in -vessel phase (Figure 10). It is in the ex-vessel one, 
when further release of H2 and CO from MCCI makes combustible gas mixture to attain molar 
fractions over 25 vol% at around 20000 s. The loss of efficiency in condensation when sprays turn 
into the recirculation operation mode and the generation of CO2 eventually lead to a progressive 
dilution of such high combustible gas concentration in the long run of the sequence , but it still 
stands over the combustion limits.  

For the SBLOCA sequence (Figure 10), the combustible gas mixture does not exceed the 
combustion thre shold until CO is produced in the ex-vessel phase. This CO together with the 
effect of the fan coolers on steam content, makes total combustible gases molar fraction grow to 
higher than 20 vol% at about 30000 s. They stay that high until massive amounts of CO2 are 
released and make combustible gas concentration decrease, although they reach the end of the 
calculation well over the threshold. The operation of the safety systems in the containment makes 
these sequences to evolve with a limited increase in pressure. 
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Figure 10. Gas composition in PWR -W-1000 
 (Left: SBLOCA with fan coolers, Right: LBLOCA;) 

 

4.3. PWR-KWU 
A number of sequences has been simulated for the Konvoi PWR design. As noted in Table 2, 
variability is not associated with reactor size, but with the analytical tool s and the approaches used 
for the modelling: AC2 and MELCOR. 

 

 KONVOI 1300 MWe with AC2 (RUB) 
 

 
Figure 11. Containment nodalization for PWR -KWU-1300 used in AC 2. 
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From the pool of sequences that have been simulated by RUB with AC2, the most challenging 
ones in terms of combustion risk have been a SBO with Primary Side Depressurization (SBO+PSD) 
and a LOCA (80 cm2) with a limited water injection by the extra borating system ( SBLOCA1+ECCS). 
Both of them have been modelled with and without PARs. Even though both sequences enter the 
flammable region of the Shapiro diagram (Figure 12) when PARs are assumed to fail, the 
SBLOCA+ECCS stays longer and reaches higher combustible gas concentration than the 
SBO+PSD. 

 
Figure 12. Shapiro diagram for PWR -KWU 

 (Left: SBO+PSD; Right SBLOCA+ECCS) in case of PAR failure 

 

As for atmosphere composition, in the SBO+PSD sequence the steam molar fraction  reaches a 
value up to 100% in the considered compartment at nearly 10000 s in the in-vessel phase and 
progressively falls since the onset of the ex-vessel one, which causes the gas phase to move out 
of the inert region soon  (Figure 13). Combustible gases build burnable fractions (over 9 vol%) 
early in the ex-vessel phase and builds up to values around 20 vol%, where they remain for long, 
despite cavity flooding at around 49000 s rises moderately the steam fraction again to value never 
exceeding 35 vol%. The evolution of the gas composition is not too different in SBLOCA+ECCS. 
Steam molar fraction peaks soon after the accident onset at nearly 1.0 and decreases progressively 
(Figure 13), while combustible gases enter the containment a few thousand seconds before the 
RPV failure and build up molar fraction  which gets to around 25 vol% and states steady until the 
end of the sequence. Fast H2 release in the in-vessel phase does not represent a significant risk 
for combustion because of the small accumulated mass amount. Like for the SBO+PSD sequence, 
the cavity flooding does not lead to inertizatio n of the containment atmosphere. 

                                                           
1 In this section the 80 cm2 LOCA is identified as SBLOCA to preserve the initial nomenclature of RUB, the partner 
who performed the calculations 
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More details of these simulations can be found in the annexes. From the entire set of simulations, 
the ones posing a higher combustion risk have been found to be the MBLOCA and the LBLOCA 
with the delayed accident progression due to the initially operating ECCS. This result is somewhat 
expectable as the delay of the core damage allows for partial condensation of the steam in the 
containment which was released from the blow-down of the reactor coolant system. 

Mostly only the control volumes near the pipe leakage location show combustible conditions in 
the time interval of co re oxidation causing a high hydrogen release rate, see Figure 15. In the long 
term, the PAR consume combustible gases as well as oxygen. Thus, the gas concentration shown 
in the Shapiro-diagram tends to reach <10% air in the long -term. 

 

 
Figure 15. Shapiro diagram for PWR -KWU 

(Left: MBLOCA; Right: LBLOCA) with full PAR capacity 

In the MBLOCA sequence, the fast H2 release into the containment during the core oxidation 
phase leads to a hydrogen concentration close to the leakage of up to 1 8 vol%, see Figure 16. 
With progressing core damage, the hydrogen release rate decreases, and thus the convection 
within the containment leads to a reduction of the local hydrogen concentration. In parallel the 
PAR consume the hydrogen and the containment oxygen.  

With RPV failure, the core melt, having a very high temperature, rapidly attacks the basemat 
concrete, releasing large masses of hydrogen and carbon monoxide, see Figure 16. In the phase 
of dry MCCI in the reactor pit, the combined combustible gas concentration reaches up to 15 vol% 
in the lower containment. However, at this point in time, the PAR already consumed a significant 
amount of oxygen from the containment a tmosphere, thus the locally present ~5 vol% oxygen 
does no longer support large -scale combustion. 

A basic assumption of the simulations for Konvoi plants is that after a certain grace period, the 
core melt will erode the so-called Biological Shield. After the penetration of this shield, the sump 
water passively floods the cavity. This results in a strong steam release at ~60 000 s, see Figure 
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16. This steam on one side leads to a rapid containment pressurization, and on the other side to 
an inertization of the containment, drastically reducing the concentration of combustible gases 
and O2. In overall terms, the LBLOCA scenario evolves faster but functionally similar to the 
MBLOCA scenario. 

 

 
Figure 16. Gas composition for PWR -KWU 

 (Left: MBLOCA; right: LBLOCA) with full  PAR capacity 

 

4.4. PWR-VVER 
For the VVER design, three severe accident sequences have been simulated by Energorisk: SBO, 
90 mm cold leg LOCA and double ended LBLOCA. For each sequence, the spray system has been 
activated at in-vessel or ex-vessel phase to assess their effect on the hydrogen and CO behaviour. 
Additionally, these sequences have been run with and without PARs. Hence, a total of 12 
sequences have been calculated. The containment nodalization (Figure 17) considers 21 control 
volumes. The node labelled as CV-619 (C-HALL) is the largest compartment and is taken as the 
reference volume. 
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Figure 17. Containment nodalization for the PWR -VVER-1000.  

Regarding the molar fraction of combustible gases the most challenging conditions are reached 
by the two SBO sequences, with the sprays activation in the in-vessel phase and in the ex-vessel 
phase. Figure 18 shows how the atmosphere composition in both sequences deeply enters into 
the flammability region of the Shapiro diagrams.  
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Figure 18. Shapiro diagram of the PWR -VVER-1000.  
SBO with sprays activated during the in-vessel phase (left) and in the ex-vessel phase (right)  

The SBO sequence triggers a fast rise of steam fraction in the reference compartment whereas the 
activation of sprays in the in-vessel phase lead to the decrease up to around the initial value 
(Figure 19). Later, at the RPV rupture, the steam in the containment rise again steeply. For a short 
period before the RPV rupture, the H2 molar fraction reaches the deflagration criteria. During the 
ex-vessel phase the H2 and CO accumulate at the same time that the steam content in the 
containment gradually decreases and as a consequence the total combustible gases (H2+CO) 
molar fraction reaches values around 50 vol%. The evolution of the scenario with the sprays 
activated at the ex-vessel phase is very similar to the previous sequence. The main difference is 
that the decrease of the steam molar fraction is not observed in the in-vessel phase but in the ex-
vessel phase (Figure 19). 

 

Figure 19. Gas composition in PWR-VVER-1000.  
SBO with sprays activated during the in-vessel phase (left) and in the ex-vessel phase (right) 
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Figure 20. PWR-W total H2 mass injected in the in -vessel phase 
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Figure 21. PWR-W total H2 mass injected in the ex -vessel phase 
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Figure 22. PWR-W total CO mass injected in the ex -vessel phase (in logarithmic scale)  
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Figure 23. PWR-W H2 release rate peaks at in -vessel phase 

 



 

  

D2.2 Identification and analysis of accidental sequences posing high H2/CO combustion 
risk (PWR-W, PWR-VVER, PWR-KWU) 

43 

 

 

 

 

Figure 24. PWR-W H2 release rate peaks at ex -vessel phase 
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Figure 25. PWR-W CO release rate peaks at ex -vessel phase 
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I.2 PWR-KWU selection criteria  

I.2.1 Selection based on total mass of combustible gases  
For this type of containment, the results have not been scaled. The data for the PWR-KWU 
sequences can be found in Figure 26 to Figure 28. There, the five sequences with the higher values 
of total integrated mass are highlighted in bold letters, while the most conservative sequence per 
type of reactor has its data label colored. 

I.2.2 Selection based on fast releases of combustible gases  
The data for the PWR-KWU sequences can be found inFigure 29 to Figure 31. There, the five 
sequences with the higher values of total integrated mass are highlighted in bold letters, while 
the most conservative sequence per type of reactor has its data label colored. Also, the order in 
which the values appear in the figures depends on the previous criterion; i.e., the sequences with 
the maximum values of total inte grated mass, appear in a clockwise disposition in decreasing 
order. Moreover, the graphs distinguish between in- and ex-vessel phases for hydrogen and 
carbon monoxide. 

 

 

 

 

 

 

 



 

  

D2.2 Identification and analysis of accidental sequences posing high H2/CO combustion 
risk (PWR-W, PWR-VVER, PWR-KWU) 

46 

 

 

Figure 26. PWR-KWU total H2 mass injected in the in-vessel phase 

 

 

 

ID # Sequence
Total integrated mass of H2 

in-vessel phase (kg)
K1 FRAM_L05 982
K2 FRAM_L80c_onlyEBS 572
K3 FRAM_L80h 741.1
K4 FRAM_L80h_woSI 524.9
K5 FRAM_L380 403.4
K6 FRAM_SBO 837.6
K7 FRAM_SBO+30 705.5
K8 RUB_SBLOCA 385.31
K9 RUB_SBO 418.37

K1; 9.82E+02

K2; 5.72E+02

K3; 7.41E+02

K4; 5.25E+02

K5; 4.03E+02
K6; 8.38E+02

K7; 7.06E+02

K8; 3.85E+02

K9; 4.18E+02
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Figure 27. PWR-KWU total H2 mass injected in the ex -vessel phase 

 

 

 

 

ID # Sequence
Total integrated mass of H2 

ex-vessel phase (kg)
K1 FRAM_L05 1222.5
K3 FRAM_L80h 1496
K4 FRAM_L80h_woSI 1894.2
K5 FRAM_L380 1536.5
K6 FRAM_SBO 1675.5
K7 FRAM_SBO+30 1634.5
K8 RUB_SBLOCA 1097.87
K9 RUB_SBO 1132.74

K1, 1,223

K3, 1,496

K4, 1,894

K5, 1,537
K6, 1,676

K7, 1,635

K8, 1,098

K9, 1,133



 

  

D2.2 Identification and analysis of accidental sequences posing high H2/CO combustion 
risk (PWR-W, PWR-VVER, PWR-KWU) 

48 

 

 

Figure 28. PWR-KWU total CO mass injected in the ex -vessel phase (in logarithmic scal

ID # Sequence
Total integrated mass of CO 

ex-vessel phase (kg)
K1 FRAM_L05 18273.9
K3 FRAM_L80h 23145.3
K4 FRAM_L80h_woSI 29475.8
K5 FRAM_L380 23908.9
K6 FRAM_SBO 26036.4
K7 FRAM_SBO+30 25061.1
K8 RUB_SBLOCA 6916.4
K9 RUB_SBO 6930.5

K1, 18,274
K3, 23,145

K4, 29,476

K5, 23,909
K6, 26,036

K7, 25,061

K8, 6,916

K9, 6,931
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Figure 29. PWR-KWU H2 release rate peaks at in -vessel phase (in logarithmic scale)  

 

 

 



 

  

D2.2 Identification and analysis of accidental sequences posing high H2/CO combustion 
risk (PWR-W, PWR-VVER, PWR-KWU) 

50 

 

 

 

Figure 30. PWR-KWU H2 release rate peaks at ex -vessel phase (in logarithmic scale)  
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Figure 31. PWR-KWU CO release rate peaks at ex -vessel phase
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II.3 Sequences description  

900 MWe -12 inch hot leg LOCA  

The scenario is initiated by a 12-inch break in the hot leg of loop 1. Afterwards, the main events 
are summarized in the table below. After the RPV failure, the strategy consists in stabilizing the 
corium in the dry vessel cavity and an adjacent area, flood it by the top and removing the heat 
from the containment without venting. The different phases are described  in the figure below:  

In-vessel phase 12 inch break in the hot leg of loop 1  0 

Spray system activation 53 s 

Recirculation mode failure leading to the loss of 
safety injection and containment spray system 

30 minutes 

Beginning of severe accident 57 minutes 

RPV failure 2h50 

Ex-vessel phase Corium spreading in the reactor pit and the in -
core instrumentation room  

 

Corium flooding by the sump water  3h45 

Ultimate containment h eat removal system 
activation by the Nuclear Action Force (FARN) 

24 h 

 

 

Schematic representations of different phases of stabilization of the corium: a) slump from vessel 
to dry cavity, b) spreading in dry cavity and dedicated adjacent room, c) top flooding of corium by 

water, d) ultimate residual heat removal [REF1] 
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1300 MWe  -12 inch hot leg LOCA  

The scenario is initiated by a 12 inch break in the hot leg of loop 1. Afterwards, the main events 
are summarized in the table below.  After the RPV failure, the strategy consists in stabilizing the 
corium in the dry vessel cavity and an adjacent area, flood it by the top and removing the heat 
from the containment without venting.  

In-vessel phase 12 inch break in the hot leg of loop 1  0 

Spray system activation 59 s 

Recirculation mode failure leading to the loss of 
safety injection and containment spray system 

41 minutes 

Beginning of severe accident 1h27 

RPV failure 3h 

Ex-vessel phase Corium spreading in the reactor pit and the in -
core instrumentation room  

 

Corium flooding by the sump water  3h52 

Ultimate containment h eat removal system 
activation by the Nuclear Action Force (FARN) 

24 h 

 

1300 MWe - SBO 

The SBO scenario is initiated by a loss of all offsite power. After the RPV failure, the corium spreads 
in the reactor pit only (no spreading in the adjacent area, no corium flooding and no ultimate heat 
removal system activation). The main events are summarized in the table below: 

In-vessel phase Loss of all offsite power 0 

Rupture of PRT (Pressure relief Tank) disks 2h26 

Pressurizer valves locked opened 4h33 

Accumulator tank discharge 4h46 

RPV failure 11h35 

Ex-vessel phase Corium spreading in the reactor pit only   
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900 MWe -12 inch hot leg LOCA 

 

 

Flammable cloud volume evolution with limestone concrete (in blue) and siliceous concrete (in 
red), solid lines with PAR and dotted lines without PAR. 
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(a) 
 

(b) 

 

(c) 

 

(d) 

Gas composition in the dome compartment with limestone concrete (a) with PAR and (b) 
without PAR and siliceous concrete (c) with PAR and (d) without PAR 
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(a) 

 

(b) 

 

(c) 

 

(d) 

For all compartments evolution trigram to check the flammable criteria for limestone concrete 
(a) with PAR and (b) without PAR and for siliceous concrete (c) with PAR and (d) without PAR 
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H2 

 

CO 

 

O2 

 

Inert (H2Ov+CO2+excess N2) 

Evolution of minimum/maximum/mean concentration for limestone concrete, in blue with 
PAR, in red without PAR 
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1300 MWe -12 inch hot leg LOCA  

 

 

Flammable cloud volume evolution with limestone concrete (in blue) and siliceous concrete (in 
red), solid lines with PAR and dotted lines without PAR. 
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(a) 
 

(b) 

 

(c) 

 

(d) 

Gas composition in the dome compartment with limestone concrete (a) with PAR and (b) 
without PAR and siliceous concrete (c) with PAR and (d) without PAR 
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(a) 

 

(b) 

 

(c) 

 

(d) 

For all compartments evolution trigram to check the flammable criteria for limestone concrete 
(a) with PAR and (b) without PAR and for siliceous concrete (c) with PAR and (d) without PAR 
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H2 

 

CO 

 

O2 

 

Inert (H2Ov+CO2+excess N2) 

Evolution of minimum/maximum/mean concentration for limestone concrete, in blue with 
PAR, in red without PAR 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Gas composition in the dome compartment with limestone concrete (a) with PAR and (b) 
without PAR and siliceous concrete (c) with PAR and (d) without PAR 
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(a) 

 

(b) 

 

(c) 

 

(d) 

For all compartments evolution trigram to check the flammable criteria for limestone concrete 
(a) with PAR and (b) without PAR and for siliceous concrete (c) with PAR and (d) without PAR 
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H2 

 

CO 

 

O2 

 

Inert (H2Ov+CO2+excess N2) 

Evolution of minimum/maximum/mean concentration for limestone concrete, in blue with 
PAR, in red without PAR 
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H2 

 

CO 

 

O2 

 

Inert (H2Ov+CO2+excess N2) 

Evolution of minimum/maximum/mean concentration for siliceous concrete, in blue with PAR, 
in red without PAR 

 

The SBO sequence has been repeated four times (two kinds of concrete, with and without PARs). 
A flammable cloud appears, and fills the containment, only without PARs. It vanishes faster with 
limestone concrete. 
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II.7 References: 

[REF1] Romain Cozeret et al (IRSN), Improvement on 900 MWe NPPs in the occasion of the 4th 10-
year periodic safety review on severe accident, EUROSAFE 2019.
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Figure 32. Primary and secondary systems nodalization.  

III.2.2. Approximations and hypotheses  
The usual approximations and hypotheses when simulating a severe accident with a system code 
were applied. 

III.2.3. Containment nodalization  
The NPP containment nodalization is presented in Figure 33, whereas Figure 34 shows some more 
detailed view around the reactor cavity with listed levels. The reactor pressure vessel is located in 
control volume CV711, and control volume CV704 presents the reactor cavity. The ventilation duct, 
denoted as flow path FL783, connects the reactor cavity CV704 with the containment lower 
compartment CV702. The ventilation duct opening is nearly 2.5 m above the floor of the 
containment lower compartment.  

The rounded (for proprietary reasons) volumes of the main compartments of the containment 
nodalization are provided in  Table 5. 
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Figure 33. NPP containment nodalization.  

 

 

Figure 34. Detail of NPP containment nodalization.  
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Table 5. Main compartments of containment model.  

Compartment Volume (m3) 

CV701 29·103 

CV702 6·103 

CV705 11·103 

CV708 1·103 

CV709 1·103 

CV710 1·103 

III.3. Sequences description  

After the decrease of the RCS pressure, in the case of SB LOCA and LB LOCA, the first accumulator 
starts to inject water in the RCS, whereas the second accumulator is discharged into the 
containment due to the break at the connection to the RCS. In the case without LOCA, the 
inventory of the RCS is lost through the safety valves due to pressure increase caused by boiling. 

When the core starts to heat up, the integrity of the fuel rods is lost and radioactive gases are 
released from the gap between the fuel pellets and the cladding. The core starts to melt and 
relocates to the RPV lower head which eventually fails. The molten core is released in the reactor 
cavity, where molten core concrete interaction (MCCI) starts. 

The passive containment filtered venting system (PCFVS) has a rupture disc which breaks at a 
pressure of 6 bar. If the pressure inside the containment exceeds this value, the containment 
atmosphere is released into the environment through the filter till the setpoint of the containment 
relief valve closure of 4.1 bar is reached. The containment venting setpoint for the next 
containment relief valve openings is 4.9 bar. 

The times of the core melting, RPV failure and first PCFVS opening are provided in Table 6. The 
simulation time was 300.000 s (approximately three and a half days). 

Table 6. Times of first important events.  

Event   \   Scenario 
Time (s) 

SBO SBO+SB LOCA SBO+LB LOCA 
Core melting 9632 2795 888 
RPV failure 12201 6420 3467 
PCFVS opening 81189 66257 72264 
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III.4. Results and discussion  

Figure 35 shows the pressure in the containment. The shape of the curves are the consequences 
of the functioning of the PCFVS, described in the previous section. When the pressure reaches the 
containment venting setpoint of 6  bars for the first opening of the containment relief valve, the 
pressure starts to decrease till it reaches the containment relief valve closing setpoint of 4.1 bar. 
Then the pressure starts to increase again till it reaches the containment venting setpoint of 4.9 
bar for the next containment relief valve openings. The pressure then cycles between the two 
setpoints. 

The availability of the PCFVS definitely causes a peculiar behaviour of the pressure that is not 
commonly observed in simulations. However, these results are more realistic, in the sense that 
such behaviour of the pressure would (presumably) be observed during an accident in the 
considered plant. Namely, although failure of active safety systems is commonly assumed, the 
failure of passive safety systems, of which the PCFVS is also part, is highly improbable. 

Figure 36 shows the heat transfer rate between the core melt and the atmosphere/liquid pool. 
Although large differences may be observed in the beginning (with the highest values in the case 
of LB LOCA, as RPV failure in that case is the earliest, followed by lower values in the case of SB 
LOCA, as RPV failure in that case still occurs earlier than in the case of sole SBO), the rates in the 
late phases of the accident are very similar. 

Figure 37 shows the containment atmosphere temperature. The temperature rises most of the 
time, which means that despite the high atmosphere temperature, the heat transfer through the 
containment walls is not sufficient to extract the entire residual heat from the molten core.  

Figure 38 shows the hydrogen mass in the RPV. Again, one may observe the influence of the time 
of the RPV failure. That is, the final value of mass remains the lowest in the case of SBO+LB LOCA, 
where RPV failure occurs first, and the highest in the case of sole SBO, where RPV failure occurs 
last. This reasoning, but in reverse order, applies also to the hydrogen mass outside the RPV, 
shown in Figure 39. However, later into the transient, the hydrogen mass outside the RPV is almost 
equal in the cases of SB LOCA and LB LOCA, as the initial difference is compensated by different 
hydrogen generation rates during late MCCI. However, in the case of sole SBO, it appears that the 
hydrogen generation rate during late MCCI does not increase as in the case of SB LOCA. 
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Figure 35: Containment pressure.  

 

Figure 36: Heat transfer: melt - atmosphere/pool.  
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Figure 37: Containment dome temperature.  

 

Figure 38: Hydrogen in RPV.  
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Figure 39: Hydrogen outside RPV.  

Figure 40 shows the volume fraction of steam in the containment dome. Obviously, steam is the 
dominant gas component in the containment atmosphere. The initial and later i ncreases are due 
to the release from the RCS. As in other observed quantities, the behaviour of the steam fraction 
exhibits large differences in the early phases of the accidents, but is very much similar in the later 
phases. 

Figure 41 shows the hydrogen fraction in the containment dome. The highest value in the early 
phase in the case of SBO is related to the corresponding lowest value of steam fraction. The 
differences later into the accident are related to the hydrogen generation rates during late MCCI 
as well as the presence of different quantities of steam. 

The essential feature is that the hydrogen fraction never reaches the value 0.035 (although it might 
eventually reach this value and even exceed it even later into the accident, but that is beyond the 
scope of the present simulations). As the commonly accepted minimum value of hydrogen 
fraction for the mixture to be flammable is 0.04, this means that the gas mixtu re in the 
containment dome is never flammable. Of course, this does not exclude the possibility, that the 
hydrogen fraction might exceed the limiting value 0.04 in some other compartment. However, the 
purpose of the simulations was to assess, whether flammability may be expected in the main part 
of the containment, and not to investigate eventual singularities.  
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Figure 40: H2O fraction in containment dome.  

 

Figure 41: H2 fraction in containment dome.  
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Figure 42 shows the CO2 fraction in the containment dome. The generation of that gas is related 
to the later phase of MCCI, whereas the generation of CO, for which the fraction in the 
containment dome is shown in Figure 43, is related to the early phase of MCCI. The same comment 
about the representativity of the containment dome atm osphere, stated for hydrogen, is valid also 
for CO2 and CO. 

 

 

Figure 42: CO2 fraction in containment dome.  
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ANNEX IV: Individual report for the PWR -W1000 
reactor (CIEMAT)  

IV.1 Introduction  

In the event of a severe accident or Beyond Design Basis Accident (DBDA) in Light Water Reactors 
(LWR), hydrogen is produced by exothermal reactions of steam with overheated zirconium and 
stainless steel present inside the Reactor Pressure Vessel (RPV). This hydrogen eventually reaches 
the containment atmosphere through the primary circuit break or the pressurizer safety valves. 
Additionally, in case of vessel failure and subsequent slump of molten core into the cavity, more 
hydrogen and carbon monoxide can be generated by the reaction of gases coming out from the 
Molten Core-Concrete Interaction (MCCI) with the metallic materials in the corium. These 
combustible gases are distributed inside the containment by convective flows and interact with 
structures and systems, so that depending on the specific containment conditions their local 
concentration may become substantial and lead to flammable gas mixtures. The accidents in TMI-
2 (Sehgal, 2012) and in Fukushima Daiichi (IAEA, 2015) confirmed that large amounts of hydrogen 
may be generated to the point of deflag ration, which might impair containment and/or 
safeguards in containment. 

In the frame of the AMHYCO project (Jiménez et al., 2022), the workpackage-2 is devoted to the 
selection, for different containment plant designs, of the most representative sequences regarding 
combustible gases associated risk. The CIEMAT contribution of this workpackage consists of the 
simulation of four sequences in a PWR Westinghouse 1000 MW reactor with the MELCOR code. 

IV.2. Plant model overvie w 

IV.2.1.Overview  
The modelled power plant is a 3-loop Westinghouse PWR 1000 MWe (2940 MWth) with a large 
and dry containment. The MELCOR v2.2-18019 code (Humphries et al., 2021a) is used to simulate 
the different accidental sequences. 

The core and the Reactor Coolant System (RCS) are modelled following the recommendations of 
the SOARCA project (Ross et al., 2014). Each loop is modelled individually with 29 control volumes, 
(including the accumulator). The core consists of 5 channels in 5 axial nodes, plus the bypass. The 
vessel is completed with the downcomer, the lower plenum, and four nodes for the upper plenum. 
A total of 138 nodes define the primary and  the secondary circuits. 



 

  

D2.2 Identification and analysis of accidental sequences posing high H2/CO combustion 
risk (PWR-W, PWR-VVER, PWR-KWU) 

89 

In addition to the 82.6·tons of fuel (UO2), in the core region there are a total of 23.2 tons of 
zirconium in the fuel cladding and about 44.8 tons of stainless steel in other metallic structures. 

 

IV.2.2.Approximation and hypotheses  
To enhance core degradation, only the hydro-accumulators are assumed to work as designed. So, 
each accumulator can inject 24.3 m3 into the primary loop through a flow path with a valve that 
opens if the pressure drops below 46 bar. All other injection safety system into the primary circuit 
is assumed to be unavailable. 

In accidents with high pressure in the primary circuit (e.g. SBO), the pressurizer safety valves limit 
the pressure to 1.62 bar. These valves discharge steam and hydrogen into the pressurizer relief 
tank. The room housing the relief tank has been modelled separately to follow the hydrogen 
concentration in that particular location.  

A single cavity region is defined in the model. Based on the CORCON-Mod3 model in MELCOR 
(Humphries et al., 2021a), the debris and molten materials falling into the cavity are assumed to 
be spread instantaneously over the cavity floor. The single-layer approach is used for the molten 
pool in the cavity. This approach implies that the materials present in the corium are completely 
mixed.  

Generic, limestone type in the CORCON model has been selected for the concrete slab in the 
cavity (Table 7). No additional iron mass for the reinforcing bars has been modelled since no 
specific data are available. 

Table 7. Limestone concrete composition (Humphries et al., 2021b)  

Species Mass fraction (%)  
SiO2 35.80 
TiO2 0.18 
MnO 0.03 
MgO 0.48 
CaO 31.3 
Na2O 0.082 
K2O 1.22 
Fe2O3 1.44 
Al2O3 3.60 
Cr2O3 0.014 
CO2 21.154 
H2OCHEM 2.00 
H2OEVAP 2.70 
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Figure 44. Nodalization schem e of the containment  

IV.3. Sequences description  

Four different sequences have been analysed (Table 9). The selection criteria have been: the 
significance in PSA level 2, the potential for combustible gases generation and the containment 
atmosphere conditions (both during the in -vessel and the ex-vessel phases). The LOCA sequences 
are characterized by the high amount of combustible gases in the ex-vessel phase with also a 
large amount of hydrogen in the in -vessel phase. The interest of the SBO lies in its similarity with 
the Fukushima accident and in its high core damage frequency. 

Two Small Break LOCA in the cold leg have been simulated with different safety systems available 
in the containment (Table 9). A double-ended guillotine LOCA in the hot leg has also been 
simulated with both sprays and fan coolers actuating in the containment. Finally, the loss of power 
in the SBO prevents the activation of any safety system. All active injection systems into the 
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IV.4.1.SBLOCA-I 
The core degradation is produced at low pressure in the reactor vessel because of the inventory 
loss through the RCS breach. During the in-vessel phase, the containment pressure evolution is 
due to the opposing effects of the flow into the containment through the RCS breach and the fan 
coolers operation, which partially condense the steam into the containment. Both effects result in 
the pressure reaching a peak of 2.8 bar at ~3 h. At the ex-vessel phase, the generation of non-
condensable gases and the reduced capacity of the fan coolers to further condensate steam lead 
to a slight but continuous rise in the pressure. 

Figure 45 plots the H2 and CO generated during the in-vessel and ex-vessel phases whereas Figure 
46 plots the evolution of the in -containment pressure.  

 

Figure 45. H2 and CO generation in the 
SBLOCA-I sequence. 

Figure 46. Containment pres sure evolution 
in the SBLOCA-I sequence. 

 

The high release of hydrogen in the in-vessel phase and later also CO in the ex-vessel phase leads 
to the accumulation of both gases in the containment. Besides, the operation of the fan coolers 
boots the combusti ble gases fraction, especially after 3 h after the accident beginning. As a 
consequence, the atmosphere mixture reaches flammability conditions. Figure 47 plots the 
atmosphere composition of the upper compartment as representative volume whereas. Figure 48 
shows how the atmosphere reaches comes into the deflagration region in the Shapiro diagram. 
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Figure 47. Gas mole fraction of different 
components in the upper compartment for 

the SBLOCA-I sequence. 

Figure 48. Shapiro diagram for the 
upper compartment in the SBLOCA-I 

sequence. 

 

IV.4.2.SBLOCA-II 
The in-vessel evolution of this sequence is very similar to the evolution of the SBLOCA-I. 
Nonetheless, the activation of the sprays changes significantly the containment behaviour as they 
strongly limit the rise of the containment pressure ( Figure 49) until the sprays are switched to the 
recirculation mode at ~3.4 h. The flooding of the cavity leads to a lower generation rate of H 2 and 
CO by MCCI (Figure 50) and a higher fraction of steam in the ex-vessel phase compared with the 
SBLOCA-I sequence.  

 

Figure 49. Containment pressure evolution 
in the SBLOCA-II sequence. 

Figure 50. H2 and CO generation in the 
SBLOCA-II sequence. 

 

At around 1 hour after the beginning of the accident, the total molar fraction of the combustible 
gas reaches 0.09 with the steam fraction low enough to do not inert the containment atmosphere. 
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During the ex-vessel phase, the combustible gases molar fraction even rises by the further gases 
generation (Figure 51). The Shapiro diagram (Figure 52) shows how the gas mixture becomes 
flammable. 

 

Figure 51. Gas mole fraction of different 
components in the upper compartment for 

the SBLOCA-II sequence. 

Figure 52. Shapiro diagram for the 
upper compartment in the SBLOCA-II 

sequence. 

 

IV.4.3.SBO 
In the SBO the pressure rise by steam release into the containment is not compensated by any 
safety system. Different paths to steam, and hydrogen, release into the containment open in the 
accident evolution (Table 12). 

Table 12. Flow paths opened between th e RCS and the containment in the SBO sequence.  

Time Break type  From To  
1.26 h Disk rupture Pressurizer tank Pressurizer tank compart. 
3.56 h Pipe creep Hot leg (loop 3)  SG-C compartment 
7.33 h Lower head failure RPV lower plenum Cavity 

 

Pressure in the containment (Figure 53) peaks at 4 bar at the hot leg failure by creep, afterwards, 
it varies between 3 and 4 bar. The hydrogen generation begins at 2.7 h and the ex-vessel gases 
generation does not start until 7.7 h (Figure 54), notable delayed compared with the other 
sequences. 
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Figure 53. Containment pressure evolution 
in the SBO sequence. 

Figure 54. H2 and CO generation in the 
SBO sequence. 

 

During most of the core degradation, the containment is inerted by high steam molar fraction. 
However, some minutes after the beginning of the ex-vessel phase, the accumulation of H2 and 
CO yields the atmosphere mixture to reach flammable conditions (Figure 55 and Figure 56). 

 

Figure 55. Gas mole fraction of different 
components in the upper compartment for 

the SBO sequence. 

Figure 56. Shapiro diagram for the upper 
compartment in the SBO sequence. 

 

 

IV.4.4.LBLOCA 
Due to the fast uncovering and depressurization of the reactor vessel, the core degradation begins 
very early in the accident (Figure 57). The cladding oxidation onset is observed at 2.5 s after the 
beginning of the accident. The MCCI generation starts at 2.7 h and at about 6 h the corium in the 
cavity gets completely oxidized.  
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The large water and steam release through the RCS breach lead to a sudden peak of pressure 
(Figure 58). The activation of the containment safety systems (fan cooler and sprays) significantly 
reduces the pressure. Later, the generation of non-condensable gases by MCCI reverses this 
tendency. At around 3.3 h, the switch of sprays operation to the recirculation mode reduces their 
efficiency, and the steam molar fraction increases as so the pressure. 

 

Figure 57. H2 and CO generation in the 
LBLOCA sequence. 

Figure 58. Containment pressure evolution 
in the LBLOCA sequence 

 

The high release of hydrogen in the in-vessel phase together with the important drop of steam 
molar fraction due to the actuation of the safety systems lead to reach flammable conditions at 
the end of the in -vessel phase (Figure 59). Later, in the ex-vessel phase, the further release of 
combustible gases leads them to reach a maximum value of ~0.25 at about 6 h. The subsequent 
CO2 generation results in a certain dilution of the mixture ( Figure 59). The Shapiro diagram (Figure 
60) shows that the atmosphere mixture deeply comes into the deflagration region.  
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Figure 61. Primary and secondary side nodalization in ATHLET( -CD) 

 

V.2.2. Approximations and assumptions  
The power plant dataset contains several safety features. In case of a high-pressure accident the 
reactor coolant system (RCS) pressure is limited by the pressurizer safety valves to 160 bar. For a 
primary side depressurization (PSD) all three valves can be opened, when the core outlet 
temperature reaches 650 °C. In case of a pressure loss, for example due to a loss of coolant 
accident (LOCA) or a PSD, the eight passive hydro accumulators (HA) (one hot and one cold sided 
for each loop) can inject a water inventory of 30 m³ each to the RCS at a primary pressure of 26 
bar. For reflooding scenarios four reflooding tanks with 1,560 t of water in total  are modelled. 
Which safety systems are postulated to fail is defined within each sequence (see chapter 3). 

The mass and enthalpy flow of water, steam, hydrogen and nitrogen from the leak (for the 
SBLOCA) or the safety relief valves and blow down valves (for the SBO) determined by the in-
vessel simulation are taken as boundary condition for the ex-vessel simulation. Furthermore, the 
mass flow of corium from the RPV rupture to the cavity and the time dependent decay power are 
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taken as boundary condition for the simulation of corium concrete interaction (CCI). A radial melt 
through of the biological shield respectively the maintenance door is assumed after a radial 
erosion of 45 cm of concrete. A spreading of the melt to the sump and a sump water ingression 
into the cavity is assumed afterwards and modelled by a sump balance junction (SUMP_BAL). A 
generic siliceous concrete was selected for the simulation of CCI. The concrete composition is 
chosen in order to achieve a conservative result regarding the release of CO from CCI.  

V.2.3. Containment nodalization  
The containment nodalization shown in Figure 62 comprises 23 zones connected by junctions. 
These zones are listed in Table 13 with their corresponding volumes. The zones are connected by 
atmospheric junctions as well as drain junctions which allow water to flow to the sump 
compartment. Junctions of type RUPTURE are modelled for doors between compartments and for 
ruptu re discs (e.g. at the top of the steam generator housing). 57 passive autocatalytic 
recombiners (PARs) were modelled using the GRS_DIFF correlation for Framatome PARs and their 
distribution over the zones is indicated in the Figure 62. The main structures in the containment 
are modelled with their respective surface areas, thicknesses and materials. The heat transfer and 
condensation models CO1 and WWR are used. 

 

Figure 62. Containment nodalization in COCOSYS with PARs indicated  
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Zone Volume [m 3]  Zone Volume [m 3]  

SUMPF 3858,0 RRAUM 640,0 

PKLA 500,0 BEBECKEN 1665,0 

PKLB 500,0 UKUPA 7038,0 

HKPA 6096,0 UKUPB 7038,0 

DHHKBP 5956,0 KUPPELA 5526,0 

DEMBOXA 500,0 KUPPELB 5526,0 

DEMBOXB 500,0 OBKUPPEL 2940,0 

DEOBOXA 270,0 SPALT 147,0 

DEOBOXB 270,0 RELTANK 38,0 

UPERA 3889,0 CAVITY 143,0 

OPERA 6719,0 RRUNTEN 21742,0 

UPERB 3989,0 RRMITTE 14316,0 

OPERB 6885,0 RROBEN 5664,0 
Table 13. Containment Volumes  

V.3. Sequences description  

For the in-vessel sequences, two scenarios with two different boundary conditions each are 
performed. One scenario is a postulated station blackout (SBO) with a postulated failure of grid 
and house load, station diesel and bunkered diesel. Only batteries remain available. Due to power 
loss and coolant pump failure the core starts to heat up. Following the coolant temperature, the 
primary pressure rises. When reaching 166 bar the pressurizer safety relief valve opens and closes 
alternating. In this scenario the pressure stays high until the reactor pressure vessel (RPV) fails. In 
the second sequence variation (SBO+PSD), the primary side depressurization takes places when 
the core outlet temperature reaches 650 °C. With the PSD start criterion three pressurizer safety 
valves open, causing a rapid pressure drop inside the primary coolant system. The pressure drop 
allows the accumulators to inject and therefore delays the RPV failure. 

The other scenario is a small break loss of coolant accident (SBLOCA) with an 80 cm² leakage 
behind the main coolant pump in the cold leg of the pressurizer loop. In the first SBLOCA 
sequence, all active injection systems are postulated to fail. Only the accumulators can inject their 
inventory. In the second SBLOCA sequence (SBLOCA+ECCS) a limited injection is postulated to be 
available. When the waterlevel inside the pressurizer falls below 2.28 m the extra borating system 
with a small injection rate of 8  kg/s for every loop starts. Over a period of 9,000 s 72 t of water are 
slightly delaying the core uncovery process. For both SBLOCA sequences the secondary side 
pressure falls down to about 3 bar as a consequence of the available 100 K/h cooldown. 
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In all four sequences the sump recirculation is not available. Table 14 includes important events 
with related point of time for the four in -vessel sequences. The values for hydrogen and melt mass 
are captured at 30,000 s to include produced hydrogen after RPV failure also.  

Due to the amount of produced hydrogen, melt and water mass transferred to the containment 
two sequences have been chosen for further ex-vessel simulations. As SBO+PSD and 
SBLOCA+ECCS have a comparable mass of hydrogen but a significant difference of water in the 
containment and to investigate the impact of inerting steam on flammability, these two sequences 
are used for ex-vessel simulations. For each of the two selected in-vessel simulations one 
COCOSYS simulation with fully functioning PARs and one simulation with postulated complete 
PAR failure are performed. 

Table 14. Sequence events 

  

 SBO SBO+PSD SBLOCA SBLOCA+ECCS 

Event start 0 s 0 s 0 s 0 s 

SCRAM  0 s 3 s 3 s 

Start HA injection - 6,635 s 18,293 s 1,747 s 

Start ECCS - - - 28 s 

Start PSD - 6,263 s - - 

Start core degradation 6,390 s 10,909 s 14,492 s 19,180 s 

Start relocation 7,509 s 12,223 s 15,951 s 20,663 s 

RPV failure 7,942 s 13,491 s 17,176 s 23,451 s 

Discharged melt mass to 
containment  

106,264 kg 147,826 kg 145,242 kg 142,451 kg 

Discharged water (Vapor+ 
Liquid) to containment  

278,614 kg 531,809 kg 394,755 kg 447,613 kg 

Generated H2 498 kg 617 kg 500 kg 588 kg 
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V.4. Results and discussion  

In the following the results of the ex -vessel simulations of the two selected sequences SBO+PSD 
as well as SBLOCA+ECCS are presented and discussed briefly. 

V.4.1. Sequence SBO+PSD 
During the SBO+PSD sequence the containment pressure peaks between 6,000 and 14,000 s at 
around 3.8 bar (cf. Figure 63) both for the simulation with fully operational PA Rs (left) and the 
simulation with postulated failure of PARs. The pressure then drops to 2 bar at around 47,000 s 
and rises again due to sump water ingression into the cavity and following steam production. The 
containment temperature (cf. Figure 64) also peaks between 6,000 and 14,000 s at around 140 °C. 
Due to the missing heat output from the PARs the temperature in the simulation with postulated 
complete failure of PARs remains about 10 to 20 °C below the temperature in the simulation with 
PARs from around 10,000 s up until the end of the sequence. 

 

Figure 63. SBO+PSD: Containment pressure (zone UKUPA);  
l.: Simulation with operational PARs, r.: Simulation wit hout PARs 

Figure 65 shows the mass transfer from the pressurizer relief tank to the containment (zone 
DHHKPB) over time. Figure 66 shows the gas release from CCI in zones CAVITY and SUMPF. In 
total around 900 kg H2 and 6800 kg CO are released by CCI, the release rates only differ slightly 
between the simulation with and the simulation without PARs. 
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Figure 64. SBO+PSD: Containment temperature (zone UKUPA) ; 
l.: Simulation with operational PARs, r.: Simulation without PARs  

 

Figure 65. SBO+PSD: Leakage masses from primary circuit (zone DHHKPB)  

The atmospheric composition for the zone identified to have the highest combustion risk (zone 
DHHKBP) is plotted in Figure 67. The steam (H2Ov) concentration peaks at about 80 vol.% for both 
simulations and drops slowly to about 40  vol.% at 47,000 s. After that it peaks again at 60 vol.% 
due to the flooding of the cavity. The O 2 concentration drops to about 5  vol.% beginning with the 
mass transfer from the pressurizer relief tank to the containment at around 3600 s and remains 
there until 20,000 s for the simulation with operational PARs. The H2 concentration peaks at 
20,000 s with 6 vol.% and the CO concentration peaks at 27,000 s with around 3 vol.%. The O2, H2 
and CO concentrations subsequently decrease and at 60,000 s all three are below 1 vol.% for the 
simulation with operational PARs. In the simulation with postulated PAR failure the hydrogen 
concentration peaks at 16 vol.%, the CO concentration at 5 vol.% with O2 availability between 7.5 
and 11 vol.%. 
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Figure 66. SBO+PSD: Released gas masses from CCI (zones SUMPF and CAVITY); 
l.: Simulation with operational PARs, r.: Simulation without PARs  

 

Figure 67. SBO+PSD: Atmosphere composition (zone DHHKPB) ; 
l.: Simulation with operational PARs, r.: Simulation without PARs  

The heterogeneity index shown in Figure 68 evolves similarly in the simulation with operational 
PARs and in the simulation with postulated PAR failure during the first 17,000 s of the sequence. 
After that they diverge noticeably. The heterogeneity index is determined by dividing the highest 
combined concentration of H 2 and CO by the lowest combined H2 and CO concentration at any 
given time step. 

In Figure 69 Shapiro diagrams for the zone with the highest combustion risk are plotted. For the 
simulation with PARs combustion criteria are not met due to a high concentration of inert 
components (steam, N2 and CO2). In the simulation with postulated failure of PARs combustible 
conditions are reached. 
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Figure 68. SBO+PSD: Heterogeneity index ; 
l.: Simulation with operational PARs, r.: Simulation without PARs  

 

Figure 69. SBO+PSD: Shapiro diagram (zone DHHKPB) ; 
l.: Simulation with operational PARs, r.: Simulation without PARs  
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V.4.2. Sequence SBLOCA+ECCS 
The containment pressure (cf. Figure 70) peaks at about 2,000 s with 2.7 bar and subsequently 
drops to 1.6 bar at 20,000 s. Subsequently the pressure increases again due to the start of HA 
injection, RPV rupture and subsequent CCI. At 58,000 s another steep rise in containment pressure 
occurs due to sump water ingression into the cavity and following steam generation. The 
containment temperature (cf. Figure 71) peaks at 106 °C at 2,000 s and subsequently decreases 
up until the HA injection and RPV failure. In the simulation with postulated PAR failure the 
temperature remains significantly lower than in the simulation with active PARs after the onset of 
H2 release to the containment (20,000 s). 

 

Figure 70.  SBLOCA+ECCS: Containment pressure (zone UKUPA); 
l.: Simulation with operational PARs, r.: Simulation without PARs  

 

Figure 71. SBLOCA+ECCS: Containment temperature (zone UKUPA); 
l.: Simulation with operational PARs, r.: Simulation without PARs  
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The released fluid masses from the primary circuit through the break to the containment are 
displayed in Figure 72. The released mass of H2 is very similar to the SBO+PSD sequence. The 
released mass of liquid water (H2Ol) is slightly higher than in case of the SBO+PSD sequence but 
the steam (H2Ov) mass is significantly lower. Figure 73 shows the gas masses released by CCI. 
Approximately 7,000 kg of CO and 900 kg of H2 are released. 

 

Figure 72. SBLOCA+ECCS: Leakage masses from PRZ (zone PKLB) 

 

Figure 73. SBLOCA+ECCS: Released gas masses from CCI (zones SUMPF and CAVITY); 
l.: Simulation with operational PARs, r.: Simulation without PARs  

The atmospheric composition for the zone with the highest combustion risk is plotted in Figure 
74. The steam concentration peaks at 100 vol.-% in the beginning with the  leak opening. It 
subsequently drops to 42 to 33 vol.% between10,000 and 50,000 s. In case of the simulation with 
operational PARs the H2 concentration peaks at 22 vol.% but quickly drops to 5 to 10  vol.% 
between 20,000 and 40,000 s. In this time frame O2 availability is between 5 and 12 vol.%. In case 
of the simulation with postulated PAR failure H2, O2 and CO are available throughout the whole 
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accident sequence with hydrogen concentration between 10 and 18 vol.% after 25,000 s. During 
the first 22,000 s of the sequence the heterogeneity index shown in Figure 75 evolves similarly in 
the simulation with operational PARs as in the simulation with postulated PAR failure. 
Subsequently they diverge noticeably with the latter sequence showing higher numbers than the 
former. 

Figure 76 shows Shapiro diagrams for the zone with the highest combustion risk (PKLB). In 
contrast to the SBO+PSD simulation with operational PARs the Shapiro diagram for the 
SBLOCA+ECCS simulation with operational PARs shows fulfilled ignition criteria for a period of 
time. For most of the time the ignition criteria are  fulfilled only for upwards burning. For the 
simulation with malfunctioning PARs selected detonation criteria are fulfilled.  

 

Figure 74. SBLOCA+ECCS: Atmosphere composition (zone PKLB) ; 
l.: Simulation with operational PARs, r.: Simulation without PARs  

 

Figure 75. SBLOCA+ECCS: Heterogeneity index ; 
l.: Simulation with operational PARs, r.: Simulation without PARs  
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Figure 76. SBLOCA+ECCS: Shapiro diagram (zone PKLB); 
l.: Simulation with operational PARs, r.: Simulation without PARs  

 

V.5. Main highlights  

The results of the conducted simulations indicate that of all conducted ex-vessel simulations the 
SBLOCA+ECCS sequence poses the highest combustion risk. The steam concentration in the 
containment during the phase with the highest concentration of combustible gases is lower than 
for the SBO+PSD sequence which leads to an ignitable atmosphere condition. This can at least 
partly be traced back to the fact that the H 2 and steam release from the primary circuit happen in 
a shorter timeframe while the release happens more or less at separate times in case of the 
SBLOCA+ECCS sequence. The higher released steam mass in case of the SBO also contributes to 
the lower combustion risk. The two sequences with postulated complete PAR failure both lead to 
ignitable atmosphere conditions but the time window for ignition is still bigger for the SBLOCA.  
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secondary cooling systems, the MELCOR model also contains the containment (see Figure 78), the 
reactor building and auxiliary building, selected systems. These systems include operational ones 
like e.g. the nuclear ventilation, design-basis engineered safety features like the emergency core 
cooling system and extra borating system, and systems specific for the plant design extension 
conditions (DEC), i.e. the pressurizer depressurization system (PDS), passive autocatalytic 
recombiners (PAR) and the filtered containment venting system. 

In a MELCOR simulation first the nominal power operation state is established and simulated for 
a considerable time, typically 1 h, to ensure that the accident simulation is not influenced by a 
simulation initialization transient. Then, at t=0, the initi ating event happens, and the accident 
progression starts. 

The KONVOI PWR were developed by Siemens KWU (nowadays Framatome GmbH). A significant 
difference of the KONVOI in comparison to other PWR worldwide is the usage of a free-standing 
spherical steel containment, resulting in a very high resistance to internal pressures. This steel 
containment is full protected against crashes of military aircrafts by a surrounding airplane crash 
shell. The airplane crash shell is made from reinforced concrete and has a thickness of 1.8 m. The 
space between the steel containment and the concrete shell is called the annulus.  

The KONVOI containment is accessible by plant personnel during power operation. This allows 
for preventive maintenance during the entire fuel cycle and to prepare the reactor refueling before 
the plant enters the outage state. The outage time is additionally minimized by positioning the 
spent fuel pool inside the containment to minimize transport paths for fuel assembly handling. 
Therefore, the KONVOI plants have a very high power production availability. The accessibility is 
achieved by separating the containment into two main compartments, the large accessible rooms 
including the reactor floor, and the large equipment rooms (not accessible during powe r 
operation) housing the primary loop components. The accessible rooms and equipment rooms 
are separated by ventilation and radiation protection measures. In the nodalization picture in 
Figure 78 the accessible rooms are depicted in green, while the equipment rooms are shown in 
red. The blue room represent the spent fuel pool, the yellow rooms represent smaller 
compartments, and in orange the heating, ventilation, and air conditioning (HVAC) rooms for the 
equipment room recirculation cooling system are shown. 
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Figure  77: Representation of the reactor coolant system  
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Figure  78: Nodalization of the KONVOI containment  
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In the event of a loss of coolant accident (LOCA) the entire volume of the containment is needed 
to contain the steam volume released by the primary loop. Thus, the ceilings on top of the steam 
generator towers are designed as flaps or rupture foils (depend on the specific KONVOI plant). 
These ceilings open at low differential pressures between 24 mbar and 48 mbar (depending on 
the specific plant). Thus, in case of a LOCA these ceilings open, and steam can be released from 
the equipment rooms into the accessible rooms. In the MELCOR model, these pressure 
equilibration ceilings are modelled as FL840 and FL845, see Figure 78. The degree of opening of 
these ceilings affect the gas convection within the containment, and thus, after start of the fast 
cladding oxidation in the reactor core, influence the risk for the formation of combustible gas 
clouds. 

Several additional rupture foils or flaps are installed in the containment to prevent any excessive 
room pressures in case of a break of a high-energy pipe and to prevent the accumulation of 
condensed water in the respective rooms. Especially two flaps exist in the so-called channel 
(CV870) to drain water from the lower equipment rooms into the containment sump (CV802). 
Similar foil-devices ensure that the small equipment rooms (CV855) and the volume control 
system rooms (CV850) can drain always into the containment sump, where the emergency core 
cooling systems can re-inject the water back into the reactor coolant system. 

In case of a RPV failure, the core melt slumps into the reactor pit (CV800). The KONVOI reactors 
employ the concept of a dry reactor pit to avert any possible thermal shock s of the RPV outer 
surface by getting in contract to cold water. Besides these design-basis accident considerations, 
this dry pit concept also excludes any possibility for an ex-vessel steam explosion in the event of 
a severe accident. The dryness of the pit is ensured by its narrow design and its water-tight outer 
boundary, isolating it from the surrounding containment sump (CV802).  

When hot core debris gets in contact to concrete a so-called molten corium-concrete interaction 
(MCCI) occurs. The core melt chemically and physically decomposes the concrete and finally melts 
its constituent components. On one side this MCCI releases hydrogen and carbon monoxide into 
the containment atmosphere, on the other side it erodes the concrete in the reactor pit.  

After a certain time period, it can be expected that the so-called Biological Shield surrounding the 
RPV gets penetrated by the MCCI. Thereafter water from the sump can rush into the pit, 
submerging the core melt, as well as melt may flow out of the pit into the  containment sump. 

The MELCOR model assumes that, after penetration of the Biological Shield, the water levels 
equilibrate between CV802/805/800, and the core melt level in the sump equals the melt level in 
the pit minus 30 cm. The 30 cm level step shall take into account the rather high viscosity of the 
core melt at this point in time on a best -estimate basis, making a perfect outflow highly unlikely. 
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Because of the confined geometry of the reactor pit, it can be expected that even after the 
penetration of  the Biological Shield and the water inflow into the pit, the core melt remains non -
coolable for a long time period. In contrast, the core melt which flow out of the pit into the sump 
spread there and gets rapidly cooled. The assumption of melt outflow fro m the pit into the sump 
therefore is optimistic with respect to the termination of MCCI, however, it is pessimistic with 
respect to the containment pressure buildup. 

The AMHYCO project especially explores the behavior and distribution of combustible gases 
within the containment in the late phase of the accident. Therefore, the assumptions concerning 
the pit concrete are of high importance. The generation rates of hydrogen and carbon monoxide 
during the MCCI strongly depend on the content of water and carbon ates respectively in the 
concrete composition. The water content of concrete is typically 4-5 mass% about half physically 
bound in pores and half chemically bound in hydroxides. The carbonate content however depends 
on the respective gravel uses in the concrete mix. For safety-related MELCOR simulations, the 
concrete of the KONVOI plants were sampled and chemically analyzed to make plant-specific 
MELCOR simulations. For the AMHYCO project, a generic concrete composition is used which has 
carbonate content enveloping all KONVOI plants. The used concrete mass composition is listed 
in Table 15. Thus, the carbon monoxide release ratio will be bounding high in the AMHYCO 
MELCOR simulations. 

Table 15: Bounding concrete composition used in the AMHYCO project  

Component Mass fraction [%] 

SiO2 45.62 

Al2O3 3.19 

CO2 10.93 

MgO 3.28 

CaO 17.94 

Na2O 1.00 

K2O 0.91 

H2O (physically bound) 2.82 

H2O (chemically bound) 1.27 

Fe3O4 1.09 

Fe (rebar) 11.93 
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VI.3. Performed  Simulations  

The AMHYCO project focuses on the mitigation of combustible gases within the containment of 
a nuclear power plant in case of severe accident with core damage. The main sources of 
combustible gases thereby are the core oxidation releasing hydrogen and, after RPV failure, a 
molten corium -concrete interaction (MCCI) releasing hydrogen and carbon monoxide. 
Additionally, smaller sources of combustible gases can be radiolysis, the presence of operational 
hydrogen due to the water chemistry of a PWR, and carbon monoxide release due to secondary 
smoldering fires within the containment under air starvation. Latter sources are however not 
included in the MELCOR code framework. 

In the frame of Work Package 2 a series of simulations of hypothetical severe accident scenarios 
were numerically examined. That a nuclear incident like a pipe break can escalate into a nuclear 
accident, a series of redundant and diverse safety systems must be assumed to be not available. 
The failure combinations for the evaluated scenarios is shown in Table 16. The relative probability 
for such an initiating event and the conditional probability for a coinciding failure of several 
redundant and diverse safety systems was evaluated in the probabilistic risk assessments of the 
respective nuclear power plant. For the AMHYCO project, however, not necessarily the most likely 
accident sequences are evaluated. Instead, a mixture of typical accident sequences is simulated to 
give a global overview of possible accident progressions. Thereby, accident sequences were 
selected which are assumed to cause the highest conditional risk for an in-containment gas 
combustion.  

All the KONVOI plants under consideration are equipped with Framatome PAR. In national as well 
as international tests, Framatome PAR have shown a very high reliability, and in prototypical 
experiments like e.g. in the PHEBUS FPT-3 test were outperforming all competitors . Thus, based 
on a probabilistic evaluation, a complete systematic failure of the Framatome PAR system 
occurring in parallel to a severe accident can be considered as practically eliminated4. Therefore, 
the PAR system is considered to be available for all scenarios in this chapter. Also the filtered 
containment venting system (FCVS), installed by Framatome in the KONVOI plants, is especially 
designed to be operated under severe accident conditions, i.e. the containment venting can be 
initiated manually, and the access paths and the operating station are radiation protected. 
Therefore, the failure of the FCVS is also considered as practically eliminated. 

                                                           
4 This statement is specifically made for a Framatome PAR system, and not a general statement, see e.g. the 
aforementioned PHEBUS FPT-3 test results. 
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To evaluate the maximum hydrogen combustion risk in the simulations, no spontaneous 
combustions of local gas clouds are allowed in the model . Smaller local combustions can be seen 
as beneficial as they accelerate the recombination of hydrogen and oxygen within the 
containment, in additio n to the operation of the PAR, and thus reduce the risk for large-scale in-
containment combustion events. 

Table 16: Events and system availability for the simulated scenarios  

Event TLAP TLAP 
LOCA 
80cm2 

LOCA 
380cm2 

LOCA 
5cm2 

LOCA 
80cm2 

LOCA 
80cm2 

Safety injection 
pumps 

no no yes yes yes no no 

Safety injection  
3-way valves  

no no no no no no no 

Extra borating system no no yes yes yes yes no 

Primary 
depressurization 

650°C 
+30 min 

650°C no no no 650°C 650°C 

Steam generator 
feedwater 

no no yes yes yes yes yes 

Steam generator 
secondary cool-down 

no no yes yes yes yes yes 

Based on the hydrogen risk evaluation of these scenarios, the dominating scenario was evaluated 
(gray column in Table 16), which is discussed in detail in the following Chapter 0. 

VI.3.1. Medium -break LOCA with Secondary Cool -down.  
In this hypothetical accident sequence an 80 cm2 leakage occurs at the connection of the safety 
injection system to the hot leg of the primary Loop  2 (the loop connected to the pressurizer). This 
safety injection pipe connects to the bottom of the hot leg, as it draws water from the primary 
loop in residual heat removal mode. This leakage location maximizes the loss of coolant from the 
primary loop. 

Note that also cold -sided leakage was simulated as pre-work, however, the simulation showed no 
significant difference with respect to the in -containment hydrogen combustion risk in comparison 
to the hot -sided leakage. 

The KONVOI plant has the regulatory requirement that the plant must be able to control an 
initiating event for the  first 30 min autonomously without operator actions, thereafter manual 



 

  

D2.2 Identification and analysis of accidental sequences posing high H2/CO combustion 
risk (PWR-W, PWR-VVER, PWR-KWU) 

122 

actions by the plant crew can be credited. The crew is not forbidden to already act within the first 
30 min, however, to reduce the possible parameter space for the accident boundary conditions, 
in simulations the number of manual actions is minimized. 

After the pipe break occurs (assumed at t=0 s in the simulation), primary coolant flashes into the 
large equipment rooms of the containment. The reactor protection system automatically detects 
the occurrence of a LOCA by falling primary pressure (see Figure 79), by falling liquid level in the 
pressurizer, or by pressure buildup in the containment (see Figure 80 Figure 80). After reaching 
respective set-points, the protection system initiates the reactor trip, the containment isolation, 
and start of the high -pressure safety injection pumps. These pumps draw water from the external 
flooding tanks and inject the water into the primary loop. Additionally, the steam generators 
automatic cool -down with a rate of 100 K/h gets started, see Figure 79. As in this accident scenario 
the secondary side is not impaired, the steam generators remain filled with water. 

Caused by the assumed break size, the high-pressure pumps cannot stabilize the primary pressure. 
After the pr imary pressure dropped below 26 bar, the four accumulators attached to each primary 
loop hot leg, and four accumulators attached to the cold legs start injecting cold water passively 
into the primary loop. After the depletion of the hydro -accumulators after ~15 min, the primary 
pressure drops to ~10 bar. At this pressure, the low-pressure safety injection pumps are started, 
also drawing water from the external flooding tanks. The high-pressure pumps together with the 
low-pressure pumps can stabilize the primary pressure at ~10 bar, see Figure 79, without any 
uncover of the reactor core, see Figure 81. 

After ~1.5 h, the external flooding tanks are empty. At this point in time, a 3 -way valve would 
automatically switch in each redundancy the suction line of the emergency core cooling train from 
the respective external flooding tank to the containment sump. The water extracted from the 
containment would be cooled in the emergency core cooling systems, and re-injected into the 
reactor coolant loop. Thus, the LOCA would be automatically controlled by the emergency core 
cooling systems of the plant without the need of any human intervention.  

To allow for an escalation of the nuclear incident into a nuclear accident with core damage, 
additional system failures must be assumed. The (overall unlikely but comparable) most likely 
failure mode of the safety injection system in a KONVOI plant is the failure of the 3-way valve 
switchover of the safety injection suction lines from the flooding tanks to sump recirculation mode 
(with a common-cause failure assumption). These valves are four-fold redundant but not diverse 
as e.g. the pumps or the power supply. Thus, after the flooding tanks are depleted, the injection 
stops. Any emergency operating actions like repairing the valves or injecting coolant into the 
reactor coolant system by other systems (e.g. extra borating system or volume control system) are 
not considered in the simulation as they would prevent the core damage. 
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With the stop of the active water injection, the primary pressure drops down to ~4  bar (see 
Figure 79), and the heat exchanger tubes in the steam generators fill with steam. As the steam 
generators were already cooled down to ~2  bar by the 100K/h automat ic cool-down, a so-called 
reflux-condenser mode develops. In the RPV the coolant boils, releasing steam. This steam then 
gets condensed in the steam generators, and the condensate drains back along the bottom of the 
main coolant loops to the RPV. This reflux-condenser mode limits the amount of coolant lost via 
the pipe break, and thus elongates the overall accident progression. 

In the simulation the RPV liquid level drops into the active core zone about 4 h after start of the 
accident, and after 6 h the core heated up sufficiently that the fast zirconium oxidation starts. 
Caused by the reflux-condenser mode, the atmosphere within the RPV contains steam to drive 
the core oxidation, resulting in a high hydrogen mass production inside the RPV of ~700 kg. The 
hydrogen produced by the core oxidation gets directly released via the pipe break location into 
the lower equipment rooms of Loops  1&2. 

With 29 large (FR1-1500) PAR, four semi-large (FR1-750T) PAR, 21 medium sized (FR1-380T) PAR, 
and 4 small (FR1-320) PAR, the KONVOI PAR system has a nominal hydrogen recombination rate 
of 192 kg/h at norm conditions (1.5  bar-abs and 4 vol% hydrogen). Because of the consumption 
of the hydrogen by the PAR; the hydrogen mass within the containment peaks at ~350 kg during 
the core oxidation phase, see Figure 87.  

The hydrogen release via the LOCA location, together with a relatively low amount of steam in the 
containment due to the secondary cool -down of the steam generators, lead to the short term 
formation of combustible gas mixtures in the lower regions of the l arge equipment rooms of the 
Loop 1 &  2 side, see Figure 84.  

Note that the nodalization of the containment significantly affects the detection of combu stible 
gas mixtures in the calculation. In lumped parameter codes it is always averaged over the entire 
control volume. Thus, when making the control volume, which contains the leakage location, 
smaller and smaller, the local hydrogen concentrations become higher and higher. That 
combustible gas concentrations are reached close to the leakage location is not unexpected. 

While locally at the leakage location a combustible gas concentration is predicted, the large 
accessible rooms remain non-combustible, see Figure 85. Thus, even when considering an ignition 
of this gas cloud with in the equipment rooms, which have no direct connection to the containment 
pressure boundary, it can be assumed that the respective pressure loads would not endanger the 
containment integrity.  

In the time period between 6  h and 8 h the reactor core collapses into a debris bed and partially 
melts, see Figure 83. At ~8  h the core support plate fails, and the core debris slumps into the RPV 
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Figure  79: Primary and secondary pressure 

 

Figure 80. Containment pressure  
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Figure  81: Primary loop swell liquid level  

 

Figure 82. Molten corium -concrete interaction   
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Figure  83: Progression of the core destruction between 6  h and 9  h 
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Figure 84. Shapiro diagram for the large equipment rooms  

 

 

Figure  85: Shapiro diagram for the accessible rooms   
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Figure  86: Shapiro diagram for other containment rooms  

 

 

Figure  87: Mass of H 2 and CO within the containment
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Figure 88. Containment nodalization for PWR - VVER-1000 used in MELCOR (Red circles 

marks the reference compartment) 

 

Three SA sequences leading to the RPV failure and subsequent Corium-Concrete Interaction (CCI) 
have been considered: SBO, 90 mm cold leg LOCA and double ended large break LOCA. Spray 
system have been activated at in-vessel and ex-vessel stage to assess impact on hydrogen and 
CO concentration in containment compartment. In addition, these sequences have been run with 
and without PARs. Hence, a total of 12 sequences have been simulated: 
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�� 
 

VII.1.3. Scenario  selection based on total mass of combustible 
gases generated in CAV at ex -vessel phase 

Variant of the most conservative scenarios selection based on total mass of combustible gases 
generated in CAV at ex-vessel phase of severe accident (Criteria #2). Scenarios with the largest 
mass of gases generated are in bold. 
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VII.1.4. Scenario  selection based on total mass of combustible 
gases generated in scenario  

Variant of the most conservative scenarios selection based on total mass of combustible gases 
generated in scenario (Criteria #3). Scenarios with the largest mass of gases generated are in bold. 
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VII.1.5. Scenario  selection based on mole fraction of 
combustible gases in the reference compartment  

Variant of the most conservative scenarios selection based on mole fraction of combustible gases 
in the reference compartment (Criteria #4). The reference compartment is represent the largest 
control volume CV619 in the upper part of containment . Scenarios with the largest mole fraction  
of combustible gases in the reference compartment are in bold. 
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VII.1.6. Scenario  selection based on combustible gases speed 
generation  

Variant of the most conservative scenarios selection based on combustible gases speed 
generation in COR and CAV (Criteria #5). Scenarios with the largest combustible gases speed 
generation are in bold. 
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Plots of main parameters: 

 
Scenario 1 �t SBO without PARs, sprays activation in-vessel 

 
 

 
Scenario 2 �t SBO with PARs, sprays activation in-vessel 
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Scenario 3 �t SBO without PARs, sprays activation ex-vessel 

 
 

 
Scenario 4 �t SBO with PARs, sprays activation ex-vessel 

 
 

 
Scenario 5 �t LBLOCA + SBO without PARs, sprays activation in-vessel 

 
 

 



 

  

D2.2 Identification and analysis of accidental sequences posing high H2/CO combustion 
risk (PWR-W, PWR-VVER, PWR-KWU) 

140 

Scenario 6 �t LBLOCA + SBO with PARs, sprays activation in-vessel 

 
 

 
Scenario 7 �t LBLOCA + SBO without PARs, sprays activation ex-vessel 

 
 

 
Scenario 8 �t LBLOCA + SBO with PARs, sprays activation ex-vessel 
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Scenario 9 �t SBLOCA with diameter 90 mm + SBO without PARs, sprays activation in-vessel 

 
 

 
Scenario 10 �t SBLOCA with diameter 90 mm + SBO with PARs, sprays activation in-vessel 

 
 

 
Scenario 11 �t SBLOCA with diameter 90 mm + SBO without PARs, sprays activation ex-vessel 
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Scenario 12 �t SBLOCA with diameter 90 mm + SBO with PARs, sprays activation ex-vessel 

 
 

 
 

 


