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ARMENIA 

HYDROGEN CHALLENGE STUDY FOR ARMENIAN NPP 

E. Yeghoyan, A. Grigoryan 

Armenian Scientific-Research Institute for NPP Operation, CJSC, «ARMATOM» 
armatom@web.am 

1. INTRODUCTION 

The nuclear energy sector of Armenia includes one nuclear power plant - Armenian NPP (ANPP). 
ANPP consists of two units with Soviet design WWER-440/270 model reactor that is a version of the 
WWER-440/230 serial model with special seismic considerations in the design.  

Unit 1 started its commercial operation in 1976 and the Unit 2 in 1980.  Both units were shut down 
shortly after the earthquake of December 7th, 1988. Following the completion of repair and safety 
upgrading activities Unit 2, after 6.5 years of shutdown, restarted operation in 1995 and it has been 
operational since then. Unit 1 remains in long-term shutdown. 

2. SPECIFICITY OF THE PLANT DESIGN FROM THE POINT OF VIEW OF 
HYDROGEN CHALLENGE 

The free volume of the confinement is about 12500 m3. The design pressure of the confinement is 
relatively low (1 bar gauge pressure - very limited pressure bearing capability), as a small break LOCA 
was taken as the design basis accident. The design of confinement system includes special relief valves 
to atmosphere in order to protect the confinement structures from increased pressure in the beginning 
phase of an accident when the spray system only cannot ensure the limitation of the pressure (large 
LOCA). 

In addition, the WWER-440 (1375 MWth) has a high amount of Zr in the core – more than 19 tons. 
For PWRs (3600-3800 MWth) the mass of Zr is about 26-28 tons [1].  

Due to a relatively small confinement volume and high amount of Zr, in case of a severe accident, 
there can be rather high concentrations of hydrogen in the confinement as well as a relatively high rate 
of change in the concentration of various components of the confinement atmosphere (air-steam-
hydrogen mixture).  

Due to low design pressure of the confinement the effectiveness of the strategy of steam-inerting of 
the hydrogen containing mixture will be very limited. Effectiveness of the strategy will depend on the 
quantity (percentage) of air that was dumped to the atmosphere through the relief valves – more we 
have air in any area of confinement, less will be the content of steam in that area. 
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Small volume of the confinement results also in limited quantity of oxygen (the oxidant for available 
hydrogen) – about 2,7 tons of oxygen are available in confinement during normal operation of the 
plant. When the extent of steam-air dumping from confinement in the beginning phase of accident is 
significant, small mass of oxygen will be available in different areas of the confinement (but the extent 
of air removal for different areas can be very different in different scenarios). Mass of air dumped 
through the valves depends not only on the confinement pressure history but also the relative location 
of valves and the place of water-steam mixture outflow from primary to the confinement. 

3. STUDY OF HYDROGEN CHALLENGE 

3.1 HYDROGEN GENERATION 

Studies of hydrogen challenge during severe accident for Armenian NPP unit 2 presented in the current 
paper were performed using the results of calculations based on plant model developed with MELCOR 
1.8.5 as well as some engineering assessments. 

Large spectrum of accidents resulting in risk of hydrogen inflammation in plant confinement was 
studied. This includes different size primary LOCAs (“cold” and “hot” legs) as well as loss of steam 
generators feedwater or station blackout scenarios (all scenarios are without operator actions – the 
vulnerability of the plant is studied). 

Different assumptions on safety systems operation during the accident were made. The most 
influencing factor is the operability of the emergency core cooling system (the system is named 
“Emergency primary make-up system”; it is an active system including two trains with 3 pumps in 
each train; normally 2 pumps in each train must be actuated during the accident). Only in case of full 
failure of this system severe damage to fuel (with significant mass of hydrogen generation) takes place. 
Even in case of a guillotine break of primary tube of maximum size (DN500mm) if only 1 emergency 
make-up pump is operated, it will limit the extent of fuel damage (according to the calculations’ results: 
about 110kg of hydrogen is generated in case of “cold” leg break within first 1 hour of the accident 
and about 100kg in case of “hot” leg break). In case of 2 emergency make-up pumps operation the 
image is quite similar. This is due to very intensive boiling up of the coolant in the assemblies inner 
volume (resulting from the very quick pressure drop in the primary) with almost no coolant ingress to 
the assemblies in the beginning phase of the accident which result in fast overheating of the most heat-
loaded assemblies. 

First, the intensity of hydrogen generation as well as the total mass of hydrogen in different scenarios 
were addressed. On the Figure 1 the curves of generated hydrogen mass for specific scenarios (small, 
medium and large LOCA scenarios with full failure of primary make-up as well as loss of SG 
feedwater with no primary feed-and-bleed), for in-vessel phase of the accident. For all scenarios the 
zero time point corresponds to the moment of the onset of cladding runaway oxidation at the “hottest” 
point in the core. This is the moment of the onset of fuel damage. 

In all scenarios in the first phase of severe accident a serious spike of hydrogen generation takes place. 
In later phases relatively big or small spikes and progressive generation alternate. In Table 1 the values 
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of maximum masses of generated hydrogen as well as corresponding mean rates for different time 
intervals are presented. All these maximums occur in the beginning phase after fuel damage onset. The 
presented calculations did not consider any core reflooding. 

The analysis of relatively high number of LOCA scenarios resulted in the following conclusion – in 
all scenarios 2 important spikes of hydrogen generation take place during the first 1.5 hour after the 
onset of cladding runaway oxidation, and during later phases the mean rate of H2 generation is 
relatively small or even the generation practically stops. The same phenomena are perceptible in case 
of both “cold” and “hot” leg breaks, with only difference in time periods of fuel damage onset. 
Correspondingly, when considering the technical means to implement for mitigation of hydrogen 
challenge, the worst scenario must be chosen based on criteria of maximal mass of hydrogen generated 
during first 1.5 hour of severe accident. This approach is justified also by the fact of limited mass of 
oxygen available in confinement which is sufficient for maximum 340 kg hydrogen burning – when 
any strategies implemented for mitigation of hydrogen challenge result in removal of hydrogen 
(recombination or confinement venting) this will result also in oxygen content decrease. 

 

FIG. 1. Mass of hydrogen generated during in-vessel phase in different scenarios (zero time point 
corresponds to the moment of beginning of cladding runaway oxidation at the “hottest” point in the core). 
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TABLE 1. MAXIMUM MEAN RATES AND MASSES OF HYDROGEN GENERATION IN 
DIFFERENT TIME INTERVALS 

Scenario 10 min interval 30 min interval 1 hour interval 
Maximum 
mean rate 
of H2 
generation, 
kg/sec 

Maximum 
integral 
mass of 
hydrogen, 
kg 

Maximum 
mean rate 
of H2 
generation, 
kg/sec 

Maximum 
integral 
mass of 
hydrogen, 
kg 

Maximum 
mean rate 
of H2 
generation, 
kg/sec 

Maximum 
integral 
mass of 
hydrogen, 
kg 

LOCA 
DN32mm 

“cold” leg 

0,1267 76,0 0,0664 119,5 0,041 147,6 

LOCA 
DN100mm 

“cold” leg 

0,1632 97,9 0,0866 155,9 0,062 222,9 

LOCA 
DN210mm 

“cold” leg 

0,1335 80,1 0,0635 114,4 0,0366 131,7 

Loss of SG 
feedwater  

0,1736 104,1 0,09553 171,9 0,0546  196,6 

For large LOCAs major part of hydrogen is generated in a timeframe less than 1.5 hour, and the mass 
of hydrogen is less than in case of small/medium size LOCAs. This is due to the fact of early 
occurrence of steam starvation phenomenon and loss of core configuration (which result in decrease 
of steam-cladding contact surface). The worst scenarios based on the mentioned criteria are the 
medium LOCAs – according to performed calculations these are LOCAs in the range of DN70-80 mm 
(both “cold” and “hot” leg breaks) with 280-290kg of hydrogen generated within first 1.5 hour. In 
small LOCAs and Loss of feedwater scenario accidents higher masses of hydrogen (350-450kg) are 
anticipated to be generated and released to the confinement, but within timeframes of about 3-5 hours. 

3.2 MASS OF HYDROGEN THREATENING THE INTEGRITY OF CONFINEMENT 

Based on the methodology presented in [2], the mass of hydrogen which combustion in slow 
deflagration mode can result in loss of confinement integrity was assessed (depending on the current 
pressure in the confinement). The results are presented on Figure 2: curves 1, 2, and 3 correspond to 
different air content in confinement atmosphere,  respectively 10%, 30%, 50% of air dump from the 
confinement. Flammable or inert condition of mixture (considering the content of hydrogen as well as 
steam) was taken into account. Lower is the current pressure in the confinement higher is the mass of 
hydrogen threatening the integrity of confinement.  
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FIG. 2. Mass of hydrogen threatening the integrity of confinement (dashed part of curve – non-flammable 
mixture; solid part of curve – flammable mixture); curves 1,2,3 correspond to 10%, 30%, 50% of air dump 

from the confinement. 

For the calculations the following conservative assumptions are made: 

 The combustion process is assumed to be an Adiabatic Isochoric Complete Combustion 
(AICC). This determines the maximum expected containment pressure; 

 All the energy from the combustion is absorbed by the atmosphere as increased internal energy; 

 Whether or not the containment is flammable is based on a correlation formulated from 
experimental data [2]; 

 The concentrations of air, steam and hydrogen are assumed to be the same in all areas of 
confinement (homogeneous atmosphere); 

 Expected containment failure has been defined at the pressure of 3.1 bar absolute [3] based on 
confinement structural capacity assessments; 

 Failure of confinement relief valves is assumed. 

Difference of values of calculated masses of hydrogen for different air contents is conditioned by 
influence of air and steam content on gas mixture thermal capacity as well as on gas density. Dashed 
part of the curves of Figure 2 represents the non-flammable mixtures. According to the curves, based 
on very conservative assumptions, more than 80 kg of hydrogen must be burnt to threaten the integrity 
of the confinement.  

It is anticipated that the availability of confinement relief valves will ensure the protection of 
confinement structure against overpressure. However, every actuation of relief valves will be related 
with release to the environment of media containing radioactive materials. Thus, the actuation of 
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valves is very undesirable phenomena. In case of hydrogen global burn in confinement the relief valves 
will certainly actuate. The hydrogen management strategies must be aimed at excluding the hydrogen 
global burn even in slow deflagration mode. 

According to different studies, burning of even small masses of hydrogen in detonation mode can 
result in very high peaks of pressure. In [4] shock pressure loads to Olkiluoto plant reactor under 
detonation conditions of hydrogen containing mixtures were assessed using a specially developed 
computer code. Detonable hydrogen masses in a reactor building room (having a total volume of 897 
m3) were 1.4 kg to 3.15 kg. According to the studies, the order of values for the peak pressure is several 
tenths of MPa. Thus, the main challenge for the confinement integrity will be detonable mixtures or 
mixtures that can burn in “transition to detonation” mode. 

3.3 FLAMMABILITY OF THE ATMOSPHERE IN THE CONFINEMENT 

At modern power units with large containment designed for relatively high pressures (0.4–0.6 MPa), 
very often the main strategy for mitigation of hydrogen challenge during severe accident is the removal 
of hydrogen by means of implementation of passive autocatalytic hydrogen recombiners. In this case, 
a safe mixture composition can be maintained (a non-flammable mixture) by keeping water vapor high 
concentration. 

For the power unit under consideration, the maximum pressure that can be maintained in the 
confinement by increasing the vapor concentration within the severe accident management is limited 
by relief valve actuation set-point equal to 0.0735 MPa. The maximum absolute pressure in the 
confinement, considering the atmospheric pressure value of approximately 90 kPa, is no more than 
160 kPa (with a minimum margin to the relief valve actuation set-point). More we have air in any area 
of confinement, less will be the content of steam in that area. To ensure a fairly high vapor 
concentration (higher than 55%), the air content should be significantly lower than the initial one (a 
high degree of air dump from the confinement). An analysis of the arrangement of confinement 
premises and possible scenarios showed that scenarios with a relatively low air removal from the 
confinement before the onset of severe accident phase are likely, which leads to sharp restrictions on 
possibilities for increasing vapor concentration. Thus, in some scenarios the strategy for steam inerting 
of the mixture must be complemented by strategies of some air removal. With this purpose, in plant 
SAMGs intentional confinement filtered venting is considered. 

As opposed to higher mentioned, there can be scenarios when the air removal from confinement 
premises during the accident progression is significant, and the oxygen concentration drops enough 
(even below 5% which ensures the inerted state of the gaz mixture). For this reason, in plant SAMGs 
the strategy of inerting the media through intentional confinement filtered venting and maintaining 
low oxygen concentration is also considered. 

Some other specificity of the confinement premises layout is related to the area of service of Main 
Coolant Pumps (MCP) and Main Isolation Valves (MIV) electromotors. Isolation elements between 
this area and main compartments of confinement include special devices for isolation of MCP and 
MIV shafts apertures which consist of rubber membranes. In non-accidental configuration of the plant 
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the mentioned area is connected with the other compartments of the confinement through overpressure 
valves. In accident conditions, as result of pressure increase in main compartments, the overpressure 
valves will close, and the rubber membranes will ensure reliable isolation up to certain pressure (a 
pressure difference on the membrane bigger than 0.4 bar can result in membrane rupture). On the 
figure 3 the layout of the main premises is presented. 

 

FIG. 3. Confinement main premises. 

Depending on the moment of rubber membrane break and the number of broken membranes, the 
tendency of changing the mixture parameters in MCP/MIV electromotors’ service area can be very 
different. In order to define the worst (most dangerous) scenarios, special analyses based on 
calculations’ results and engineering judgment were carried out. It was revealed that the worst 
situations will be in cases when the breaks of membranes take place at the severe phase of accident 
and the area of the break is relatively small. The change of “air-steam-hydrogen” mixture state in such 
a scenario is presented in on the Figure 4. The scenario is the following: small LOCA with failure of 
ECCS (operational spray system) – during the first phase of accident the operation of spray system 
limits the pressure in the confinement and the rubber membranes stay intact; when the severe accident 
symptoms are achieved, transition from EOP to SAMG is considered and according to SAMG 
guidance the strategy of steam concentration increase will be initiated - the spray system must be 
turned off or the intensity of the heat removal must be limited (in the calculations the spray system 
turning off was considered). Due to the pressure increase in the main premises of the confinement, 
break of one rubber membrane (the weakest one) was considered. Then, due to “air-steam-hydrogen” 
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mixture inflow to the MCP/MIV service area, pressure difference on intact membranes will 
significantly decrease preventing their failure. In such a case, the area of gaz flow between two 
considered premises will be very limited. The inflow of “air-steam-hydrogen” mixture will result in 
increase of hydrogen concentration, as well as the steam concentration, but the latter will increase very 
slowly due to significant steam condensation on structures and walls which at that moment have still 
relatively low temperatures. On the Figure 4 the point 1 corresponds to the moment of spray system 
turning off, and the other points represent the mixture state after every 20min timeframe. The 
flammable mixture is formed in about 40min after stopping the intentional heat removal through the 
spray system. Reaching the dangerous compositions of mixture (possible burning in mode of 
deflagration to detonation transition) takes place in about 2 hours. 

 

FIG. 4. State of “air-steam-hydrogen” mixture in MCP/MIV service area. 

Another significant issue from the point of view of hydrogen challenge can be the formation of 
flammable mixtures (even explosive mixtures) in relatively small size, so called “dead end” rooms. 
Special study was carried out to reveal the factors influencing this phenomenon. During the study the 
emphasis was put on detailed modeling of the dynamics of heat transfer through the confinement 
reinforced concrete walls. Detailed modeling included: consideration of relatively thin wall layers; 
consideration of different mathematical expressions for heat transfer coefficient from steam-gas 
mixture to the wall metal lining; consideration of concrete metal reinforcement influence on heat 
conductivity of the wall; consideration of rooms with different ratios of walls surface (S, m2) to the 
room volume (V, m3); consideration of change of temperature field in the wall from initial state (normal 
operating condition) in the course of different stages of the accident. 

The calculations considered some conservative initial and boundary conditions. This included: 
minimal anticipated temperatures of the walls; high heat coefficient between gas mixture and wall 
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lining; minimum size of the gap between wall lining and wall resulting in bigger heat transfer 
coefficient.  

In the considered scenario complete mixing of media of main premises and small “dead end” rooms 
till the beginning phase of severe accident is considered. Then, beginning from a moment, the flow of 
gazes between the premises is considered to be the result of steam condensation in small rooms – 
inflow of the steam-air-hydrogen mixture from main premises to the small rooms resulting in 
accumulation of hydrogen as well as oxygen and decrease of steam concentration. The composition of 
the mixture in main premises is considered to remain unchanged during investigated period and to be 
steam-inerted (different cases with different hydrogen concentrations within acceptable limits are 
considered – up to 8%).  

On the figure 5 the change of the relative masses of the mixture components (hydrogen, oxygen and 
steam) in time for two different rooms is presented. The relative change of masses is independent of 
the mixture initial composition. It is obvious that for the room with bigger S/V ratio the change of 
composition is significantly faster. 

 

FIG. 5. Change of relative masses of mixture components in small “dead end” rooms: 
Curves 1 and 2: Relative masses of hydrogen and oxygen correspondingly in rooms with 
S/V=0.9 and S/V=1.9 ratios; Curves 3 and 4: Relative masse of steam correspondingly in 

rooms with S/V=0.9 and S/V=1.9 ratios. 

On the Figure 6 the state of “air-steam-hydrogen” mixture in small dead end room with S/V=1.9 ratio 
is presented. The point 1 corresponds to the moment of starting calculation with assumption of even 
compositions of media in the premises, and the other points represent the mixture state after every 
10min timeframe. 
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Main calculations were made with assumption of hydrogen concentration in the main premises up to 
8% (lines 1 and 2 in Figure 6) considering that in case of installation of PAR (if adequately sized) the 
concentration will be limited within this acceptable interval. However, some scenarios are likely when 
due to exhaustion of oxygen in some area of confinement the recombination of hydrogen will be 
stopped and, thus, the concentration of hydrogen can reach values higher than 8% in case of continued 
generation of hydrogen. In case of inflow of gas mixture with high concentration of hydrogen to small 
rooms the tendency of changing the flammability state will be faster, and even detonable mixtures can 
form (line 2a on the figure 6 – scenario with increase of hydrogen concentration in main premises from 
8% to 12% with a delay of 30min). Even if total mass of hydrogen in small rooms is not significant 
(several kilograms), the pressure peaks in case of detonation can be very important [4]. 

 

FIG. 6. State of “air-steam-hydrogen” mixture in small “dead end” room with S/V=1.9 ratio. 

The main results of the study are as follows: 

 The confinement walls are heat absorbers with very big thermal inertia. Heat removal 
capacity of the walls doesn’t decrease significantly during the accident progression (only 

first 1520 cm layers’ temperature change is perceptible, and during first 34 hours of 
accident the temperature increase at the inner surface of the concrete wall is < 10 oC). The 
heat removal capacity depends mainly on the initial temperature field of the wall; 

 The ratio of walls surface (S) to the room volume (V) is a factor strongly influencing the 
studied phenomena; 
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 The hydrogen concentration in main premises from which the gaz mixture outflow to the 
small rooms is a factor strongly influencing the risk of formation of flammable or 
detonable mixtures; 

 Formation of detonable mixtures in small “dead-end” rooms is not excluded, if special 
countermeasures are not implemented. 

Detailed modeling of heat removal through the confinement walls is also very important for assessing 
the influence of installation of PAR in confinement. During the operation of PAR big amount of 
thermal energy is released, and in case of ANPP confinement design it will have also important 
negative influence – the operation of PAR will result in significant heating of atmosphere on 
confinement, thus, will result in pressure increase and anticipated actuation of confinement relief 
valves. Besides that, the atmosphere more intensive circulation will significantly decrease the effect 
of natural deposition of aerosols. All these phenomena can contribute to the increase of radioactive 
releases. The heat removal through the walls as well as heat transfer to confinement internal 
constructions can mitigate or even compensate the mentioned negative impact, but this must be 
assessed based on detailed modeling which is the next phase of study. 

Existing plant model for severe accident study covers only reactor (in configuration of closed 
reactor/closed confinement). Recently activities for severe accident study for spent fuel pools (SFP) 
and open reactor configuration started. The MELCOR model is under development. The MELCOR 
1.8.6 version will be used to account the presence of air with steam (ingress of air to the fuel assemblies) 
in contact with the overheated zirconium cladding and provide better prediction of oxidation kinetics. 

As opposed to very small volume of the confinement, the central hall of the reactor building, to which 
the SFPs are connected, is a relatively big area with approximately 85000m3 of free volume (the hall 
is common for two units of the plant). Some engineering assessments were made to assess the order 
of value of mass of hydrogen that can be generated in the SFPs as well as the anticipated concentrations. 
In case of total accumulation of the hydrogen (no removal) detonable mixtures can form. Only detailed 
modeling can predict the extent of removal/accumulation of hydrogen and steam. 

REFERENCES 

[1] Mitigation of Hydrogen Hazards in Severe Accidents in Nuclear Power Plants, TECDOC-
1661, IAEA, VIENNA, 2011.  

[2] Westinghouse Owners Group SEVERE ACCIDENT MANAGEMENT GUIDANCE- 
VOL.1, 1994. 

[3] ANPP containment structure behavior under LOCA conditions and assessment of containment 
real structural capacity, NRI Řež., 2011. 

[4] A. Silde, I. Lindholm, On Detonation Dynamics in Hydrogen-Air-Steam Mixtures: Theory 
and Application to Olkiluoto Reactor Building- VTT Energy, NKS-9.- ISBN 87-7893-058-8.-
Finland. - February 2000. 

  



15 | P a g e  
 

BRAZIL 

A PROPOSAL FOR HYDROGEN MITIGATION CONSIDERING SMALL 
CONTAINMENT 

N.A. Fakhoury1, A.R.M. Pinheiro1, A.M. Avelar1, C. Giovedi2, A. Abe3 

1Navy Technological Center – CTMSP, Av. Prof. Lineu Prestes 2468, São Paulo, SP, Brazil 
2LabRisco, University of São Paulo, Av. Prof. Mello Moraes 2231, São Paulo, SP, Brazil 

3Nuclear and Energy Research Institute – IPEN/CNEN, Nuclear Engineering Center – CEN, Av. 
Prof. Lineu Prestes 2242, São Paulo, SP, Brazil 

ABSTRACT 

After Fukushima Daiichi nuclear accident, the hydrogen generation due to fuel cladding metal-water 
reaction becomes the main nuclear safety issue. Existing light water reactors consider hydrogen 
recombiner and pre-inertization as design solution for hydrogen concentration management. This work 
intents to address the small containment which has no space available to install sufficient number of 
hydrogen recombiner. The proposal for small containment considers the post-accident hydrogen 
concentration management taking into account post-inertization and forced venting (purge). Until now, 
systems for post-inertization have not been applied in any nuclear power plant but due to different 
small modular reactor design, such solution become a very interesting one for hydrogen management 
as severe accident mitigation. 

1. INTRODUCTION 

After Fukushima Daiichi nuclear accident, the hydrogen generation due to fuel cladding metal-water 
reaction becomes the main nuclear safety issue. The hydrogen generation due to fuel cladding metal-
water reaction is predicted according to NRC §50.44 [1], NUREG 0800 6.2.5 [2], Regulatory Guide 
1.7 [3], as a beyond design basis accident. The generated hydrogen may mix with the air present in the 
containment and also with the steam generated after rupturing the pipe / flooding the containment, 
forming a flammable mixture. Such mixing may cause deflagrations, or even detonations, generating 
a significant increase in the containment pressure and temperature [4]. Furthermore, dynamic loads 
associated with local or global detonations can be a threat to the integrity of the containment. 

The instructions standards NUREG 0800 3.8.2 [5] e Regulatory Guide 1.57 [6] guarantee the integrity 
of metal containments. They provide in their texts the evaluation of the combination of loads for 
services of several levels, to which typical plants are submitted during their useful life. 

The present work deals with the evaluation of the pressure generated by the uncontrolled burning of 
hydrogen in the containment of LABGENE – Electric and Nuclear Energy Generation Laboratory, 
generated by a 100% of fuel cladding metal-water reaction. This containment presents peculiarities 
due to its size and format. The evaluation was carried out with conservative assumptions and does not 
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consider temporal aspects or related to the rate of the metal-water reaction. In addition, an alternative 
is proposed for the mitigation of future occurrences, due to the generation of hydrogen, after the 
pressure evaluation through a conservative analysis. 

2. DEVELOPMENT OF WORK 

In order to determine the conditions in the containment after the stipulated uncontrolled burning of the 
hydrogen of the instructions standards NUREG 0800 3.8.2 [5] and Regulatory Guide 1.57 [6], it is 
necessary to determine the containment conditions after the generation of hydrogen, but prior to its 
burning. Among the conditions are the pressure, temperature and fractions of each component. 

For the LABGENE containment, the metal-water reaction is only possible after the occurrence of a 
LOCA (Loss of Coolant Accident), combined with a series of faults such that the core temperature 
rises above 1000 ° C. The pressure buildup peak due to LOCA has its value rapidly reduced due to the 
effects of steam condensation on the containment. The amount of steam present in the containment is 
directly related to the steam pressure and, more pressurized the containment environment is, higher 
will be the steam concentration (saturation). Large amounts of steam in the containment environment 
can lead to the inert state, in which the combustion of hydrogen is not possible. This condition can 
occur either due to the absence of oxygen, in concentrations below 5% [7], or due to excess / 
insufficiency of hydrogen (see envelope of flammability of Figure 1). 

 In Figure 1 it is possible to observe the regions in which the mixtures containing hydrogen, steam and 
air are susceptible to deflagration, detonation or are considered non-flammable. Note that the region 
of high water steam concentrations is outside the envelope of flammability. 

In order to determine the most critical point for the project, in the condition prior to the generation of 
hydrogen but after the LOCA, analyzes were carried out that covered a range of temperatures (and 
consequently pressures) that led to the higher pressure in the containment after combustion, by the 
AICC methodology (Adiabatic Isochoric Complete Combustion). From the complete calculations for 
every temperature range, from the operating temperature of 57 ° C to the temperature of 120 ° C, in 
which the mixture reaches the inert condition (due to the amount of steam in the atmosphere of the 
containment), it was possible to determine under what conditions the mixture is in the detonation 
regions, deflagration and outside the envelope of flammability. For temperatures below 78 ° C, the 
mixture is in the detonation region (which will not be on this paper). For temperatures between 78 ° C 
and 120 ° C, the mixture is in the deflagration region. For temperatures above 120 ° C, the mixture is 
outside flammability limit and, in cases where the oxygen concentration is below 5%, inert. 

The most critical deflagration determined by the calculations will be used as the reference. That 
condition occurs at 78 ºC in which the final pressure in the containment (after hydrogen burning) 
reaches 12.8 bar abs (PAICC/P0 = 5.37, being P0 the pressure in the containment after the hydrogen 
generation). 
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FIG. 1. Flammability and detonation limits for mixtures containing hydrogen, steam and air [7]. 

3. COMPARISON WITH THE LITERATURE 

3.1. COMPARISON WITH S. R. TIESZEN [8] STUDY 

The study of Tieszen [8], evaluated the effects of the initial conditions variation on the loads generated 
by the hydrogen combustion. In the same, a ratio of hydrogen equivalence is defined, which is the ratio 
of the ratio of fuel / air to a given mixture and the ratio of fuel / air to the mixture under stoichiometric 
conditions. 

The study presents a graph, in which the AICC pressures are presented for several ratios of equivalence, 
also varying the vapor concentration in the mixture. The same will be used to determine the pressure 
of AICC (PAICC) for LABGENE containment, according to Figure 2. In order to use the figure, the 
equivalence ratio for LABGENE containment was calculated, which resulted in 2.31. 

An AICC pressure of 1.5 MPa abs (or 15 bar abs) is shown in Figure 2. It should be noted that the 
initial conditions of the study are 101.3 kPa and 373 K (1.013 bar and 100 ° C). 
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FIG. 2. Adiabatic Isochoric Complete Combustion pressure as a function of the equivalence ratio. Taken from 
[8], with the inclusion of the operating point for the LABGENE mixture. 

3.2. COMPARISON WITH I. K. PARK ET AL. [9] STUDY 

The study by Park et al. [9] focuses on the probabilistic analysis of the containment failure, from the 
burning of the hydrogen. The importance of pressure peak due to burning is demonstrated, and a 
formula is presented for determination of this peak. Then, using the hydrogen concentration of 
LABGENE containment, the pressure peak estimate of 1.3 MPa, or 13.0 bar abs, is obtained. 

3.3. COMPARISON WITH B. F. BURGETH [10] STUDY 

The work of Burgeth [10] deals with the Adiabatic Isochoric Complete Combustion for mixtures 
containing hydrogen, air and steam. The methodology, based on the approximation calculation, 
presents satisfactory results when compared to the complete calculation methodology. Graphs of 
pressure difference (p1 / p0) and final temperature are presented as a function of the hydrogen 
concentration. They will be used by applying the LABGENE data in order to determine the final 
pressure and temperature after the Adiabatic Isochoric Complete Combustion. 

The analysis of Figure 3 shows a p/p0 result of 5.3. Considering the initial pressure estimated for 
LABGENE containment of 2.38 bar abs, a final pressure (AICC) of 12.6 bar abs is obtained. 

3.4. COMPARISON WITH N. AGRAWAL E S. K. DAS [11] STUDY 

The reference study [11] performed AICC calculations for mixtures containing 100% humidity and 
298 K, which corresponds to ambient temperature and 373 K, which corresponds to the boiling point 
of the water at a pressure of 1 atm. Figure 3 below shows a comparison between the results for several 



19 | P a g e  
 

initial conditions. It also includes a comparison with Berman's studies (apud reference [11]), which 
were performed at 298 K as the initial temperature. 

FIG. 3. 
Evolution of AICC function for different initial steam concentrations. Taken from [11], with the inclusion of 

the operating point for the LABGENE mixture. 

By including the LABGENE point in the curve, a value of the pressure increase function of 5.35 bar 
is obtained. Considering the initial pressure estimated for LABGENE containment of 2.38 bar abs, 
then a final pressure (AICC) of 12.7 bar abs is obtained.  

3.5. COMPARISON WITH NUREG/CR-3468 [12] 

NUREG / CR-3468 presents the results of several experimental tests carried out in environments with 
or without humidity (presence of steam), for actual combustion (considering all energy losses) and the 
comparison with the Adiabatic Isochoric Complete Combustion, varying the initial concentration of 
hydrogen. No tests were performed with the exact initial concentrations expected for LABGENE, but 
it is possible to obtain an estimate from the interpolation of the results. Figure 4 shows the results of 
the tests for atmospheres with humidity ranging from 0 to 20% of vapor, as is in the LABGENE 
containment (~ 8%). In the figure, the first column corresponds to the number of the experimental test 
performed, "Pmax / P0" is the normalization of the maximum pressures and "t" is the duration of the 
combustion (time between ignition and maximum pressure). Results filled in with "NA" indicate that 
the test information is not available due to experimental difficulties or hardware failures. The acronym 
"NP" indicates that the test was not processed in the programming software used by the author. Table 
1 presents the initial conditions of each of the experiments. It should be noted that they vary, but 
average on 391 K. 
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FIG. 4. Results of experiments performed in reference [12]. 

TABLE 1. INITIAL CONDITIONS FOR EACH EXPERIMENT. ADAPTED FROM REFERENCE 
[12] 

Burn P0 (atm) T0 (K) T (ºC) 
51 1.08 395.75 122.6 
70 1.99 391.25 118.1 
71 2.59 384.65 111.5 
72 2.62 392.45 119.3 
73 1.17 391.15 118 
74 1.11 403.05 129.9 
75 1.25 397.55 124.4 
76 1.07 392.75 119.6 
84 2.64 393.25 120.1 
85 2.27 396.35 123.2 
88 2.41 382.55 109.4 
92 1.12 392.65 119.5 
140 1.08 387.35 114.2 
141 1.1 384.35 111.2 
142 1.09 389.65 116.5 
143 1.14 388.55 115.4 
190 1.21 384.95 111.8 
197 1.82 389.65 116.5 
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From the data presented in Figure 4, interpolations were performed, followed by an approximation by 
neural networks (determination of a surface equation from the Statistica software), in order to obtain 
curves for the variable PAICC/P0. 

The data from NUREG/CR-3468 was used to adjust a multi-layer-perceptron neural network model 
with one hidden layer (see Figure 5). Sigmoids functions were used as activation functions for the 
hidden layer. Linear functions were used on the first and on the last layer. Back propagation algorithm 
was used to train the networks. To updates weight and bias values, Levenberg-Marquardt optimization 
method was the first choice. Weights and biases that best fitted the data are shown on the following 
function programed on Excel TM VBA: 

 

Function redeneural(h2, steam) 

n11 = h2 * 0.019869 + (-0.167693) 

n12 = steam * 0.078927 + (-0.536701) 

lbd21 = (1.550563 * n11 + 0.414888 * n12) - 1.353532 

lbd22 = (3.310308 * n11 - 0.135471 * n12) + 0.076031 

n21 = 2 / (1 + Exp(-2 * lbd21)) - 1 

n22 = 2 / (1 + Exp(-2 * lbd22)) – 1 

n31 = (-1.309251 * n21 + 1.737784 * n22) - 0.880741 

if steam ≤ 0,2 then 

redeneural = (n31 - (-0.768061)) / 0.380228 / 0.766 

else 

redeneural = (n31 - (-0.768061)) / 0.380228 / 0.84 

end if 

End Function 
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FIG. 5. Neural network structure. 

The result of the study is shown in Figures 6 and 7. 

 

FIG. 6. Interpolation of the experimental results of NUREG/CR-3468 [12] obtained by means of neural 
network, see Figure 5, of PAICC/P0 after the burning of hydrogen in environment containing water vapor. 

The experimental results of NUREG/CR-3468 demonstrate the influence of increased steam 
concentration on the mixture, which acts as an inert agent and large heat sink, reducing pressure peaks 
during the combustion of hydrogen. It is also shown that for hydrogen volumetric concentrations above 
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30%, the pressure ratio (PAICC/P0) is reduced as the hydrogen concentration is increased. Such behavior 
can be observed in Figure 6. 

The behavior of the PAICC/P0 ratio can be more easily observed in Figure 7 which shows the level 
curves of the defined model. 

 

FIG. 7. Level curves of function (PAICC/P0 model) obtained from the experimental data of NUREG/CR-3468 
[12]. 

The application of the LABGENE points in the curves presented generates the following pressure 
differential: PAICC/P0 = 5.37. Considering the initial pressure estimated for the LABGENE of 2.38 
bar abs, a final pressure after burning (AICC) of 12.8 bar abs is obtained. 

4. DISCUSSION OF COMPARATIVE RESULTS AND MITIGATION 
PROPOSALS 

The references presented in items 3.1 to 3.5 can be evaluated in a joint and comparative way, since 
they deal with the same theme, either theoretically or experimentally. The reference present in 
NUREG/CR-3468 [12] is taken as the base and from it, a model for the PAICC/P0 ratio was raised. From 
the comparison between the proposed model and the works cited in this report, we conclude that the 
model is conservative. Therefore, using it as a base brings a maximum metric for the pressure in the 
containment after the burning of all the hydrogen generated from the reaction of 100% of the fuel 
cladding in a metal-water reaction. Table 2 shows a comparison of the values obtained after the 
evaluation of the literature performed in the previous sub items. 
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TABLE 2. COMPARISON OF THE AICC VALUES OBTAINED IN THE REFERENCES 

References PAICC / P0 PAICC (bar abs) 
S. R. Tieszen [8] - 15.0 
I.K. Park et al [9] - 13.0 
B. F. Burgeth [10] 5.3 12.6 
N. Agrawal e S. K. Das [11] 5.35 12.7 
NUREG/CR-3468 [12] 5.4 12.8 

 The overpressure due to the burning of the hydrogen in the LABGENE containment was 
conservatively calculated based on the AICC. The amount of hydrogen considered refers to a reaction 
of 100% of fuel cladding (metal-water reaction), assuming the mixture within the theoretical zone of 
deflagration. The conservative conditions include the assumptions of no mitigation medium in 
operation and the rapidity of the metal-water reaction.  

The LABGENE containment is very small compared to other containments of power reactors, and it 
has peculiarities due to its size and shape. Its design was based on pressure peaks developed from a 
LOCA and, due to its reduced size, the design made impossible the installation of numerous hydrogen 
recombiners capable of supplying the rate of hydrogen generation in the accident. 

Through the developed study, it was verified that the containment maybe not withstand the deflagration 
pressures of H2. Thus, alternatives are proposed to mitigate the consequences of high concentrations 
of H2 post-accident without modifying the working requirement for which the containment previously 
was designed. 

The literature presents several strategies for the hydrogen control, focusing on nuclear plants. They 
can be summarized in two main groups of measures dealing with: 

 Prevention of the formation of gaseous mixtures with high burning potential and; 

 Mitigation of the consequences of possible combustion. 

A study on hydrogen management techniques in confinement, carried out by the OECD Nuclear 
Energy Agency's Nuclear Safety Division [13], shows a detailed tree with several strategies for the 
management of hydrogen, and can be observed in Figure 8. 

For this work the inertization proposal after accident using N2 as inert gas is presented. In order to 
implement this strategy, the containment environment must be continuously monitored. When 
conditions consistent with those of a LOCA are achieved, inert gas must be released into the 
containment environment in order to dilute the flammable gases generated by the metal-water reaction, 
preventing the flammability limit being reached. 
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FIG. 8. Different strategies and measures to cope with the H2-problem during severe accidents [13]. 

It is importat mentioning that hydrogen generation depends heavily on the scenario, and the above 
condition occurs in the worst case outside the design base, within a certain level of reliability. It is 
important to note that the post-inertization system can not be activated immediately after the 
occurrence of a LOCA, because as a consequence of the accident there will be pressure buildup, and 
it is not interesting to generate another increase of pressure in the containment. After the pressure drop, 
which occurs due to steam condensation in the containment, the system can be triggered. The 
containment pressure and temperature during the injection of N2 are shown on Figures 9 and 10. 

In the possession of the free volume of the containment after a LOCA, it is possible to estimate the 
amount of nitrogen necessary for the inertization of the containment environment, keeping the oxygen 
concentration below 5%, guaranteeing an inert mixture. The insertion of the N2 volume for inertization 
of the containment would impact on a pressure increase of 5.25 bar (if we consider the pressure of 2.38 
bar after the generation of hydrogen due to LOCA, the resulting pressure would be 7.63 bara). 

 

FIG. 9. Containment pressure evolution during post-accident inertization. 
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FIG. 10. Containment temperature during post-accident inertization. 

For the homogenization of the internal gases of the containment, a ventilation system is proposed, 
which will work after the accident to perform the internal gaseous mixture to containment. Such a 
mixture homogenization shall be evaluated and validated by CFD simulation. 

The large amount of gases resulting from the post-inertization will eventually have to be removed from 
the containment. This should be done via containment purge system. For the containment purge system 
a dry filtration system is proposed, which will use particulate filters and activated carbon, and after 
filtration, the air can be released directly to the chimney. Figure 11 shows a scheme of the system. 

 

FIG. 11. Proposal of purge system. 

The reference [14] carried out simulation studies with some alternatives for hydrogen mitigation (post 
inertization, ignitors and autocatalytic recombination) and concluded that the dilution of 
hydrogen/oxygen in the atmosphere of the containment by post inertization would be the most efficient 
way for this purpose. From this standpoint, the mitigation systems as exposed are proposed for small 
containments where the use of recombiners or pre-inertization is not plausible. 
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ABSTRACT 

The Canadian Nuclear Safety Commission (CNSC) provides regulatory oversight for the safe 
operation of CANDU nuclear power plants (NPPs) in Canada. One current issue that is drawing 
significant attention is the management, control and mitigation of hydrogen risk. Lessons learned from 
the Fukushima Daiichi accident highlighted the importance of hydrogen sources and concentration in 
containment under accident conditions. Therefore, an understanding of hydrogen generation and 
behaviour in CANDU NPPs is important to ensure greater robustness in case of a beyond-design-basis 
accident (BDBA). 

Utilities use tools to assess hydrogen behaviour during an accident, including its source term, 
dispersion, key combustion phenomena, and its potential for burns in containment and impacts on 
containment integrity. The currently used tools are computational tools and aids, which are relied upon 
to calculate the hydrogen source term and its concentration. Such tools, while providing a simple 
assessment method, need improvements to reduce uncertainty and increase accuracy. To improve the 
predictive capability for assessing the hydrogen burn challenges, CNSC has developed the 
Containment Hydrogen Assessment Tool (CHAT).  CHAT forms part of the CNSC tool-set for the 
Reactor Safety Group (RSG) in support of operations of the Emergency Operations Centre (EOC)  
capabilities within the CNSC. 

With a focus on CANDU NPPs, this paper addresses the review of technologies available for 
mitigation in assessing risks posed by hydrogen during a severe accident and strategies for hydrogen 
management, assessment and mitigation in containment. It also discusses some future research and 
development (R&D) of hydrogen safety challenges, based on a risk-informed decision-making 
approach. 

In addition, the CNSC’s collaborative and ongoing R&D efforts to improve understanding of 
hydrogen-carbon monoxide combustion challenges following severe accidents will also be highlighted. 

Keywords: Hydrogen Management, Severe Accidents, Hydrogen Research 

To obtain a copy of the abstract’s document, please contact us at cnsc.info.ccsn@canada.ca or call 
613-995-5894 or 1-800-668-5284 (in Canada). When contacting us, please provide the title and date 
of the abstract.  
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1. INTRODUCTION  

Hydrogen (H2) is generated, in small amounts, in various systems and containment of nuclear power 
plants (NPPs) during normal operation. In the course of a postulated severe accident (SA) in water-
cooled NPPs, more appreciable amounts of H2 can be generated and released into the containment. 
The primary sources of H2 in accident conditions are metal (in particular, Zircaloy) oxidation and water 
radiolysis caused by radiation from fission products. In the late stages of a SA H2 can also be generated 
from molten core-concrete interaction (MCCI). The rate of H2 generation from high-temperature 
water-metal oxidation and MCCI is relatively high whereas water radiolysis produces H2 in very low 
rates. 

H2 combustion has long been recognized as a safety concern for NPPs [1-5]. The H2 produced in large 
quantities may create flammable, and even explosive, gas mixtures. There are several types of 
combustion modes that could occur in a containment atmosphere depending on various parameters 
(for example, mixture composition, pressure, temperature, geometry of the confinement, turbulence 
level, etc.). Typically, two modes of combustion for pre-mixed H2-air mixtures are distinguished, 
deflagration and detonation, because under the effect of hydrodynamic instabilities and turbulence 
which is typical of an NPP containment during a transient, an initially laminar deflagration may 
accelerate and develop into rapid deflagration leading to a deflagration to detonation transition (DDT) 
and an eventual detonation [6]. 

The challenges posed to the containment depend on the combustion mode of a mixture containing H2 
concentration exceeding at least 4% by volume; hence, identification of the likely combustion mode 
is crucial for mitigation of the risk and protection of the containment and other safety-related structures, 
systems, and components (SSCs). If such a mixture is ignited, the resulting mechanical and thermal 
loads from H2 combustion may pose a threat to the integrity of containment. This would lead to a 
potential release of fission products to the environment. Since the TMI-2 accident in 1979 and 
Chernobyl accident in 1986, considerable national and international research efforts have been 
undertaken to better understand the phenomena and find the appropriate mitigation techniques. A large 
number of experimental programs have been developed to examine various aspects of H2 behaviour, 
including generation, distribution, combustion and mitigation. The test results have been extensively 
applied to analytical assessments and model development. As a result, a number of H2 mitigation 
measures had already been developed and implemented in many NPPs. In Canada, assessment of the 
impact of a post-accident H2 release and the implementation of appropriate mitigation measures are 
part of safety requirements by the CNSC. 

In 1988, the Canadian Nuclear Safety Commission (CNSC, known as Atomic Energy Control Board 
at that time) formalized its expectations for H2 risk management and mitigation in a Generic Action 
Item (GAI-88G02) which served as a long time framework for Canadian activities on H2 [7]. It required 
the nuclear industry to develop a deeper understanding of H2 behaviour and its impact on the safety of 
CANDU reactors. In response, the nuclear industry in Canada conducted a broad research and 
development (R&D) program to address various aspects of H2 behaviour. The collaborative R&D 
activities by Canadian Nuclear laboratories (CNL) known as Atomic Energy of Canada Limited 
(AECL) at that time, CANDU Owners Group (COG), and international organizations, resulted in 
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development of a solid knowledge and technology base to the current approach for addressing issues 
of H2 risk [1-6]. The key outcomes of these activities were the development of analytical tools and 
codes to predict H2 source term and behaviour in containment [8, 9] and implementation of risk 
mitigation provisions at Canadian NPPs [10-13]. 

The purpose of this paper is to describe the current focus in H2 risk assessment and management 
measures taken by the licensees of Canadian NPPs and CNSC as the regulator to control and mitigate 
the risk of H2 in containment and further enhance H2 safety. 

2. HYDROGEN SOURCE TERM 

 In SA scenarios, the primary H2 sources will be the metal oxidation, during the in-vessel core 
degradation process, and the molten core-concrete interaction (MCCI), during the ex-vessel stage. The 
amount of H2 produced and its production rate depend on boundary conditions, such as the 
temperatures, availability of steam/air and corium or concrete composition, correspondingly for the 
early and late stage of accident progression. Some of the key factors influencing the H2 source term, 
in particular are described below.   

2.1. HYDROGEN GENERATED FROM OXIDATION 

Estimations were performed for oxidation of metals by steam. During a SA in a CANDU reactor, 
zirconium alloy and steel surfaces may be exposed to both heavy water steam (example, coolant, 
moderator) and light water steam (example, from emergency core cooling) [6]. 

Metal oxidation in steam requires fulfillment of several conditions in order that the process can start 
and be maintained, and generate significant quantities of H2: 

 High temperature: Sufficiently high heat source to the metal and poor heat transfer away from 
the oxidizing surface to maintain high temperatures and achieve fast oxidation process. The 
most significant source of heat is the decay heat in nuclear fuel which means that the zirconium 
alloys will experience high temperatures and likely oxidize in accidents with degraded fuel 
cooling. On the other hand, there is no immediate heat source in contact with the steel 
components such as the stainless channel end-fittings (including their internal components of 
fuel support plugs and liner tubes) and the carbon steel feeders. Those steel components can be 
heated up in a SA by high temperature steam flows; 

 Optimal gas flow: Just the right amount of gas flow to supply sufficient oxidizer (either O2 in 
the air or steam), without removing the heat away from the metal surface through forced 
convection. If a fuel channel experiences a low steam flow, steam starvation (i.e., insufficient 
O2 supply to fuel the zirconium-steam reaction and produce H2) may result. If the channel 
experiences a high steam flow, there would be no steam starvation, but it would provide 
significant convective cooling to the channel and thus result in lower channel temperatures and 
less H2 generation. Therefore, there is an idealized optimal steam flow that could minimize the 
convective cooling and maximize the heat and H2 generation from the metal-water reaction; 
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 Limited oxide layer thickness: a thick zirconium oxide (ZrO2) layer will limit the oxidation 
process with the oxidation rate being generally inversely proportional to the oxide layer build-
up; 

 Component geometry: change in geometry may occur at high temperatures and during 
oxidation. Such a change can affect the steam flow and surface of metal that is exposed to 
steam and continue to oxidize; 

 Additionally the mass of components and duration of the oxidation process would influence 
the rate and total amount of H2 produced; 

 The mass of components: it takes energy (and therefore time) to heat up massive components 
sufficiently to start oxidizing. The steel end fittings in a CANDU reactor, for example, have 
large “heat capacity”, plus they extend into the fueling machine room beyond the feeder cabinet 
and would therefore lose some heat to the outside. This would slowdown the end fitting heat 
up process; 

 Duration of oxidation: the longer an overheated metal surface is exposed to high temperature 
steam, the more H2 is generated.  

As there are several times more the amount of stainless steel and carbon steel than zirconium in the 
reactor, steel oxidation hypothetically could produce substantial amounts of H2 if those steel 
components are exposed to superheated steam for an extended period of time. However, in SA 
conditions, the above conditions are not expected to be all met simultaneously for steel components 
and steel oxidation does not contribute much to the H2 source term.  

2.2. HYDROGEN GENERATED FROM RADIOLYSIS  

When water absorbs ionizing radiation, some of the molecules will break into various molecular 
products and free radicals; the process is called radiolysis. Water radiolysis generates H2 at low rates 
and is expected to contribute only minor amounts during the early stages of an accident compared to 
other sources (such as the zirconium-steam reaction). However, water radiolysis could produce enough 
H2 to reach concentrations of concern in an extended period of time after an accident.   

The H2 source terms due to radiolysis of water accumulated inside containment following an accident 
have been assessed with the well-established G-value method. “G-value” is a commonly used value 
that refers to the number of molecules created or destroyed by a process per 100 eV of adsorbed dose. 
The G-value-based technique for estimating H2 accumulation is widely used in the nuclear industry. 
Essentially, this method approximates that H2 accumulates in the gas phase at a rate proportional to 
the absorbed dose rate in the water. The G-value for H2 is approximately 0.5 which means that H2 is 
formed at a rate of 0.5 molecules/(100 eV) [6]. At a constant dose rate, the calculated gas phase H2 
concentration will rise continuously, unless there is a process leading to H2 removal from the 
atmosphere, such as, for example, recombination by passive autocatalytic recombiners . In the 
simplified calculations, the impact of dissolved H2 in water substances, other radiolytic reactions, 
interfacial mass transfer, and Henry’s Law partitioning are not considered. With these major 
simplifications, the G method tends to over predict the H2 production from radiolysis in most situations. 
According to stylized evaluations, in a typical CANDU containment the total H2 production over a 90-
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day period is estimated to be about 375 kg of H2 at a rate slightly above 4 kg per day under SA 
conditions.  

2.3. HYDROGEN GENERATED FROM SPENT FUEL POOLS 

Large amounts of irradiated spent fuel are stored in spent fuel pools (SFP) of an operating nuclear 
power plant. A small amount of H2 is produced in the water through radiolysis, but H2 accumulation 
in the atmosphere is prevented by continuous ventilation. If by any mechanism the irradiated fuel 
assemblies stored in the pool become uncovered the decay heat is sufficient to lead to fuel (and its 
sheath) overheating. Sheath oxidation may lead to a large amount of H2 being produced.   

Following the Fukushima accident, concerns regarding robustness of SFP cooling have been raised in 
the international nuclear community. The emerging consensus is that in most designs the loss of spent 
fuel cooling is both very unlikely and slow, allowing ample time for restoration of cooling, should it 
occur. It is still under discussion internationally whether H2 mitigation measures are required, although 
no specific requirements have been set in most countries. Nevertheless, the spent fuel pool accidents 
have been analyzed by the CANDU industry in Canada, with the primary focus on identification of 
preventive measures, e.g., implementation of additional coolant make-up provisions and heat removal 
systems. 

2.4. HYDROGEN GENERATED FROM MOLTEN CORE CONCRETE INTERACTION  

If an in-vessel corium retention strategy fails then core debris can relocate to the calandria vault of a 
CANDU reactor thus leading to MCCI. Depending on the concrete composition, a large amount of H2 

and carbon monoxide (CO) may be produced during the MCCI. The answer to a question whether the 
MCCI process can be quickly terminated by flooding by water is still uncertain and under further 
investigation. Thus, the focus of the CANDU operators is on the prevention of MCCI by providing 
means of termination the SA progression within the calandria vault. Despite these efforts, the Canadian 
utilities have developed a strategy to deal with scenarios involving MCCI. In this case, options to 
control the H2 risk include using steam to inert containment, to use non-accident unit (if available) for 
dilution of atmosphere and additional recombination, and controlled filtered venting of containment. 

3. HYDROGEN MITIGATION PROVISIONS 

Recognizing the potential challenge posed by H2, design provisions and accident management actions 
are provided to mitigate this risk. In CANDU reactors, risk mitigation could be carried [6] out by one 
or a combination of different techniques: 

 deliberate ignition of the mixture at low H2 concentrations; 

 recombination of H2 by catalytic recombiners; 

 release of H2 from containment by venting; 

 inerting of the atmosphere by allowing steaming or; 

 dilution of the atmosphere by increasing containment volume (through connecting the 
accident unit to a non-accident unit). 
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3.1. DELIBERATE IGNITION 

The H2 ignition systems (glow plug igniters) installed in all multi-unit CANDU in Canadian stations 
are designed to purposely ignite H2, air and steam mixtures so that controlled burns occur while H2 is 
present at relatively low concentrations. In case of an accident, H2 could accumulate in the upper region 
of the room because of buoyancy effects. Appropriate location of igniters and selection of the initial 
ignition time are critical for safe and effective H2 removal and control of the H2 concentration. The 
combustion pressure that occurs as a result of such burns generally poses a minimal challenge to 
containment integrity or equipment survivability. As a result of controlled burns, H2 is removed from 
the containment atmosphere thereby mitigating the concern of excessive overpressures associated with 
the combustion of rich H2 pockets or mixtures.  

The design of the igniter system allows preventing “damaging burns” by ignition near flammability 
limits; it can deal with higher H2 flow rates but have to be appropriately located. Because it needs 
external power for activation and operation, the system is considered to be an active system. Using 
igniters alone does not remove the H2 effectively when the concentration is less than its flammability 
limit. 

3.2. CATALYTIC RECOMBINATION 

Catalytic recombination using passive autocatalytic recombiners (PARs) is nowadays the frequent and 
preferred choice for H2 mitigation measures. The primary role of PARs is to gradually and safely 
remove the H2 from the containment atmosphere and thus prevent build-up of H2-rich concentrations. 
A secondary function of the PARs is to promote mixing of H2 in containment using the heat of the 
oxidation reaction to produce flow through the unit by natural convection. In Canada, the PARs 
developed by AECL are installed in all currently operating NPPs.   

The PARs are self-activated by the presence of H2 in air and safely consumes H2 well below the 
flammability limit. The PARs operates over a wide range of temperature and humidity levels, and are 
designed to self-start and self-feed and do not rely on any power source or operator action. 

Extensive studies have been carried out for CANDU reactors to assess the number and location of 
PARs to be installed to mitigate the bulk H2 release in containment for design basis. However, to 
account for a wide range of event scenarios, break locations, uncertain production rates, mixing, 
combustion phenomena, a much larger number of PARs has been installed in CANDU containments 
in Canada.  

It is recognized that PARs alone cannot deal with the situations of high H2 release rates. In fact, PARs 
may create potential for H2 deflagration and detonation in certain incredible and hypothetical situations 
when a large amount of H2 is released within a short period of time in the vicinity of a PAR. To address 
such risks, other options, in particular venting in conjunction with Severe Accident Management 
(SAM) strategies are considered. 
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3.3. VENTING 

Containment venting is another possible measure to avoid containment over-pressurization, as well as 
to control H2 concentration, during an accident. It also allows retention of fission product by filtering. 

 All Canadian CANDU NPPs have a means to protect containment structural integrity. Multi-unit 
CANDU reactors are of a “negative pressure design” achieved by the provision of a large vacuum 
building (VB) supported in the long term by emergency filtered air discharge system (EFADS). This 
type of design can be effective in limiting the release of radioactive material in design basis accidents 
(DBAs) as any leakage would be into containment and not out. However, these systems have not been 
designed to handle the large gas volumes, high temperatures and pressures and fission product 
concentrations that a SA may generate. Moreover, electrical power is required for controlled venting 
of the containment to maintain a negative pressure. Following the Fukushima accident, upgrades were 
made to the EFADS system for manual control of the filters and also connection of electric power 
through emergency mitigating equipment (portable diesel generators) to enable them to function 
beyond a DBA. 

A SA-qualified filtered containment venting (FCV) system is a complementary design feature intended 
to protect the containment envelope if the internal containment pressure approaches the containment 
design limit and to remove radioactive materials from any gases vented from the containment in a SA. 
Such a system has been installed in a refurbished CANDU 6 unit at Point-Lepreau NGS and in the 
multi-unit station of Darlington NGS. Plans are in place for other design options for other multi-unit 
stations. The FCV systems can be remotely or manually actuated, does not require an external source 
of power and is used to relieve containment pressure in a SA.  

3.4. POST-ACCIDENT DILUTION AND INERTIZATION 

Post-accident dilution of H2 in the atmosphere by inert gas (such as steam, by reducing the atmosphere 
cooling) or dilution of the atmosphere by increase of the containment volume (for example by 
connecting to other units in the case of a multi-unit station) is a Severe Accident Management 
Guidelines (SAMG) strategy for H2 mitigation when conditions are not favorable for the other actions 
due to high H2 concentrations. Such actions would provide time for PARs to slowly reduce H2 
concentrations in containment to safe levels. 

3.5. PASSIVE AUTOCATALYTIC RECOMBINERS 

PARs designed by AECL and installed in Canadian CANDU NPPs is an open-ended rectangular box 
(Figure 1) with an attached cover with a number of flat rectangular catalyst plates installed within 
(Figure 2).  
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FIG. 1. Passive Autocatalytic Recombiner. FIG. 2. Principle of PAR Operation. 

An exothermic reaction occurs on the surface of the catalyst (Figure 2) when H2 and O2 are present in 
the atmosphere   

H2 + ½ O2 → H2O + 242 kJ/mol 

The heat of reaction (242 kJ/mol, equivalent to 0.067 kWh) promotes a natural convective flow through 
the recombiner without the need of external power or operator action. Warm humid air with unreacted 
H2 is exhausted through the top grating.  

The recombiner is passive, that is, it does not require power or operator action and self-starts in the 
presence of H2 in air-steam mixtures at 2% H2 concentration, 20oC and 100% humidity. It self-stops 
at 0.5-0.6% H2. Owing to its compact design, the PAR can be easily installed individually or in groups, 
and the modular design facilitates distribution of the required H2 removal capacity throughout reactor 
containment. The catalysts have a high activity for H2 oxidation, are not deactivated neither by water 
vapour nor steam, and operate over a wide range of temperatures. The catalysts surface is wet-proofed, 
but H2 and O2 are able to diffuse to the active sites for the recombination reaction to occur. The catalyst 
is unaffected by high radiation exposures [11].   

3.5.1. PAR capacity  

Two parameters characterize PAR performance: Self-start threshold and H2 removal rate (capacity). 
H2 removal rate (or capacity) is defined as the amount of H2 that a PAR recombines per unit of time. 
The capacity of PAR units installed at Canadian NPPs is rated at approximately 0.8 kg H2 per hour at 
concentrations of 4% by volume. The H2 removal rate is of most interest since it is used to determine 
how many PAR units are needed to control its concentration in containment in the event of an accident. 
PAR capacity has been studied as a function of temperature, pressure, relative humidity and H2 
concentration. For O2-limited gas mixtures, the capacity is a function of O2 concentration. PAR 
capacity increases with increasing pressure and limiting reactant concentration, and slightly decreases 
with increasing temperature. PAR capacity is insensitive to the presence of diluents such as steam, 
carbon dioxide or nitrogen as long as there is an excess of O2. 
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Analytical assessments indicate that CANDU 6 reactor containment would require 2 PARs to maintain 
H2 concentration at safe levels in a DBA. The number of PARs actually installed was increased 
substantially (19 in number) in order to account for the possible inhomogeneity based on the geometry 
in containment. Similar approach was applied to other CANDU stations. Therefore, the number of 
PARs installed in all Canadian NPP allows recombination of H2 at rates exceeding the H2 production 
rates during credible events.  

3.5.2. PAR ignition potential and heat load 

It has been recognized that hot catalytic plates of PAR can cause combustion under specific condition 
(i.e., > 6 to 8 volume % H2 in dry air). The mass transfer limitation of PARs makes them unable of 
removing sufficient H2 at conditions of fast H2 generation. In the vicinity of the large H2 release the 
catalytic plates may get too hot without being able to safely recombine all H2 and thus can become an 
ignition source.  

Assessments demonstrate that in SAs with the core debris retained within the calandria vessel, the 
scenario of rapid release of large H2 quantities into containment and overwhelm the PARs is unlikely. 
CNL has performed three PAR induced ignition tests. Ignition occurred at a H2 concentration of 6.5-
8.5 volume percent depending on the atmosphere condition. The resulting combustion pressure (scaled 
to CANDU reactor containment) was negligibly small (i.e. < 1 kPa). The intent of the ignition tests 
was meant to show that PAR induced ignition could occur however, PAR induced ignition in this case 
would rather have a beneficial effect of removing the accumulated H2 from containment and enhancing 
the mixing of gases. 

PAR recombination of H2 and O2 is an exothermic reaction. At the capacity of recombination of 
approximately 0.8 kg/hr removal of H2 by each unit of PAR would produce 33.5kWh of heat energy.  
This has been argued that enough energy would be produced to challenge containment, especially in 
SAs. While not a negligible quantity, the heat generated by PAR is still much lower than the decay 
heat from the degraded reactor core. The SAMGs identify equipment line-ups and actions to take to 
reduce the containment pressure and temperatures. This could be achieved by various means, such as 
restoration of air cooling, spraying within containment and venting depending on the accident scenario, 
accident progression and containment conditions.  

3.5.3. Hydrogen versus deuterium gas in recombination 

In CANDU reactors, heavy water (from Deuterium (D2)) is used as a coolant in the primary heat 
transport system and as a moderator in the calandria vessel. Light water (from H2) is used in the 
emergency cooling system as well as many other sources of water that can be used to cool the core in 
an accident. During an accident, it is reasonable to assume that both H2 and D2  will be formed and 
released into the containment atmosphere in varying proportions. Therefore, combustion properties of 
D2, as compared to H2 are of interest in the safety evaluations of CANDU reactors. Although many 
studies has been performed on the flammability limits, burning velocities, and detonation cell sizes, 
etc. for H2 gas mixtures [3-6], only limited data exists on combustion properties for D2 gas mixtures. 
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Determining whether a notable difference exists in PAR capacity when exposed to different H2 
isotopes (H2and D2) is of interest in accurately quantifying the risks posed by H2 releases in case of 
accidents. Therefore, properties of the two gases need to be examined in order to gain understanding 
of the behavior of two gases. The phenomena of interest include the reaction rate on the catalyst surface, 
diffusion of the gas to the porous catalyst surface, diffusion and convection of the gas from the bulk 
through the boundary layer and the fluid dynamics that affect the flow through the PAR unit. The 
relevant physical properties are the diffusivity, viscosity, density, and the enthalpy of formation of 
water molecules (H2O or D2O). 

3.5.4. Properties of hydrogen and deuterium 

A comparison of the physical and combustion properties of H2 and D2 is summarized in Table 1. The 
significant differences are in their molecular weights, densities, specific heat capacities and viscosities 
[6]. 

TABLE 1. PHYSICAL PROPERTIES OF HYDROGEN AND DEUTERIUM 

Property H2 D2 
Molecular Weight 2.016 4.032 
Density  (kg/m3) 0.089 0.178 
Specific Heat capacity (kJ/kgK) 14.28 5.19 
Thermal conductivity  (x10-2 W/m °C) 18.7 14 
Viscosity (x10-6 kg/m s) 8.42 12.5 
Bond energy (kJ/mol) 436 443 
Flammability Limit (lean %, rich %)       4.0%, 75%           4.9%, 75%        
Thermal diffusivity (x10-4 m/s) 1.47 1.52                                                                                                                         

The laminar burning velocities of H2-air and D2-air mixtures have been reported to be proportional to 
the square root of their thermal diffusivity; i.e., SD/SH = 0.85 (αD/αH)1/2, where S is the laminar 
burning velocity in metres per second, and α is the thermal diffusivity of the molecule.  

In heat transfer analysis, thermal diffusivity is the thermal conductivity divided by density and specific 
heat capacity at constant pressure. It measures the ability of a material to conduct thermal energy 
relative to its ability to store thermal energy.  

The molecular weights of H2 and D2 can also be used to describe their relative detonation cell size 
during H2 combustion. Detonations which represent the strongest combustion regime because of its 
high overpressures generated can be used to describe the critical mixture condition for gaseous 
mixtures. The cell size represents a chemical length scale for a detonation wave. It is well known that 
a larger detonation cell size leads to lower over pressures. The detonation cell size of H2- and D2-air 
mixtures is proportional to the square root of their molecular weights; i.e., λD/λH = (MD/MH)1/2 = 
1.414, where λ is the detonation cell size, and M is the molecular weight of H2 or D2. Hence D2 with a 
higher molecular weight has a 40% larger detonation cell size and a subsequent lesser overpressure in 
case of combustion. In safety analysis, it is therefore conservative to assume the combustible mixture 
inside a post-accident containment consists of H2 only [6]. 
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3.5.5. Difference in PAR recombination capacity 

PAR is designed to develop a strong convective flow, aided by a chimney. The formation of  heat 
creates a buoyant water vapour, improving convection. If convection is strong enough, and temperature 
high enough, one might expect no difference in recombination rates between H2 and D2. Based on the 
basic properties of H2 and D2 shown above, it was argued that the molecular diffusion of D2 to the 
catalyst surface of a PAR during recombination would be much slower than H2 (diffusion coefficient 
is inversely proportional to the square of molecular weight). However, this is not the case. It should be 
understood that the catalytic oxidation of H2 or D2 in a PAR is depends on one or more of the following 
three factors but not solely on diffusion: 

 gas transport from the bulk flow through a boundary layer by convection and diffusion; 

 diffusion to the porous surface of the catalyst,  and; 

 reaction on the surface of the catalyst.  

CNL on request from CNSC conducted small-scale tests and performed analytical assessments of the 
effectiveness of the PAR to recombine D2 gas. [14]. The first test involved the Carberry-type reactor 
system in order to assess the difference between H2 and D2 reaction rate on the PAR catalyst coupon 
surface without the effect of mass transfer that is experienced by a full scale PAR.  

The second test using the catalyst activity bench scale (CABS) system, experiments evaluated the 
effect of mass transfer and reaction rate on the catalyst surface to ascertain if there are any differences 
between H2 and D2 on the relative amount of H2 converted to water vapour. 

Results in both the Carberry type reactor and Catalyst Activity Bench Scale (CABS) test facility 
indicate a reduced recombination rate (i.e. up to 25-35% difference) with D2 compared to H2. However, 
the difference in recombination rates was less in the CABS tests, likely due to the effects of free 
convection. The Carberry reactor measures the reaction rate at the catalyst surface without any mass 
transfer effects, while the CABS tests include some mass transfer and free convection effects.  

A CFD PAR model was also developed to ascertain the difference in recombination rates for H2 and 
D2 as predicted by the current modeling tools. It was found that the recombination rates differ by less 
than 10% (rates in kg/hr), with D2 having a slightly higher recombination rate. 

It is worthy to note that PAR is designed to develop a strong convective flow, aided by a chimney and 
formation of water vapour  creates a buoyant vapour, that improves convection. If convection is strong 
enough, and temperature high enough, one might expect no difference in recombination rates between 
H2 and D2. 

3.5.6. Safety significance of the difference in properties 

With the same gas concentration, the recombination rate for H2 is expected to be slightly higher than 
the recombination rate for D2. Slightly higher recombination rates for H2 lead to faster removal from 
the atmosphere; this also means slightly higher energy addition rate to the containment atmosphere. 
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The difference is not substantial and is of the same order of magnitude as uncertainties associated with 
predictions of most conditions characterizing SAs.  

Although D2 is heavier than H2 by mass, most of its chemical, combustion and thermal properties are 
similar to H2 (See Table 2). The heavier mass of the D2 atom has a limited effect on the overall 
performance of PARs. This is because the dominant limiting factor of PAR recombination rate is mass 
transport to and or from the catalyst plates, not molecular reactions at the plates. The post-accident 
containment atmosphere will consist of many different gases including H2 and D2. The overall mass 
transport properties of the resulting gas mixture are not significantly affected if one of the constituents 
is D2 rather than H2.  

Noting the significant number of PAR units and igniters, the difference in the recombination rates 
between H2 and D2 is not expected to have impact on the risk pose by H2 in containment. 

4. Regulatory and Station Resolution of Hydrogen Issues  

4.1. CNSC REGULATORY APPROACH FOR RESOLUTION OF HYDROGEN ISSUES PRIOR 
TO FUKUSHIMA 

As stated earlier, CNSC staff issued a Generic Action Item (GAI) 88G02 and required the industry to 
develop an R&D program to be able to assess and address H2 related safety issues.  To recognize the 
crucial safety role played by the containment in protection of the public following an accident, the 
regulatory document R-7 [15] specified the containment design and operation requirements to be met. 
Industry was requested to provide measures to control H2 concentrations in containment and prevent 
destructive combustion modes for the most bounding accident conditions.    

Due to both a well establish overall safety framework as well as a sufficient experimental knowledge 
base and analytical capabilities to address H2 issues, CNSC staff closed the GAI-88G02, based on: 

 The merits of the significant R&D development in the domains of H2 behaviour, mitigation and 
modeling; 

 Application of the IAEA/CNSC [4, 16] safety approach and associated cohesive and well-
defined design and analysis rules over the full spectrum of accidents. It was also noted that this 
approach had already being applied by the industry in their refurbishment activities. 

To address the outstanding issues related to station specific activities such as analyses and installation 
of the requisite number of PAR, station-specific action items were initiated. Closure criteria at a high 
level for these action items were outlined as follows: 

 Success criteria for DBA and BDBA with limited core damage; 

 Success criteria for SAs; 

 Expectations for resolution of H2 mitigation for New NPP; 

 Expectations for resolution of H2 mitigation for Refurbished NPP. 
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The details of the expectations and success criteria have been presented at numerous working groups, 
workshops and conferences [17]. 

4.2. CNSC POSITION AFTER FUKUSHIMA 

In response to the Fukushima Daiichi NPP SA, the CNSC established the CNSC Fukushima Task 
Force in April 2011 to review licensees’ responses to the CNSC request to re-examine the safety cases 
of their nuclear power plants. Further to the CNSC Fukushima Task Force Report (INFO-0824) [18], 
the CNSC Management Response to CNSC Fukushima Task Force Recommendations (INFO-0825) 
[19] and the CNSC Staff Action Plan on the CNSC Fukushima Task Force Recommendations (INFO-
0828) [20], 36 Fukushima Action Items (FAIs) were opened.   

It is important to note that Canadian NPPs’ were found to be safe and posed no risk to the health and 
safety of Canadians and the environment. The Action Plan was designed to map out the strategy and 
expectations upon which stakeholders will fulfill the requirements of each recommendation within the 
short-, medium- or long-term timeline, while enhancing the safety of these facilities through: 

 Part 1 - Strengthening reactor defence in depth; 

 Part 2 - Enhancing emergency response and; 

 Part 3 - Improving regulatory framework and processes.  

In enhancing the safety of the NPPS, the main objective of the actions of the CNSC was to assure 
Canadians that NPPs in Canada are safe and able to withstand the issues that led to the accident 
progression at the Fukushima Daichii NPP. H2 explosion was one of the consequences that challenged 
containment for two units at Fukushima. In the 13 recommendations and 36 FAIs, the following 
outlined were related to H2 and combustible gases issues in containment: 

(a) Recommendation 1 – detailed by: 

(i) FAI 1.3 - Assessments of adequacy of the existing means to protect containment integrity and 
prevent uncontrolled release in BDBA including SAs. (long term); 

(ii) FAI 1.4 - Control capabilities for management of H2 and other combustible gases in a SA 
(medium term); 

(iii)  FAI 1.5 - Preclusion of H2 and its mitigation in the irradiated fuel bay(IFB) and other areas 
(e.g., VB); 

(iv)  FAI 1.8 - Equipment survivability for SAM. 

(b) Recommendation 3 – detailed by FAI 3.3 - Deterministic analyses for SA in multi-unit stations 
and IFB accidents. 

Although most FAIs apply to all stations, some of them were not applicable or had already being 
addressed prior to the Fukushima accident. While some FAIs depended on the outcome of others, each 
FAI was closed after the stations produced the required deliverable as acceptable to the CNSC. 
Presently, all FAIs are closed.  
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4.3. INDUSTRY EFFORTS AND RESPONSE AFTER FUKUSHIMA 

CANDU NPPs in Canada have provided safe, reliable electricity for decades as safety culture drives 
the industry to continually improve ongoing programs. The nuclear industry in Canada has also worked 
closely to share best practice and make improvements, following the events of Fukushima. The 
industry has sought to build on any lessons learned by actively participating in the World Association 
of Nuclear Operators (WANO) to ensure nuclear safety and to commit in assuring the interested public 
of that all lessons learned are implemented in an appropriate and timely manner. 

There has been a strong commitment by all utilities in Canada to continue to operate to the highest 
standards by strengthening reactor defence in depth to prevent H2 risk that will challenge the integrity 
of containment in the event of severe core damage. 

4.4. IAEA INTEGRATED REGULATORY REVIEW SERVICE 

CNSC hosted an international team of experts for a follow-up IAEA Integrated Regulatory Review 
Service (IRRS) mission that encompassed a review dedicated to CNSC actions on the regulatory 
implications of the Fukushima Daiichi nuclear accident for Canadian nuclear power plants (NPPs). 
The official IRRS Report preliminary findings provided at the closing meeting indicated that CNSC 
actions and responses to the nuclear accident were prompt, comprehensive and robust. Specifically, 
the IRRS Team rated the CNSC response to the Fukushima accident as a good practice, indicating that 
the CNSC had systematically and thoroughly reviewed the lessons learned from the accident and had 
made full use of available information, including the review of actions taken by other international 
regulators. The IRRS Team also acknowledged that the CNSC has an effective and pragmatic 
regulatory framework in place to continue follow-up to the Fukushima Daiichi nuclear accident. No 
observations were made that impacted the CNSC Action Plan [20] by the IRRS Team. 

5. HYDROGEN ANALYSIS AND MITIGATION FOR CANDU REACTORS 

Utilities use tools to assess H2 behaviour during an accident, including its source term, dispersion, key 
combustion phenomena, and its potential for burns in containment and impacts on containment 
integrity. It also includes industry’s SAMG strategies during a severe accident. 

5.1. SUCCESS CRITERIA IN ANALYSIS 

As already stated above, CNSC staff considered that the conditions are ripe for successful closure of 
the hydrogen issue. This conviction is based on several factors. First, the PARs have been 
demonstrated to offer an efficient means of controlling the H2 concentration. Second, sufficiently 
detailed and validated analytical models and computer codes have been developed and are available 
for use. Third, the industry was well into implementing SAM programs which include protection of 
containment and public safety as key objectives, by controlling the H2 concentration, among others. In 
preparation for closure of the station specific action items, CNSC staff developed certain success 
criteria to be applied in regulatory assessments: 
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(a) 3-D assessments of H2 mixing and transport are carried out, using validated models, in order 
to determine the short/long term local distributions in critical containment regions with 
considered mitigating measures, including the PARs and igniters during their respective 
mission time. 

(b) The envelope of H2 combustion modes is determined, which: 

(i) takes into account all relevant sources of H2, including long term H2 releases from 
radiolysis of the water in the calandria and sumps for both in-core and out core primary 
heat transport system failures; 

(ii) shows that local pockets of sensitive gas mixtures (combustible clouds) cannot lead 
upon ignition to DDT and fast deflagrations with potentially unacceptable combustion 
loads in any region of containment; 

(iii) shows that gas mixtures outside the DDT and fast deflagration envelope but within the 
“slow deflagration” domain do not have, if ignited, consequences detrimental to the 
containment and supporting systems, taking into account turbulence and flame 
acceleration by obstacles; 

(iv) demonstrates that potential standing flames/flammable break jets do not threaten the 
containment SSC or other credited/necessary SSC and take appropriate protective or 
mitigating action, if necessary. 

(c) H2 releases into containment extensions and appurtenances caused by random containment 
isolation failures, maintenance errors or containment procedures, and the associated 
consequences are considered and assessed: 

(i) that H2 mitigating effectiveness of the selected PARs (their capacities and location) is 
demonstrated. This includes demonstration that the PARs can prevent the flow of 
potentially damaging flammable gas mixtures via the credited venting system; 

(ii) threats posed by H2 are included into the program of Environmental Qualification for 
containment.  

As per standard practice, the analyses for DBA are bounding and maximize the short and long term 
release of H2 and radionuclides, whereas analyses for BDBA with core damage used best estimate 
models with realistic assumptions.  These have been reviewed and accepted by the CNSC prior to 
closure of all station specific action items. 

5.2. CODES AND TOOLS USED FOR ASSESSMENTS 

Table 2 lists the codes used for H2 analyzes which factors into the decision for H2 mitigation and risk 
management. Table 3 lists the type of CANDU reactor and provides the mitigation measures and status. 

  



43 | P a g e  
 

TABLE 2. CODES USED FOR HYDROGEN ANALYZES AND RISK MANAGEMENT 

Codes for H2 generation and source 
term 

CATHENA-ELOCA, TUF, CHAN, MAAP4 
CANDU, ORIGIEN 

Codes for H2 distribution GOTHIC, MAAP4 CANDU 
Codes for H2 combustion GOTHIC, MAAP4 CANDU, DDTINDEX 

TABLE 3. HYDROGEN MITIGATION REQUIREMENTS AND MEASURES 

Reactor Type 
Mitigation 
Requirements 

Mitigation 
Measure 

Implementation 
Status 

Multi Unit 
CANDUs 

Prevention of 
combustion loads that 
may challenge the 
integrity of 
containment and the 
function of 
credited/necessary 
post-accident 
structures, systems 
and components in 
containment 

Igniters Installed 

PARs (AECL) Installed 

Filtered 
Containment 
Venting 

Installed or in 
Progress 

Single Unit 
CANDU 6 

PARs (AECL) Installed 

Filtered 
Containment 
Venting 

Installed 

Despite all the mitigation strategies in place, a strong regime in accident management strategies is 
supported by emergency operations for both the industry and the CNSC in Canada.   Making well 
informed decisions during an accident is an area where CNSC has also proactively developed a suite 
of assessment codes and tools in performing an independent assessment including H2 management. 

5.3. SEVERE ACCIDENT MANAGEMENT STRATEGIES 

The primary objective of development and implementation of SAMG is to utilize all the available 
resources (including existing procedures, equipment, water, power, instrumentation, human and 
organizational resources) in such ways that after an accident the plant can be returned to a controlled 
state in which the nuclear chain reaction is terminated, continued fuel cooling is ensured, H2 production 
is minimized and/or mitigated, containment integrity is maintained  and radioactive materials are 
confined. 

The Canadian SAMG follows the approach that was developed by the Westinghouse Owners’ Group, 
taking into account the features of the CANDU reactor design and its characteristics of severe accident 
phenomenology. It recognizes the applicability of the symptom-based approach for SAM. It builds on 
and complements the existing framework for accident management and emergency response. The 
SAMG technical basis document includes the descriptions of the basic characteristics of severe 
accident progression in CANDU reactors, goals and principles for SAM, identification of key 
diagnostic tools and strategies available to plant staff should they encounter an event resulting in severe 
core/fuel damage. 
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Once the pre-defined entry conditions for the onset of severe core/fuel damage are reached, transition 
from emergency operating procedures (EOPs) to SAMGs takes place. The SAMGs are structured in 
two branches: the Diagnostic Flow Chart (DFC) and the Severe Challenge Status Tree (SCST). The 
DFC is linked to a set of severe accident guidelines (SAGs) and the SCST to a set of severe challenge 
guidelines (SCGs). Each guideline attempts to achieve a specific goal (e.g., to reduce containment 
pressure) by selecting one or more of the pre-identified mitigation actions (e.g., containment cooling, 
sprays, and filtered venting). The guidelines point out the corresponding enabling instructions for each 
action, which provide a step-by-step approach for the plant staff to implement the selected action 

CANDU-6 SAM strategies can be implemented using the following SAGs: 

 SAG-1: inject into the heat transport system (HTS); 

 SAG-2: control moderator conditions; 

 SAG-3: control calandria vault conditions; 

 SAG-4: reduce fission product releases; 

 SAG-5: reduce containment H2; 

 SAG-6: control containment conditions;SAG-7: inject into containment. 

This is demonstrated with Figure 3 below: 

 

FIG. 3.  Overview of CANDU SAM strategies (SAG-1 to SAG-7). 

Clearly, H2 risk assessment, its control and mitigation is part of the consideration during crucial 
activities to ensure the success and effectiveness of SAM.  
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To evaluate the adequacy and usability of the SAMGs, CNSC staff has initiated a number of post-
Fukushima activities including a desktop review of SAMG documentation, evaluation of SAMG 
implementation through exercises, drills and interviews with station staff.  

5.4. HYDROGEN ASSESSMENT TOOL FOR THE EMERGENCY OPERATIONS CENTRE 

During a nuclear emergency, the Technical Assessment Group (TAG) of the CNSC emergency 
operating centre (EOC) performs an independent assessment of the onsite conditions and potential 
offsite consequences. This CNSC assessment is a critical input for the federal government’s response.  

Lessons learned from the Fukushima Daiichi accident highlighted the importance of understanding of 
H2sources and concentration in containment under accident conditions. Presently, computational tools 
and aids are relied upon to calculate the H2 source term, its concentration, and it’s potential for burns 
in containment. Such tools, while providing a simple assessment method, need improvements to reduce 
uncertainty and increase accuracy. To improve the predictive capability for assessing the H2 burn 
challenges,  

One of the technical issues encountered in the development of CANDU SAMG is the real time 
knowledge of H2 generation and its behaviour in containment and the establishment of a practical 
approach to address potential challenges to containment arising from H2 combustion following a SA. 
The methods used to obtain H2 information include a direct method by a H2 sampling or measurement 
system, an indirectly inferred method by using a set of pre-determined computational aids (e.g., tables, 
graphs, and processes for simple calculations), and combination of the direct and indirect methods. 
The method or combination of the methods used depends on the utility’s strategies for providing H2 
information during SAM actions.   

With the exception of the Point Lepreau Nuclear Generating Station (NGS), currently for SA response 
in the multi-unit CANDU NGSs in Canada, there is a high reliance placed on indirect methods to 
estimate H2 concentration and the potential for combustion. Assumptions and limitations in these 
indirect methods result in H2 estimate large uncertainties that must be well understood and properly 
compensated for in the accident management response.  

On the other hand for EOC within the CNSC, the Computational Hydrogen Assessment Tool (CHAT) 
code was developed in conjunction with CNL to provide a fast-running calculation of the combustion 
outcome based on the user provided H2 (and or CO) concentrations during an accident and provide 
vital quick information that can neither be easily predicted from MAAP-CANDU analyzes nor 
GOTHIC runs. 

CHAT with the use and exploitation of NPP plant information and other licensee computational aid 
can provide information on whether a particular room (containment node) will experience 

 burning or not; 

 incomplete combustion, or; 

 complete combustion, and; 
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 calculate the adiabatic isochoric complete combustion (AICC) pressure. 

Further work to validate and verify CHAT tool is planned.   

6. COMBUSTIBLE GASES RESEARCH AND DEVELOPMENT 

During the late phase of a SA, a significant amount of CO can be produced from ex-vessel MCCI. CO 
is a combustible and toxic gas that has the potential to create safety issues to combustion loads in 
containment. To reduce the risk of CO combustion, mitigation measures are desirable (for example, 
catalytic oxidation of CO to CO2 using PARs or deliberate ignition). Experimental data on PAR 
performance with H2-air mixtures are abundant, but the data on CO recombination rates and poisoning 
effects are very limited. In addition, combustion behavior of H2-air mixtures has been extensively 
studied with uniform mixtures. However, H2 often exists in stratified layers. The lack of practical 
guidelines in non-homogeneous environments has been of particular concern to the CNSC for safe 
regulation of nuclear power plants. 

6.1. PRESENT RESEARCH IN CANADA 

CNSC as a proactive approach to the regulation of CANDU NPPs has in collaboration with AECL 
(CNL) performed experimental studies on H2 and CO combustion and recombination using CNL’s 
Large Scale Vented Combustion Test Facility (LSVCTF). CNL performed three series of experiments 
in the LSVCTF [21]. 

6.1.1. Test series 1: Combustion dynamics with hydrogen-CO mixtures 

This test series had two focuses: 

 Determine the flammability limit of H2/CO mixtures; 

 Compare the vented combustion dynamics and over-pressure for H2-CO-air mixtures against H2-
air mixtures. 

From the preliminary results, the flammability limit of H2-CO mixtures depends on the ratio of H2and 
CO in the mixture. The measurement agreed very well with the well-known Le Chatelier’s rule. For a 
ratio H2 vs. CO of 2, 1, or 0.5 in air, the flammability limit (total concentration of H2 and CO) is 5.2, 
6.1, and 7.3%, respectively. 

The combustion dynamics of the H2-CO-air mixture was similar to the H2-air mixtures, but the 
combustion overpressure of H2-CO-air mixtures is lower than the H2-air mixtures for a given total fuel 
concentration.  In addition, the peak overpressure was lower if the mixture contains higher CO 
concentration. This is attributed to the slower flame speed (reaction rate) of CO than H2. 
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6.1.2. Test series 2: PAR performance with hydrogen-CO mixtures 

The impact of CO on PAR catalyst has been studied using coupons, but large scaling test using a full 
size PAR has never been performed with an AECL PAR. The objective of this test series was to 
examine the characteristics (self-start, recombination rate and ignition behavior) of AECL’s full size 
PAR in the presence of H2 and CO mixtures 

From the preliminary results, when a "cold" PAR (all catalyst plate temperatures <50°C) is exposed to 
a mixture (CO-air or H2-CO-air) that contains more than 1% CO, the PAR would not self-start due to 
catalyst poisoning by CO even after a high concentration of H2 (up to 8%) is subsequently added to 
the mixture.  

When a "hot" PAR (at least one of the PAR catalyst plates' temperature is higher than 100°C) is 
exposed to CO, the catalyst is not poisoned by CO and recombination of CO/O2 on the "hot" plates 
occurs. 

If a PAR is fully functioning (i.e., all the catalyst plate temperatures >100°C), recombination of H2/O2 
and CO/O2 will occur simultaneously. The recombination efficiency of H2/O2 is about 55-65% at its 
full capacity, which is slightly higher than recombination with H2, due to higher catalyst temperature. 
The recombination efficiency of CO/O2 is only about 30-35%.  The mixture threshold depends on the 
ratio of H2 and CO. 

6.1.3. Test series 3: Combustion dynamics with stratified hydrogen-air mixtures (including 
steam)  

Combustion characteristics of stratified H2-air mixtures in a vented vessel are not well known. There 
are no large-scale experimental data available in the literature for H2 deflagrations and detonations in 
partially confined flat layers in a vented vessel. The purpose of the current study was to investigate the 
combustion behavior in semi-confined stratified H2 layers in the presence of steam in CNL’s Large 
Scale Vented Combustion Test Facility (LSVCTF). 

From the preliminary results, for a given layer gradient, the peak combustion overpressure increased 
exponentially with an increase in the maximum H2 concentration. For the maximum H2 concentration 
greater than 21%, the peak combustion overpressure was higher with a smaller injection rate (larger 
layer thickness and shallow layer gradient). 

The current study has provided adequate evidence that the risk associated with local accumulation of 
H2 is higher than that if the H2 can be well-mixed in a volume for a given total amount of H2 mass. 
Therefore, promoting mixing in a post-accident atmosphere is likely to reduce the H2 risk. 

6.2. INTERNATIONAL COLLABORATION  

The CNSC aims to engage in international working groups whose objectives aligns with CNSC’s 
strong interests in H2 and combustible gas challenges especially during a SA. This enables CNSC staff 
to engage with other international organizations and subject matter experts in H2 mitigation, risk 
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assessment. This also enables the CNSC to contribute its technical expertise towards addressing the 
gaps in H2 and CO challenges in NPP containment. 

6.3. FUTURE RESEARCH 

While significant progress has been made in understanding the nature and magnitude of the risks posed 
by H2, and in implementation of measures to counter such risk, new questions may arise.  Even though 
such questions may not be safety significant, the attention paid to them is based on the philosophy to 
enhance defence in depth to increase safety margins and further assure nuclear safety rather than a 
safety issue. In this view CNSC has intentions to pursue R&D in some of the subjects that may address 
gaps in combustible gases and its management in NPP containment. A few but not an exhaustive list 
are detailed in the following sections. 

6.3.1. Interaction of multiple PARs and engineering systems  

Installation of PARs has become a primary choice of mitigation measure for H2 management in many 
nuclear power plants. The PAR performance data, recombination rate (or capacity), was always 
determined using one PAR unit and the PAR unit was tested as a standalone component. There are no 
known experiments performed with multiple PARs in a volume. During a reactor accident, the 
atmosphere inside the containment building would likely be stratified, and subject to influence from 
interaction of the multiple systems (i.e., spray, local air cooler, circulation fans, and PARs). It is 
important to be able to evaluate the PAR performance as part of the overall post-accident plan behavior. 

6.3.2. Hydrogen burns at venting 

Due to the gradual O2 consumption by oxidation, as well as potential initial venting of containment 
atmosphere to the environment, the gas composition within containment is likely to contain less and 
less O2 as an accident progresses, and be relatively rich in H2 and steam.  While such mixture would 
not pose a H2 threat within containment, it becomes flammable in case of venting outside and mixing 
with the outside atmosphere, which is rich in O2. Thus, venting of containment late in the accident 
progression should account for a potential of H2 burns at the venting point, and consequential 
challenges to the venting systems.  Assessment of such challenges and evaluation of coping strategies 
is an important consideration. 

6.3.3. Impact of hydrogen burns on radionuclide behavior 

PAR recombining surfaces may reach high temperatures if subjected to gas containing H2 above 2%. 
The impact of such hot surfaces on aerosols, and molecular and organic iodines that may be contained 
in the gas flowing past PAR surfaces has not been studies sufficiently. Similarly, combustion of H2 
within the containment volume would increase the temperature and convective mixing of containment 
atmosphere. This can lead to resuspension of aerosols, and accelerated chemical reactions of iodine 
compounds present in the containment atmosphere, affecting their volatility. 
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7. CONCLUSION 

CNSC staff considers the existing design and procedural provisions are adequate to mitigate the risk 
posed by H2 in containment of CANDU reactors for all operational states. These provisions, combined 
with accident management, are expected to ensure adequate mitigation of H2 risks for BDBAs and SAs 
as well. In recognition of the remaining uncertainties in knowledge on the ability to model accurately 
H2 behavior, ongoing R&D both in Canada and in collaboration with international organizations 
worldwide far more than compensate for the challenges in the management of H2 in SAs.  
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ABSTRACT 

Hydrogen safety is one of the most important issues for severe accident analysis of nuclear reactor. 
CAP1400 is a Chinese advanced pressurized water reactor with passive containment cooling system 
(PCS) removing the heat inside the containment during the accident. PCS affects the steam and 
hydrogen thermal hydraulic behavior significantly. Thus, PCS model is developed and validated in 
this paper first, and then, analysis of 3D hydrogen behavior for CAP1400 is performed by using CFD 
code GASFLOW coupled with PCS model. Hydrogen distribution, stratification, and deflagration 
potential are discussed. Furthermore, the results indicate that the passive automatic recombiner applied 
in CAP1400 could eliminate the hydrogen effectively.  

Keywords: Hydrogen Behavior, PCS, CAP1400, CFD 

1. INTRODUCTION 

During a hypothetical severe accident in a nuclear power plant (NPP), hydrogen is generated by the 
fuel-cladding interaction and released into the containment with a large amount of steam [1]. The 
hydrogen hazard threatens the containment integrity. Passive Containment Cooling system (PCS) is 
one of the most distinctive safety systems of CAP1400, which condensates the steam and removes the 
heat inside the containment to avoid over-pressure. Obviously, PCS influences the steam and hydrogen 
concentration significantly. Therefore, development of a reasonable PCS model is the basis for 
CAP1400 hydrogen analysis. 

Numerical studies on PCS have been carried out with Lumped Parameter (LP) code, such as 
WGOTHIC [2], MAAP [3] and COCOSYS [4]. For example, WGOTHIC is developed by Westinghouse 
basing on GOTHIC, and CLIME model is added for calculation of PCS relevant phenomena such as 
heat removal, mixed convection and water evaporation. Another example is COCOSYS developed by 
GRS, and a modified CDW model is coupled to cope with the PCS calculation. These codes can be 
applied for hydrogen safety analysis of PWR with passive containment cooling. However, it is difficult 
for LP codes to obtain detailed local information and analyze specific phenomena such as hydrogen 
stratification. Today, 3-D Computational Fluid Dynamic (CFD) code has been widely used for 
hydrogen safety analysis. Anyway, there are few studies about 3-D hydrogen behavior of PWR with 
passive containment cooling.  
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GASFLOW is a best-estimate code developed by KIT for predicting the transport, mixing, and 
combustion of hydrogen and other gases in nuclear reactor containment during severe accidents [5]. 
However, a specific PCS model should be developed before the application of GASFLOW on 
CAP1400. This paper presents the PCS model development, and shows the CAP1400 hydrogen safety 
analysis by using GASFLOW with PCS model. 

2. DEVELOPMENT OF PCS MODEL 

Development of PCS model is the key step for analyzing the hydrogen safety of CAP1400. The main 
development procedure includes the calculation of film-flow and heat and mass transfer. 

2.1. FILM-FLOW  

In PCS model, the outside surface of the containment vessel is divided into many passageways in the 
circumference direction, and it is simplified that film flow in each passageway will not be influenced 
by the others. The mass conservation equation of film is 
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where G is the evaporation rate, w is the film width, V is the film velocity, ρ is the film density, δ is 
the film thickness. The Nusselt theory is applied in PCS model to calculate the film thickness δ in the 
channel [6]:  
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where Γ is the mass flow rate per meter, ν is the viscosity. Based on the evaporating film flow 
experimental results, the film thickness will become thinner and thinner until the critical film thickness, 
δcri, is reached, which is determined by experiment. And then, the film thickness is expected to remain 
δcri, and the stream width will become narrow due to the evaporation. The calculation of film thickness 
is described below: 

           m L   (3) 

where m is the film flow rate, L is the wet perimeter. Here is the differential equation: 

            
dm dL d
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The stream width is considered as cell width, namely dL/dZ=0, if the film thickness is greater than δcri. 
And dΓ/dZ=0 if the film thickness is reduced to δcri. 
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2.2. HEAT AND MASS TRANSFER 

2.2.1. Evaporation and condensation 

Evaporation and condensation rate mcd is calculated [5]: 

 , ,( )cd cd v v I sm h A   
 (5) 

where hcd is the mass transfer coefficient，Θ is the suction effect factor including non-condensable 

effect，ρv,∞ is the steam density in the bulk，ρv,I is the steam density at the interface，As is the mass 

transfer area. Chilton-Colburn Heat and Mass Transfer Analogy (HMTA) is applied to calculate hcd:  
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where hcv is the convective heat transfer coefficient. A classic convection heat transfer correlation is 
used [7]:  
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where L is the channel length, D is the characteristic length. The evaporation rate is calculated 
according to equation (5) to (8).  

2.2.2. Heat transfer between steel containment and film 

During PCS operation, film flow is established on the outside of the steel containment wall. And 
convective heat transfer between film flow and steel containment should be calculated. The heat 

transfer coefficient hfw is calculated by Chun-Seban correlation[8]： 
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where k is the film heat conductivity, μ is the film dynamic viscosity.  

2.2.3. Film temperature 

Film temperature is calculated by iteration. The detail procedures are shown in FIG. 1: 
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 Step 1：Guess the film surface temperature, Tfo; 

 Step 2：Calculate the heat transfer between steel containment and film Qfilm with Tfo; 

 Step 3：Calculate the heat flux by evaporation of falling film, Qevap, convection heat flux, 

Qconv, and radiation heat flux, Qrad, between film and air. The total heat flux from film to air is 
Qair, and; 

           air evap conv radQ   Q   Q Q    (10) 

 Setp 4：Calculate the inlet film energy Qin and outlet film energy Qout; 

 Step 5：If Qfilm+Qinis not equal to Qair+Qout，Tfo is adjusted and the iteration is repeated. 

 

FIG. 1. Iteration procedure. 

2.3. PCS MODEL VALIDATION 

2.3.1. CERT facility and its numerical model 

The Chinese Containment Safety Verification via Integral Test (CERT) facility is a large-scale thermal 

hydraulic test facility with a 1/8-scale of passive containment, as shown in   FIG. 2. The 
purpose of the CERT is to study the thermal hydraulic phenomena in large scale facility, such as natural 



55 | P a g e  
 

convection, steam condensation and the exterior water film evaporation. The CERT facility is adopted 
to validate the PCS model presented in this paper. 

The CERT facility uses a 9.2-meter tall, 5.4-meter diameter pressure vessel to simulate passive 
containment shell. Steam is injected in different locations and directions. A Plexiglas cylinder is 
installed around the vessel to form the air cooling annulus. Air flows upward through the annulus via 
natural convection to cool the vessel, resulting in condensation of the steam inside the vessel. Liquid 
film is applied outside of the test vessel to provide film evaporation cooling. 

 
 

  FIG. 2. Compartment layout in the CERT facility. 

  

FIG. 3. CERT numerical model. 

The CERT facility consists of a cylindrical part and a quasi-hemispherical dome. A detailed 3D 
geometric model of CERT facility was developed by using GASFLOW. The model is implemented in 
a structured orthogonal grid within a cylindrical coordinate system. There are 22, 60 and 50 cells 
arranged in the radial, circumferential and axial directions, respectively. The total cell number is 66000, 
and the averaged cell volume is about 0.0037 m3. FIG. 3 shows the cross sections of containment 



56 | P a g e  
 

model. Locations of structures and instruments are set as accurately as possible through the referencing 
of construction documents.  

2.3.2. Validation results 

PCS model is validated by two cases performed on CERT. A constant steam flow is injected into the 
test vessel in case1, whereas a scaled LOCA steam flow is injected in case2. The mass flow rates of 
the steam flow in case1 and case2 are shown in FIG. 4.  

(a) Case 1 (b) Case 2 

FIG. 4. Mass flow rates of steam flow in case 1 and case 2. 

The GASFLOW code coupled with PCS model (hereafter this combination is called S-GASFLOW in 
this paper) is used to simulate case 1 and case 2. The comparison between numerical results by S-
GASFLOW and CERT experiment data is shown in FIG. 5. According to the comparison, the overall 
pressure in the vessel calculated by S-GASFLOW is similar with the experiment data, and the deviation 
is within +20% in both cases. The validation work supports the application of S-GASFLOW on 
CAP1400. 

(a) Case 1 (b) Case 2 

FIG. 5. Pressure in case 1 and case 2. 
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3. HYDROGEN SAFETY ANALYSIS FOR CAP1400 

3.1. CAP1400 CONTAINMENT MODEL 

The CAP1400 containment consists of a 58 m high cylindrical part and a 15 m high quasi-
hemispherical dome. The outside diameter of the cylindrical part is about 44 m. A detailed 3D 
geometric model of CAP1400 was developed by using GASFLOW. The model is implemented in a 
structured orthogonal grid within a cylindrical coordinate system. There are 23, 60 and 73 cells 
arranged in the radial, circumferential and axial directions, respectively. The total free volume of the 
model is approximately 7.46×104 m3. The averaged cell volume is about 0.74 m3. FIG. 6 shows the 
cross sections of containment model. Locations of structures and instruments are set as accurately as 
possible through the referencing of construction layout mechanical drawing. The mass and energy 
source (such as break in LOCA) is located in the steam generator (SG) compartment. There are 8 
passive automatic recombiners (PARs) installed in the CAP1400 containment, 2 for design basis 
accident and 6 for severe accident. 4 PARs are located on the crane, the others on the outside of the 
SG compartment wall. The elevation of PARs is simply shown in FIG. 6.  

 

FIG. 6. CAP1400 containment model. 
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3.2. ACCIDENT SCENARIO 

For 3D hydrogen distribution analysis in this work, the source term (hydrogen/steam release rate) is 
provided by LP code MAAP. Double-Ended Cold Leg Guillotine (DECLG) is chosen for hydrogen 
safety analysis since the high hydrogen release rate and huge hydrogen mass.  

In DECLG, the main assumptions includes: break is on the cold leg, in SG compartment (as shown in 
FIG. 6); passive residual heat removal system and accumulators are lost; automatic depressurization 
system (ADS) and core makeup tank (CMT) are available. The 8 PARs in the containment are available 
(as shown in FIG. 6), whereas the igniters are assumed unavailable. 

The source term calculated by MAAP consists of two parts: the first part is the two phase flow from 
the break; the second part is the steam flow from the ADS-4. The main source term results are shown 
in TABLE 1. In this case, the reactor core is not damaged due to the reflooding in reactor pressure 
vessel by IRWST, and most hydrogen is generated during the reflooding stage. The total hydrogen 
mass released into the containment is 580kg in 5000s. The mass flow rates of hydrogen and steam 
from break are shown in FIG. 7(a). The release duration from break is mainly within the first 1000 s. 
About 400 tons of water is ejected into the containment from the break in 20 s. The mass flow rates 
from ADS-4 are shown in FIG. 7(b). Total hydrogen mass from ADS-4 is about 8kg, much smaller 
than that from the break. 

TABLE 1. SOURCE TERM BY MAAP 

Parameter Value 
Total hydrogen mass (kg) 580.0 
Hydrogen mass from break (kg) 572.0 
Hydrogen mass from ADS-4 (kg) 8.0 
Hydrogen release peak from break (kg/s) 8.0 
Hydrogen release peak from ADS-4 

(kg/s) 
0.01 

 

 

 

 
(a) Source from Break (b) Source from ADS-4 

FIG. 7. Source term of DECLG. 

0 200 400 600 800 1000
0.0

2.5

5.0

7.5

10.0
 hydrogen

m
as

s 
flo

w
 r

a
te

 o
f h

yd
ro

ge
n 

(k
g/

s)

time (s)

m
ass flow

 rate
 o

f stea
m

 (kg/s)0

1000

2000

3000

4000

 steam

0 2000 4000 6000 8000 10000
0.0000

0.0025

0.0050

0.0075

0.0100

 hydrogen
 steam

time (s)m
a

ss
 f

lo
w

 r
at

e
 o

f h
yd

ro
ge

n
 (

kg
/s

)

0.00

1.25

2.50

3.75

5.00 m
ass flo

w
 ra

te
 o

f ste
am

 (kg
/s)



59 | P a g e  
 

3.3. RESULTS AND DISCUSSIONS 

3.3.1. Pressure and temperature transitions 

Hydrogen distribution is simulated by S-GASFLOW with the source term shown in FIG. 7. FIG. 8 and 
FIG. 9 show the pressure and temperature transitions in the dome region. FIG. 8 gives the clear “two 
peaks line”: the first peak is formed due to the high coolant mass flow rate from the break from 0 to 
20 s. Flash evaporation occurs in the high pressure and temperature coolant and huge amount of super 
heated steam is injected into the containment. During 20 ~100 s, the pressure decreases continuously. 
The reasons are the decreasing of the mass flow rate, the drop of coolant temperature and the steam 
condensation on the structures. The inside pressure keeps constant during t=100 ~ 1000s. The average 
pressure decreases after 1000s because of the lower steam flow rate and PCS cooling. It should be 
noticed that the PCS operates from 337s, and it do not only serves as long term heat sink, but also 
lowers the peak pressure within the design limits. FIG. 9 shows the average temperature inside the 
containment versus time. The average temperature reaches the peak value within 20 s due to the high 
pressure and temperature coolant releasing during the blow down stage. As the decreasing of the 
injection coolant flow rate and the condensation by sub cooled walls, the temperature will drop rapidly 
after the blow down stage. When the PCS operates from 337s, it promotes the decreasing of 
temperature by steam condensation. The operation of PARs slightly increases the pressure and 
temperature in the containment, due to the heat released by hydrogen recombination. 

FIG. 8. Average pressure transitions inside the 
containment. 

FIG. 9. Average temperature transitions inside 
the containment. 

3.3.2. Hydrogen risk 

In order to investigate the hydrogen distribution and risk in the containment, the containment upper 
part is defined as four zones, and zone information is shown in FIG. 10. Many compartments are 
located at the containment lower part, and the typical compartments are chosen for the hydrogen 
distribution analysis, including the SG compartment, pressurizer (PRZ) compartment and CMT 
compartment.  
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The hydrogen mass consumed by PARs is shown in FIG. 11, and nearly 180 kg hydrogen is 
recombined at 10000 s (about 30% of the generated hydrogen mass), 371 kg at 30000 s. The hydrogen 
concentrations are shown in FIG. 12. During the hydrogen releasing stage (150~300s), hydrogen 
concentration peak, about 9%, appears in zone 4, much higher than that in other compartments or zones. 
The reason is that the gas mixture release vertically from the break into the dome and the initial 
momentum of the gas mixture is very large. Thus, a large amount of hydrogen will be accumulated in 
zone 4. Then, the hydrogen distribution in zone 1 to zone 4 becomes uniform due to the nature 
convection and gas mixture diffusivity. After 1500s, the hydrogen concentrations in all the 
compartments or zones become uniform and increase slightly and continuously. The final 
concentration is about 5%~6%. Besides, FIG. 12 indicates that the PARs decrease the hydrogen 
concentration continuously, and the concentration is about 0.4% at 10000 s.  

Currently, the numerical simulation of flame propagation or a transition from deflagration to 
detonation is not possible for containment scale problem due to the very small time and space scales. 
Thus, a non-dimensional number, called δ number, is introduced into the GASFLOW to characterize 
the combustible mixture formed in the containment. The δ-criterion can be used for estimating the 
Flame Acceleration (FA) potential conservatively, in which the FA can be excluded if δ number is less 
than 1.0 [5]. FIG. 13 indicates the δ number in different compartments in the containment. In the lower 
compartment, the δ numbers are very close and increase slowly. At the end of the calculation, the δ 
number is about 0.68, which exclude the FA potential. The δ number variation in upper region is 
similar to the lower compartments. However, a larger δ number appears between 150 and 300s in zone 
4 due to hydrogen injection peak. But this δ number is still smaller than 1.0. It can be concluded from 
the results that FA is excluded in this analysis. It is obviously that the δ number remains increasing if 
no hydrogen mitigation system is applied, that means hydrogen hazard cannot be avoid in late phase 
of the accident. By applying the PARs in CAP1400, the δ number decreases continuously as shown in 
FIG. 13. Thus, the PARs are effective to remove the hydrogen and protect the containment from 
hydrogen risk. 

 
FIG. 10. Zone definition in containment. FIG. 11. Hydrogen consumed by PARs. 
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(a) in lower compartments (b) in upper region 

FIG. 12. Hydrogen volumetric fraction in different compartments or zones. 

Hydrogen distribution can be easily shown by 2-D contour. FIG. 14 displays the hydrogen distribution 
at different time. At 200s, high momentum gas mixture is injected from the break in the SG 
compartment to the dome. Due to the diffusivity, convection and reflection by containment wall, the 
hydrogen concentration becomes uniformly at 400s in upper region (FIG. 14(a) and FIG. 14(b)). And 
then, hydrogen in the dome transfers to the lower compartment. At 4000 s, there is no significant 
hydrogen concentration difference among all compartments (FIG. 14(c) and FIG. 14(e)). If PARs are 
applied, the hydrogen concentration decreases, as shown in FIG. 14(d) and FIG. 14(f). It should be 
noticed that the hydrogen concentration becomes uniform at 29000s. 

   (a) in lower compartments          (b) in upper region 

  

FIG. 13. Sigma number in different compartments or zones. 
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(a) Hydrogen distribution at 400 s, no PARs (b) hydrogen distribution at 400 s, with PARs 

  
(c) Hydrogen distribution at 4000 s, no PARs (d) Hydrogen distribution at 4000 s, with PARs 

  
(e) Hydrogen distribution at 10000 s, no PARs (f) Hydrogen distribution at 29000 s, with PARs 

FIG. 14. Hydrogen distribution in containment. 
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4. CONCLUSIONS 

PCS model developed by SNERDI is introduced in this paper, including model development, coupling 
with GASFLOW, and model validation. The validation results support the application of PCS model 
for the analysis of CAP1400 hydrogen safety. 

Hydrogen safety analysis of CAP1400 during severe accident caused by DECLG is performed by 
GASFLOW. Due to the PCS operation, the pressure and temperature in the containment decreases 
continuously, and containment over-pressure can be avoided. However, the steam condensation caused 
by PCS has negative effects on hydrogen safety, which increases the hydrogen concentration. In the 
DECLG analysis, FA potential is excluded by using δ-criterion. Thus, hydrogen risk will not threaten 
the containment integrity. The effectiveness of PAR system (2 PARs for design basis accident, and 6 
for severe accident) is also studied, and the results indicate that the PARs are effective to remove the 
hydrogen and protect the containment from hydrogen risk, especially in the later stage. 
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ABSTRACT 

Since the Fukushima Daiichi severe accident (SA) in March 2011, great attention has been paid to 
evaluation of risks linked to hydrogen deflagration/detonation in course of an accident. In European 
countries, stress tests were carried out to assess the nuclear power plants’ (NPP) vulnerabilities and, 
as consequence, national action plans for back-fitting the tested NPPs with SA management measures 
were launched. In Czech Republic, 2 NPPs are being operated by the utility CEZ: the Dukovany NPP 
(4x the VVER-440/213 type of reactor) and the Temelin NPP (2x the VVER-1000/320 type of reactor). 
As one of the outcomes from the stress tests, it was decided to equip both NPPs with passive 
autocatalytic recombiners (PAR) to minimize the risk of occurrence of highly energetic events linked 
to H2 production, which takes place during the core degradation as the product of Zr-H2O reaction: 
flame acceleration (FA) and deflagration to detonation transition (DDT). This paper consists of 2 parts: 
the first part deals with the verification and validation of the MELCOR 1.8.6 code and the UJV Rez-
developed H2 recombination model for containment analyses of PAR units’ operation, whereas the 
second part describes the process of hydrogen mitigation system (HMS) designing and optimization 
for the Temelin NPP. 

1. INTRODUCTION 

In the aftermath of the Fukushima Daiichi accident, which was accompanied by hydrogen blasts 
partially destroying the reactor buildings of units 1, 3 and 4, focus was put on means for hydrogen risk 
mitigation – igniters and PAR units. Several experimental programs were launched or were broadened, 
having for subject the investigation, both experimental and numerical, of performance of the 
recombiners under various (and often harsh) thermal-hydraulic (T-H) conditions. Among such 
programs, ones which are of high impact and importance are the OECD/NEA THAI-1 and THAI-2 
projects ([1] and [2]). Within the THAI-1 project, PAR units from vendors AREVA, NIS and AECL 
were extensively tested in order to assess their operational characteristics. One of the project's principal 
outcomes was the finding that the AREVA PAR unit's efficiency significantly drops in oxygen lean 
conditions. Surprisingly, the conditions being referred to as "oxygen lean" were those still containing 
an over-stoichiometric mixture of oxygen in the mixture ([3]). Hence, recommendations were made to 
account for the PAR's efficiency drop in numerical analyses which simulate the AREVA PAR unit 
operation with the aid of vendor-furnished correlations. Concerning the PAR unit from the vendor NIS, 
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the vendor-furnished correlation for the recombination rate (in [g/s]) to be implemented in lumped 
parameter (LP) codes was modified as well, analogically accounting for the drop of oxygen content in 
the gas mixture entering the recombiner ([4]). In the continuation of the project, THAI-2, the PAR 
units (only from vendor AREVA and NIS) were exposed to even more extreme atmospheric conditions 
in terms of oxygen content in the gas mixture. Contrary to test procedures within THAI-1, where the 
test vessel was first filled with air (and possibly steam) and the hydrogen injection phase followed, the 
test procedure within THAI-2 was different. First, the vessel was purged with nitrogen and filled with 
hydrogen (and possibly steam). Then oxygen began to be injected into the vessel. Thus, the PAR was 
subject to a severe lack of oxygen from the very beginning of the test. The purpose of MELCOR 
simulations of several recombiner tests was to verify and validate both the capabilities of the code 
itself and, as well, the accuracy of the modified correlation for the recombination rate under extremely 
low oxygen concentrations. Calculations of recombiner tests numbered HR-14 (performed with the 
NIS unit) and HR-35 (carried out with the AREVA unit) were selected to be described in the present 
paper in order to demonstrate the code’s capabilities to simulate PAR unit operation. A recent version 
of MELCOR was employed and focus was put, among other aspects, on correct modeling of heat 
transfer between the gas and the vessel walls in the regime of laminar natural convection. The purpose 
of such focus was that for certain MELCOR code versions, there have recently been issues associated 
with such mode of heat transfer. Although heat transfer from the test vessel atmosphere to the inner 
vessel walls is not directly linked to the operation of the PAR unit, proper simulation of thermal-
hydraulics within the vessel indirectly influences the PAR unit operation via the correlation for 
recombination rate. A simple PAR unit representation was used in the MELCOR model, dividing the 
unit into 3 discrete volumes – the inlet volume, the inner chamber containing the catalytic foils and the 
unit's outlet. The PAR casing was modelled using heat structures, accounting thus for possible heat 
accumulation. The recombination itself was modeled simply with sources and sinks of mass (hydrogen, 
oxygen and water vapor) and associated enthalpy. Source/sink rates were evaluated using the AREVA-
furnished and properly modified (accounting for the efficiency drop) correlation. The instantaneous 
recombination rate was evaluated at each calculation time step using user-defined FORTRAN 
functions. The obtained results are satisfactory, namely the overall amount of hydrogen recombined 
was correctly predicted. Minor over-estimation of the recombination rate at phases of the most intense 
unit's operation was nevertheless observed, which is a common sign of simulations performed with 
lumped parameter codes. 

Once the integral LP code MELCOR was validated on the THAI HR (hydrogen recombination) series 
experiments, it was used to design a HMS for the containment (CTMT) of NPP Temelin. To achieve 
this goal, 6 scenarios of SAs were calculated. These scenarios were characterized with 3 different 
initiating events (IE) being, respectively, station black-out (SBO), large break loss of coolant accident 
(LB LOCA) and small break loss of coolant accident (SB LOCA). For each of these 3 IEs, there were 
2 different suppositions postulated, resulting in 2 slightly different scenarios: first, a case envisaging 
that the debris and melt ejected from the reactor pressure vessel (RPV) is confined in the reactor cavity 
(room #GA301, see Figure 1) and second, a case envisaging that the debris and melt is free to melt 
through 2 subsequent doors separating the reactor pit from a neighboring room (room #GA302 in 
Figure 1). The idea behind such bifurcation of each of the scenario was to assess the effect of additional 
H2 production from the molten core concrete interaction (MCCI) process ongoing on a larger surface. 
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The reported scenarios were defined with number of additional suppositions; however, it is beyond the 
scope of the present paper to list all of them. It should only be added that for both LOCA scenarios, 
the CTMT spray system (CSS) was considered to be operational. This is a conservative assumption as 
the ongoing spraying of the CTMT atmosphere may condense large amount of steam and consequently 
increase hydrogen and oxygen concentrations. Another conservative supposition was the deactivation 
of the hydrogen burn model, which, in consequence, leads again to higher H2 and O2 concentration 
(hydrogen burning acts like an igniter in the numerical model). In total, 4 criteria were set the 
fulfillment of which assured a successfully designed HMS: the first 2 criteria concern hydrogen 

burning and are concretized through  and criteria. The former evaluates the risk of FA occurrence 
(by comparing the so-called expansion ratio, defined as a ratio of gas densities before and after 
hypothetical deflagration, to the calculated critical value) and the latter evaluates the risk of DDT 
occurrence (by comparing the so-called cell characteristic dimension to the calculated value of the so-
called detonation cell dimension, multiplied by the factor of 7). Both criteria define necessary 
conditions for occurrence of the dangerous H2 burning regimes, i.e. their fulfilment does not guarantee 
that FA and/or DDT will occur – also other conditions must be fulfilled. The designed HMS is 
considered to be adequate if neither of the fore-mentioned  and  criteria are fulfilled, for any of the 
6 evaluated scenarios. The 2 remaining criteria were the adiabatic isochoric complete combustion 
(AICC) pressure limit (the absolute pressure induced by the AICC must be less than 0.7 MPa (abs), 
with the exception of possible short excess up to 0.8 MPa (abs)) and the average H2 concentration limit 
(hydrogen concentration shall not exceed 8 vol% or 10 vol% locally, for a very short time). To finalize 
the HMS layout, an iterative process was carried out: first proposal of PARs deployment within the 
CTMT was simulated, then computational nodes – representing the CTMT rooms – in which the 
criteria were excessed, were reinforced with additional PAR capacity. Another round of calculations 
were launched and after this second iteration, a third and final proposal of the HMS was achieved. 
Finally, in order to verify the HMS in the most realistic conditions, simulations allowing for H2 
deflagration were launched and the relevant criteria were evaluated again. The deployment of the PAR 
units was finally synthetized so that in any of the 6 calculated scenarios, neither the  nor the  
criterion was fulfilled, for both versions of simulations – i.e. allowing for and forbidding, respectively, 
hydrogen deflagration occurrence. 

The aim of the present paper is to describe the numerical model, developed at UJV Rez, of the PAR 
unit for the LP code MELCOR, to demonstrate its abilities to faithfully simulate PAR operation within 
realistic, containment-like T-H conditions and to put forward its suitability to design a robust HMS 
based on PAR units. 
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FIG.1. Scheme of the VVER-1000 reactor pit. 

2. THAI HR TESTS SELECTION, ICs AND BCs  

The tests chosen for MELCOR validation and the results of which are briefly described in this paper 
were picked from the international OECD/NEA project THAI – the HR (hydrogen recombination) 
series. Among several tests effectuated with different types of PARs, selected were those which 
realistically represent the harsh conditions foreseen during SAs and which push the developed 
numerical model to its limits. As within the CTMT of Temelin NPP recombiners from the vendors 
AREVA and NIS are present, tests HR-14 and HR-35 were selected, carried out with the NIS and 
AREVA units, respectively. The former test was performed with ICs and BCs similar to general 
conditions used for HR tests within THAI-1, on the other hand the latter test (performed within the 
frame of the phase 2 of the project – THAI-2) was characterized with conditions substantially different 
in terms of H2 and O2 release rates and timings: whereas during the HR-14 test the atmosphere prior 
to H2 insertion into the vessel contained enough oxygen (21 vol%, decreased by the steam content), 
during the HR-35 test the atmosphere prior to H2 release contained only pure nitrogen which was later 
diluted by inserted steam. Thus, in the HR-14 test, after achieving approximately 2 vol% of hydrogen 
at PAR inlet, the recombiner started its full operation. O2 starvation (i.e. low concentration of O2 
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adversely affecting the PAR performance) thus occurred only after a relatively long period when most 
of the oxygen was consumed by the recombination reaction. On the other hand, in the HR-35 test, a 
roughly constant concentration of hydrogen was first achieved within the THAI test vessel (TTV), and 
it happened only after the first release of oxygen into the TTV. This put the PAR unit immediately into 
a regime of decreased efficiency and limited recombination – due to the severe lack of O2. These 
conditions turned out to be not only a challenge to the recombiner, but also for numerical codes, 
especially those of the LP-type. 

Table 1 shows the ICs for the 2 tests calculated with the MELCOR code. Besides the tests HR-14 and 
HR-35, the results of which are presented in this article, simulations of other HR tests (albeit only with 
AREVA and NIS units, excluding thus the AECL recombiner) were carried out at UJV Rez in the past 
(see e.g. [5] and [6]). Additional information on all the recombiner tests specifications, both 
experimental and simulation results (numerical calculations of selected HR tests within the THAI-1 
and THAI-2 projects were carried out not only by UJV Rez with the MELCOR code, but also by other 
participants using various numerical means and modelling approaches) can be found in concise reports 
[7], [8] and [9], respectively. 

TABLE 2. INITIAL CONDITIONS (PRIOR TO HYDROGEN RELEASE) OF THE HR-14 AND 
HR-35 TESTS. DESIGN VALUES VS. ACHIEVED VALUES (IN THE BRACKETS) 

Test number Pressure 
[bar] 

Temperature [°C] Steam content 
[vol%] 

HR-14 (1/8 NIS-88) 1.5 (1.442) 74.0 (73.5) 25.0 (24.2) 
HR-35 (1/2 AREVA FR-380) 3.0 (3.115) 117.0 (118.1) 60.0 (57.9) 

3. CODE DESCRIPTION 

The numerical code used was the LP code MELCOR of version 2.2.10211, which is, at the time being, 
the most recent, officially available release. MELCOR is an integral code intended for complete 
analyses of SAs at light water NPPs. However, due to the small-scale character of the THAI HR 
experiments and the purpose of the performed analysis which is a validation of T-H capabilities of the 
code, only limited number of its modules1 were used: CVH, FL, HS, CF and TF. 

Among very typical characteristics of all LP codes is the averaging of calculated quantities in defined 
nodes of spatial discretization, e.g. in a control volume abbreviated CV (pressure, temperature, molar 
fraction of steam or non-condensable gases etc.), in a flow path abbreviated FL (velocity of pool or 
atmosphere) or in a heat structure abbreviated HS (temperature in a mesh layer within a heat structure). 
Such property of LP codes does not allow the user to model in detail the recombination of H2 and O2 
on the catalytic foils, i.e. diffusion of these gases into the platinum surface and their consequential 

 
1 MELCOR consists of several modules, each being responsible for a certain aspect of the calculation from the physical 
point of view. T-H modules are named CVH and FL, module for heat exchange between solids and fluids is named HS, 
auxiliary modules allowing for definition of user-input control functions and tabular functions are, respectively, the CF 
and TF modules. Material properties are defined within the MP module and, most importantly, calculation advancement 
in time is numerically controlled by the EXEC module which coordinates data exchange between all employed physical 
modules. 
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chemical reaction and final release of water vapor. Instead, the approach of mass/enthalpy 
sources/sinks input must be used, together with the vendor-furnished correlation for recombination 
rate. Such a correlation is, in the case of tested AREVA and NIS PARs, function of: 

 pressure (AREVA and NIS); 

 inlet H2 concentration (AREVA and NIS); 

 inlet O2 concentration (NIS); 

 ratio between inlet O2 and H2 concentrations (AREVA); 

 inlet gas temperature (NIS) and; 

 some geometrical characteristics (NIS). 

To model the operation of a PAR unit using a LP code, the user has to evaluate, at each time step, the 
amount of recombined H2 and O2 and the amount of generated steam and enthalpy. These masses are 
input (as rates) into a CV that models the PAR body. When using MELCOR for the PAR simulation, 
the user has to pay attention to the definition of enthalpy source: combustion/recombination is already 
taken into account implicitly in the enthalpy functions of recombined and generated gases, see [10] 
and [11]. This means that although 120 MJ of heat is released for 1 kg of H2 recombined, zero enthalpy 
shall be input (in the numerical representation) into the CV where the reaction is modelled – the steam 
is generated already with the enthalpy which accounts for its generation. 

4. NUMERICAL MODEL OF THE AREVA AND NIS PAR UNITS 

It should be mentioned here that the AREVA-unit test presented – the HR-35 – was a challenging one, 
due to the ICs and the specific test protocol described in Section 2. Therefore, another AREVA-unit 
test was simulated first in order to adjust the developed PAR model to the results of a test with less 
stringent T-H conditions and less challenging sequence of gas introduction into the TTV. Such test 
was the HR-12 experiment, results of its simulation with the MELCOR code may be found in [12]. 
Hence it can be stated that the PAR numerical model used for HR-35 simulation received the same set 
of parameters which were validated on the HR-12 test simulation. The most sensitive parameters were 
found to be the form loss coefficients and the friction loss coefficients of FLs modelling the way 
through the PAR, radiation lengths and characteristic lengths of HSs and the choice of a CV where the 
inlet gas concentration is evaluated (and afterwards entered in the correlation for the recombination 
rate) and of a different (or the same) CV where the recombination itself takes place. 

The PAR unit nodalization is rather rough for the containment analyses – the unit’s casing and internals 
are not modelled, only sources and sinks of mass and energy, which are evaluated using the furnished 
correlations, are inserted into existing nodalization of the CTMT rooms. Although such representation 
of the recombiner is very simple, it is accurate enough to faithfully predict the PAR operation. However, 
in order to be able to compare all the data measured during the ongoing experiments in the TTV, such 
as gas velocity entering the recombiner, the inlet and outlet temperatures and gas concentrations, 
temperatures of the casing etc., a more detailed model of the unit was used to simulate the HR-12 and 
HR-35 experiments. This model is described in the following sections, whereas the schemes of both 
PAR units are depicted in Figure 2 and 3.  
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FIG. 2. Scheme of the tested AREVA PAR unit (figure taken from [3]). 

 

FIG. 3. Scheme of the tested NIS PAR unit (figure taken from [8]). 
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4.1. NODALIZATION 

Figures 4 and 6 show the division of TTV into control volumes (CVs) in vertical, respectively 
horizontal, sections. In both figures, for the sake of better legibility, only CV contours and their bottom 
and top elevations (in a coordinate system having origin at the bottom of the TTV sump) together with 
axial levels numbers are depicted to the left side of the schemes. The TTV is divided into 23 axial 
levels of CVs, each level containing (except the 2 lowermost levels and the uppermost level) one inner 
cylindrical CV, one CV in a tubular form and 8 or 4 CVs on the periphery, depending on the level 
elevation (the transition being at 4.375 m). The right-hand side of the schemes contains names of the 
CVs: the sequencing letter "i" extends from 2 to 9 with a step of 1 (i.e. 8 CVs are modelled in the lower 
part of TTV on the periphery – underneath the elevation of 4.375 m) and the sequencing letter "k" 
extends from 2 to 8 with a step of 2 (i.e. 4 CVs are modelled in the upper part of TTV on the periphery 
– above the elevation of 4.375 m). At the location of H2 feeding ring, the control volume numbered 
CV100 was added to represent solely a volume where pure hydrogen is injected (modelling one CV 
only for the injected H2 allows its upward flow, due to buoyant forces; the necessity of having 1 CV 
solely for the light gas stems from the “LP feature” of the MELCOR code). The PAR unit is modelled 
by 3 CVs (see Figure 5): one representing the inlet skirt, one representing the compartment containing 
the catalytic foils and the upper-most representing the outlet stack. The three colored CVs outside the 
vessel in Figure 4 represent tanks with hydrogen, steam and oxygen, respectively. These CVs are time-
independent, as well as CV990 which models the environment – rooms around TTV. The total number 
of CVs in the created model calculates as follows: 3 CVs in the sump, 7 axial levels with 10 CVs (1 
inner, 1 in-between and 8 on the periphery), 13 axial levels with 6 CVs (1 inner, 1 in-between and 4 
on the periphery), 1 CV in the top, 1 CV representing the H2 feed ring, 3 CVs for the PAR unit, 3 CVs 
for the gas reservoirs and 1 CV for the environment. The total number of CVs is thus 160. 

CVs are interconnected with flow paths (FLs), which are represented in Figures 7 and 8 by arrows in 
the following colors: sea green, navy blue and purple. Those different colors are used for radial, axial 
and azimuthal FLs, respectively. Arrows in black cannot be classified to be part of either radial, axial 
or azimuthal FLs. For better legibility, FLs' names are plotted only to the right-hand side of the schemes. 
The indices "i" and "k" are similar sequencing characters as for the CVs. In order not to cover the 
figures entirely with FL numbers, only in 2 selected horizontal sections FLs are numbered. Radial FLs 
in each axial level connect the inner CV with the tubular CV and the tubular CV with peripheral CVs. 
In axial levels where the inner cylinder is present, radial FLs are, logically, missing. Axial FLs connect 
corresponding CVs in adjacent axial levels and azimuthal FLs connect neighboring peripheral CVs 
within one axial level. Three flow paths connect the outside reservoirs with appropriate CVs in the 
TTV: FL100 connects the hydrogen-containing CV130 and the CV100 within the vessel, representing 
the feeding ring, FL131 connects the steam-containing CV131 with the sump region (CV020) and 
FL132 connects the oxygen-containing CV132 and the upper part of the vessel (CV940). The 
prescribed feeding rates of respective gases are achieved by imposing a constant flow velocity in these 
flow paths for appropriate time intervals. The density of gases in the tanks and the cross-section of the 
FLs being constant, the feeding velocity (for each time interval when the feed rate is constant) is 
calculated by simple division of the prescribed feed rate in [kg/s] by the gas density and FL cross-
sectional area. The atmosphere sampling (15x 40 l/h) was properly accounted for, prescribing a 
constant velocity in all 13 FLs modelling these paths. Each of these 13 FLs starts in a CV 
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corresponding to the location of concentration measurement point and ends in the time-independent 
CV990. There are only 13 FLs for 15 sucking lines because the three measuring lines from the PAR 
inlet skirt are modelled by only 1 FL with tripled cross-section area. There are 4 flow paths modelling 
the way through the PAR unit: FL001 to FL004. First three of them are vertical, the last one is 
horizontal. What was found to have a large effect on the atmosphere flow through the unit and, 
consequently, on the PAR's performance, was the definition of form loss coefficients () and laminar 
friction coefficient () for FLs within the PAR. All other FLs in TTV have  set to 0.3 (these flow 
paths are only "virtual", connecting only bulks of atmosphere) and  set to 64.0, but in the case of FLs 
within the PAR, complex geometry within the recombiner unit was properly taken into account. Thus, 
the form loss coefficients for FLs FL001 to FL004 were set to 0.5, 1.5, 0.3 and 0.7, respectively. This 
accounts for the presence of the inlet channel with flow meter, the catalytic foils, the stack and the 
exhaust grate. As for the laminar friction coefficient, it is being adjusted throughout the simulation by 
a control function (CF) which changes its value from 128.0 to 64.0, depending on hydrogen 
recombination rate. The bigger the mass of H2 recombined per second (and thus the catalytic foil 
temperature), the lower the friction coefficient. The reason of lowering  with foils temperature is the 
occurrence of co-current flow of gases entering the PAR and buoyancy driven hot gases in the vicinity 
of catalytic foils. The number of radial flow paths in the numerical model amounts to: 1 FL in the 
sump, 4 FLs at axial levels with the presence of inner cylinder, 3 axial levels with 9 FLs (located in 
the lower part of TTV), 13 axial levels with 5 FLs (located in the upper part of TTV) and 1 FL for 
PAR exhaust. The number of axial flow paths in the model amounts to: 4 FLs in the sump, 7 axial 
levels with 10 FLs (located in the lower part of TTV), 12 axial levels with 6 FLs (located in the upper 
part of TTV), 2 FLs in the upper dome of TTV, 8 FLs connecting the H2 feed ring and 8 corresponding 
azimuthal CVs and 3 FLs in the PAR unit. The number of azimuthal flow paths used in the model 
amounts to: 7 axial levels with 8 FLs and 13 axial levels with 4 FLs, corresponding to, respectively, 
the lower part of TTV containing 8 azimuthal CVs and the upper part of TTV containing 4 azimuthal 
CVs. 13 FLs were defined to account for atmosphere sampling and 3 FLs represent gas inlet from the 
tanks into the vessel. The total number of FLs modelled is thus 381. 

Figures 9 and 10 show heat structures (HSs), which were used in the TTV model to account for heat 
and mass (condensation/evaporation) exchange between atmosphere and solid walls and internals or 
between pairs of internals via radiation. To the left of the schemes, shown are only HS contours without 
their names; the names are then added to the right-hand side of the schemes. The index "i" extends 
from 2 to 9 with a step of 1 and the index "k" extends from 2 to 8 with a step of 2. Both rectangular 
and cylindrical types of HSs were used, depending on the geometry of a TTV solid portion being 
modelled by a heat structure. Only the inner wall of TTV periphery is modelled, because the entire 
vessel surface was heated – either electrically (the sump, the bottom end vault and the top end vault) 
or by circulating fluid in a doubled wall (the three mantles in the middle portion of the TTV). Thus, 
on the right-hand side of HSs which model the TTV walls, a time-dependent temperature BC was 
applied, using prescribed values which are imposed using tabular (TF) and control (CF) functions. The 
temperature was imposed on the outer surface of the inner steel walls, which means that conduction 
through the walls (thickness being either 16 mm – in the sump, 30 mm – in the vaults or 22 mm – in 
the cylindrical walls) into the TTV atmosphere was properly accounted for. The PAR housing was 
also modelled: the thickness of the unit's housing was chosen to be 4 mm, which makes the overall 
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weight of the unit approximately 55 kg, according to the reported value. The HS00008 represents 
catalytic foils and this HS has a multiplicity of 19.0 (as 19 catalytic plates were present). It is composed 
of 4 layers, each being 50 m thick. The material of the 2 inner-most layers is steel, the material of 
the peripheral layers is platinum. 9 tenths of the heat produced by the exothermic recombination 
reaction was put into these platinum foils, the remaining 1 tenth was modelled as released into the 
CV222. Radiative heat exchange was also modelled between HS00008 (catalytic foils) and HS00003 
(PAR housing structure located in the vicinity of catalytic material) and between the foils and the 
surrounding atmosphere, using the grey-gas model. The overall number of HSs used in the model is 
calculated as follows: 6 HSs represent the sump region, 3 + 2 HSs represent internal structures in the 
bottom vault part of the TTV including the H2 feeding ring and the supports of the inner cylinder, 5 
axial levels of HSs model the inner cylinder (8 HSs in each axial level), 7 axial levels of HSs model 
the outer vessel wall in the lower part of TTV (8 HSs in each axial level), 14 axial levels of HSs model 
the outer vessel wall in the upper part of TTV (4 HSs in each axial level), 4 HSs model the upper lid 
and 8 HSs represent the PAR unit – its housing and the catalytic foils (the multiplicated HS counts 
actually for only 1 structure). The total number of HSs used thus amounts to 189. 

The MP module was employed to alter thermal constants of the vessel steels (of type 1.4571 and St 
35), of aluminum, of mineral wool, of mineral oil and of platinum. Nevertheless, insulation materials 
(mineral wool and aluminum) and the mineral oil material, used for mantles heating, were not used in 
the calculation – due to prescribed temperatures histories at practically all parts of TTV. 

7 non-condensable gases were defined in the simulation within the NCG module – H2 (material #4), 
O2 (#5), CO2 (#6), CO (#7), N2 (#8), CH4 (#9) and Ar (#10). Nevertheless, only hydrogen, oxygen and 
nitrogen were actually used in the simulation. 

To complete the overview of the MELCOR packages participating in the simulation, 44 CFs were 
defined in the calculation (mainly to account for hydrogen depletion rate definition) and 29 TFs were 
defined (mainly to account for material properties definitions and histories of wall temperatures 
definitions). 
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FIG. 4. Nodalization of TTV into CVs – vertical section 

 

FIG. 5. Detail of the PAR unit nodalization. 
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FIG. 6. Nodalization of TTV into CVs – horizontal section. 

 

FIG. 7 Nodalization of TTV into FLs – vertical section. 
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FIG. 8. Nodalization of TTV into FLs – horizontal section. 

 

FIG. 9. Nodalization of TTV into HSs – vertical section. 
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FIG. 10. Nodalization of TTV into HSs – horizontal section. 

4.2. HYDROGEN DEPLETION CORRELATIONS 

The exothermic chemical reaction of hydrogen being recombined with oxygen 

H2 + O2 => 2*H2O + heat of reaction        (1) 

is implemented in the MELCOR code in a straightforward way, taking advantage of FORTRAN 
functions and the AREVA- and NIS-furnished correlations for the rate of H2 depletion ([3] and [4]): 

RH2 = y*(0.0137*p + 0.0163)*CH2in*tanh(CH2in - 0.5)  … AREVA unit  (2) 

RH2 = 671/3.6*XH2in
1.37*p*(1 – 0.05*(p – 1))/T*Y*S*f … NIS unit   (3) 

In this equation, RH2 stands for the mass of hydrogen being recombined per time unit (in [g/s]), y and 
f are factors diminishing the PAR efficiency in oxygen-lean conditions (dimensionless), p is the 
atmosphere pressure (in [bar]), CH2in and XH2in are, respectively, hydrogen concentration and volume 
fraction at PAR inlet given in [vol%] and [-], T is the temperature in [K] and Y and S are constants 
taking into account geometrical configuration of the NIS unit. 

Following recommendations of both vendors, hydrogen concentration for the start of operation of the 
PAR unit is set to 2 vol% in wet air (only for the HR-35 experiment simulation, however, this condition 
was left out and the exact time instant of PAR operation onset was introduced instead). For the AREVA 
unit, the maximum inlet H2 concentration is limited to 8 vol% and in the case of severe lack of oxygen, 
the inlet hydrogen concentration CH2in is replaced by twice the inlet oxygen concentration 2*CO2in, so 
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that in the recombination reaction the stoichiometry is fulfilled. When looking closely on the results 
of HR experiments carried out with the AREVA unit ([3] and [7]), it has been observed that in oxygen 
lean atmospheres, the recombiner efficiency , defined as 

 = (CH2in - CH2out)/CH2in         (4) 

can drop from approximately 42 % to even approximately 15 % in the worst cases of oxygen starvation. 
Therefore, in the case of the AREVA unit, it has been proposed to account for this phenomenon by 
introducing the parameter y, which is a function of the so-called oxygen surplus ratio defined as: 

 = 2*CO2in/CH2in          (5) 

From the PAR tests effectuated with the AREVA unit, it has been observed that the value of y starts to 
drop from the value of 1.0 (for atmospheres with sufficient amount of oxygen), to the value of 0.6 in 

case  drops under the value of ~2.2. Such an observation was new and more adverse than previously 
reported (indeed, in older recommendations for the recombination correlation, the drop of the y 

parameter was observed only if  decreased below 1.0). In the numerical model of the AREVA unit 

implemented in MELCOR, a linear decrease of y is considered between  = 2.2 and 2.0 instead of a 
step function. 

For the case of the NIS recombiner, somewhat different approach for taking into account the drop of 
the unit’s efficiency in the conditions of oxygen starvation was proposed in [4]: the factor f is a function 
of the absolute O2 volumetric fraction and follows: 

f = EXP(-48.391*(0.06 – XO2in) + 540.25*(0.06 – XO2in)2)     (6) 

from which it follows that the NIS PAR’s efficiency is decreased if the inlet oxygen concentration falls 
below 6 vol%. 

Taking into account molar masses of H2, O2 and H2O, the rates of oxygen sink, water vapor source and 
enthalpy source (denoted Q) are related to the evaluated RH2 (for both unit types) as follows: 

RO2 = 8*RH2           (7) 

RH2O = 9*RH2           (8) 

Q = 119.6*RH2           (9) 

The units of oxygen sink and steam source are [g/s], the unit of enthalpy source is [kJ/s]. 

The PAR unit operation is implemented in the MELCOR input model in the following way: at each 
time step, concentrations of H2 and O2 are evaluated in CV154 and CV222 and the average value is 
calculated. CV154 is the control volume which is located underneath the PAR unit entrance (see Figure 
5, where the detail of the PAR unit is depicted) and from which a flow path leads into the PAR unit’s 
body. CV222 is the CV where recombination itself is modelled. Such a measure – averaging the inlet 
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and PAR-body gas concentration – is beneficial to simulation smoothness and stability and reflects the 
reality better that considering only the PAR-entering gas concentration or the concentration in the CV 
containing catalytic foils. 

The recombination itself is modelled by source and sink rates of H2, O2, H2O and enthalpy, which 
MELCOR allows to define for a chosen CV. These rates are calculated by Eqns. (2), (7), (8) and (9), 
using properly defined CFs. The CV containing these sources and sinks is the CV222 (see Figure 5). 

5. MAIN RESULTS 

5.1. EXPERIMENTS HR-12 AND HR-35 

First, a note about the distinction between the experimental data and calculated values must be made: 
in both plots, presented in this section, the consensus that experimental results are plotted in thin 
dashed lines whereas calculated results are plotted in thick solid lines was adopted. 

The most important results calculated are those related directly to the PAR unit operation, namely the 
recombination rate RH2. First, results for the AREVA PAR are presented (Figure 11). The calculated 
recombination rate curve is plotted (left axis, in red), which clearly manifests higher rate at the onset 
of recombination (over-estimating the measured peak value by approximately 25 %) and, on the other 
hand, exhibits faster decrease of recombination after its initial start-up (which is partly due to the higher 
amount of H2 having been recombined during the initial phase of PAR operation). On the other hand, 
the curve of theoretical recombination rate – as calculated using the AREVA equation (in magenta) 
exhibits even more pronounced deviations from the measured data. When the oxygen is being injected 

into the vessel (no oxygen was present in TTV until t = 0 s), the O2 surplus ratio  increases (right 

axis, in green). However, the maximum  value achieved is less than 1.6 at the end of the test, which 
means that the PAR unit never escapes the limited operation characterized by decreased efficiency (the 
y parameter being at a constant value of 0.6 throughout the simulation; right axis, in blue). 

The main results for the NIS PAR unit simulation are presented in Figure 12, where the rates of gases 
(hydrogen and nitrogen) injected into the TTV, the NIS PAR recombination rate, the pressure in the 
TTV and the parameter diminishing the PAR’s efficiency are plotted. From a close look on the curve 
of recombination rate (left axis, in green), similar conclusions as for the AREVA PAR can be drawn: 
the simulated recombination rate of H2 is slightly over-predicted in the peaks of recombination, which 
has for consequence an under-estimated calculated recombination rate for the later periods of residual 
recombination. Nevertheless, the overall agreement remains very good, even for the regime of limited 
recombiner’s efficiency which set in at the latest stage of the experiment (right axis, in cyan). 
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FIG. 11. Recombination rate and related parameters for the AREVA PAR unit: test HR-35. 

 

FIG.12. Recombination rate and related parameters for the NIS PAR unit: test HR-14. 
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5.2. HMS DESIGN FOR THE TEMELIN NPP 

Based on the successful verification and validation of the developed numerical model of both types of 
PAR units (AREVA and NIS) for the MELCOR code, a robust HMS was iteratively designed (the 
process of which was thoroughly described in Section 1 and is detailed in 6 technical reports, analyzing 
the 6 SA scenarios envisaged, which are nevertheless not cited here – the language of the reports is 
Czech, as the analytical work was done for the Czech utility CEZ). The HMS was realized, during the 
summer outages in 2014 and 2015, at unit 1 and 2 of the Temelin NPP, respectively. Throughout the 
iterative computational process of considering different numbers and types of PARs in selected rooms 
of the CTMT, one change in the approach to modelling of the units was made, compared to the 
approach adopted for simulations of HR-14 and HR-35: to represent the PAR units, a simplification 
was made consisting in omitting the PAR housing and its internals. Thus, the recombination was 
accounted for by direct insertion of appropriately calculated sources and sinks of mass and energy in 
CVs representing the CTMT rooms of the Temelin NPP in which the PARs were located. Such a 
simplification is possible thanks to the spatial discretization of the VVER-1000 CTMT, which consists 
of relatively large CV2 nodes (see Figure 13). Those CVs are large enough for neglecting the difference 
of gas concentrations at the entrance into the unit and at the outcome, which was not the case of the 
HR tests carried out in a relatively small TTV. Moreover, in the verification and validation analyses 
of HR-14 and HR-35, some additional quantities had to be computed (e.g. catalytic foils and PAR 
housing temperature, velocities throughout the PAR, local gas concentrations etc.) in order to make 
the comparison with the measured data possible. Such a level of detail is, however, not needed for the 
CTMT case.  

The ultimate result of the 6 analyzed scenarios is a robust HMS design featuring 3 types of 
recombiners: small-size AREVA FR90/1-150 units (already installed in the Temelin CTMT for the 
purposes of design basis accidents), small-size NIS 22 units (equipped with 22 cartridges with ceramic 
pellets coated with the catalytic material made of palladium) and medium-sized NIS 44 units (equipped 
with 44 cartridges). Schematic deployment of these 3 types of units within the Temelin NPP CTMT is 
depicted in Figure 13. For such proposed HMS and in all of the 6 scenarios evaluated, the limit AICC 
pressure of 0.7 MPa (abs) was exceeded only for a very short time duration in the reactor hall, the 
average H2 concentration never exceeded 8 vol% in average and although the - and -criteria were 
locally reached in a few rooms for a very short time, running the simulations once again and allowing 
for hydrogen burns (i.e. activating the MELCOR BUR module) ruled out the possibility of either FA 
or DDT occurrence due to low concentrations of H2 and O2. 

 
2 Simulation of hydrogen distribution within the VVER-1000 CTMT was effectuated in 2 steps: first, the integral SA 
scenario was calculated using a coarse (~30 CVs) model of the CTMT and the sources of mass and energy into the 
CTMT were saved into an external file (using the MELCOR EDF module). Second, the saved sources of mass and 
energy from the integral calculation were loaded and inserted into a stand-alone and refined (~140 CVs) model of the 
CTMT, in which the final hydrogen distribution was evaluated. 
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FIG. 13. Scheme of the CTMT nodalization for the VVER-1000 (Temelin NPP) with marked positions of 
different types of PAR units: small AREVA FR90/1-150 (grey), smaller NIS 22 (cyan) and bigger NIS 44 

(magenta). 

6. CONCLUSIONS  

The present article summarizes the process of designing the HMS for the Temelin NPP (VVER-1000-
type of reactor), which consisted of 2 parts: first, the developed numerical model for the MELCOR 
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code, based on the vendor-furnished correlations for the H2 recombination rate, was verified and 
validated for both types of recombiners deployed at the unit – the AREVA and NIS PAR. Second, an 
iterative computational process was carried out in order to optimize the placement of different types 
of PAR units in selected rooms of the CTMT. As an outcome, a robust HMS, fulfilling the criteria 
defined for ruling out dangerous regimes of hydrogen burning, was proposed and realized at both units 
of the Temelin NPP. 
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ABSTRACT 

Most nuclear reactors are made of metal and cooled by water. Metals are a combination of zirconium 
alloy for the rods, and stainless steel for the main assembly. These metal components were cooled by 
boiling light water, H2O; many other reactors, particularly in Canada, are cooled by heavy water, D2O, 
and some newer reactors are cooled by non-boiling light water. Whatever the metal, and whatever type 
of water is used to cool it, all nuclear-reactor metals will corrode in water at some rate in the presence 
of intense radiation and hot water or steam. This corrosion goes on continuously, and usually quite 
slowly, forming a metal oxide, usually adherent, and hydrogen gas. Corrosion is worse during a nuclear 
accident where cooling power is diminished and temperatures are higher, but hydrogen-producing 
corrosion is a normal part of all reactors, occurring even when the reactors are shut down. Hydrogen 
from the corrosion enters the liquid or steam coolant where, for the most part, it is merely a nuisance. 
The hydrogen contributes to decreased efficiency, as well hydrogen embrittlement and swelling of the 
nuclear metals; that is a reduction in the power output and a shortening of the reactor life 

Following the Three Mile Island accident (1979) and the accident at the Fukushima Daiichi Plant (2011) 
some learned lessons task force to identify and evaluate safety concerns arising from the accident and 
recommend appropriate changes to licensing requirements and licensing processes for nuclear power 
plants. Also a lot of effective control measures must be introduced into the plant design to manage the 
hydrogen problem and to maintain containment integrity. Designing and demonstrating the function 
of such H2 removal systems requires detailed simulation of the main physical processes influencing 
the behavior of hydrogen in a severe accident, so all these learned lessons taken in consideration during 
the preparation of the specification of the first Egyptian nuclear power plant. This paper disuses in 
details H2 removal systems specifications and requirements that take into considerations in the first 
Egyptian nuclear power plants.  

1. INTRODUCTION 

Most nuclear reactors, are made of metal and cooled by water. metals are a combination of zirconium 
alloy for the rods, and stainless steel for the main assembly. These metal components were cooled by 
boiling light water, H2O; many other reactors, particularly in Canada, are cooled by heavy water, D2O, 
and some newer reactors are cooled by non-boilihng light water. Whatever the metal, and whatever 
type of water is used to cool it, all nuclear-reactor metals will corrode in water at some rate in the 
presence of intense radiation and hot water or steam. This corrosion goes on continuously, and usually 
quite slowly, forming a metal oxide, usually adherent, and hydrogen gas. Corrosion is worse during a 
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nuclear accident where cooling power is diminished and temperatures are higher, but hydrogen-
producing corrosion is a normal part of all reactors, occurring even when the reactors are shut down. 
Hydrogen from the corrosion enters the liquid or steam coolant where, for the most part, it is merely a 
nuisance. The hydrogen contributes to decreased efficiency, as well hydrogen embrittlement and 
swelling of the nuclear metals; that is a reduction in the power output and a shortening of the reactor 
life. 

1.1. REGULATORY ACTION FOLLOWING THE THREE MILE ISLAND ACCIDENT  

Immediately following the 1979 Three Mile Island accident (TMI), the USNRC established a lessons-
learned task force to identify and evaluate safety concerns arising from the accident and recommend 
appropriate changes to licensing requirements and licensing processes for nuclear power plants. The 
task force made a number of recommendations (USNRC, 1980e), including two recommendations for 
controlling hydrogen produced by severe core accidents: 

 Provide inerting for all BWR containments. 

 Provide the capability to add a hydrogen recombiner system (for hydrogen control) within a few 
days after an accident. 

The inerting requirement was implemented in December 1981 as the first interim hydrogen rule for 
reactors. The Plants that did not already have inerting systems were required to install them, and new 
plants were required to be equipped with hydrogen inerting systems. 

These systems were used to displace air inside the containment with nitrogen to reduce oxygen 
concentration below 4 percent when the reactor was operating. This change was adopted worldwide, 
including at the Fukushima Daiichi plant. It has been widely accepted in the nuclear power and 
combustion communities that inerting resolved the hydrogen issue for plants with containments 
(USNRC, 1987). 

Hydrogen control and equipment survivability became important considerations in other containment 
designs (PWR plants with ice condenser containments and BWR plants with Mark III containments) 
that were coming online in the 1980s. In 1985, a rule required that plants having these containments 
must control combustible gas generated by up to 75 percent metal–water reaction to less than 10 
percent hydrogen. New reactor designs were required to consider up to 100 percent metal–water 
reaction. 

Three unresolved (generic) safety issues arose from the Three Mile Island Action Plan and subsequent 
research on hydrogen combustion inside containments: 

 GSI-A48: Hydrogen Control Measures and Effects of Hydrogen Burns on Safety Equipment. 
Initiated by Three Mile Island Task Force findings and resolved in 1989 with changes to 10 
CFR § 50.44 and results of research and testing programs. The exception was the large dry 
containment systems, which were treated by GSI-121; 
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 GSI-121: Hydrogen Control for Large, Dry PWR Containments. Initiated by USNRC staff as 
part of rulemaking for GSI-A48 and resolved in 1992. No new requirements were made for 
large dry containments and deliberate ignition systems were judged to not be cost-effective; 

 GSI-189: Susceptibility of Ice Condenser and Mark III Containments to Early Failure from 
Hydrogen Combustion During a Severe Accident. Proposed in 2000 in response to industry 
requests to reconsider 10 CFR § 50.44 and long-standing concerns regarding station blackout 
leading to inoperable deliberate ignition systems. Resolved in 2007 through the addition of 
backup power systems; 

 Preventing containment failure by managing both pressure and thermal loads is critically 
important. The installation of severe accident–capable vents, availability of backup air and 
power sources, and revised accident management strategies are all steps that are currently being 
taken to address this critical issue. 

1.2. IMPLICATIONS OF FUKUSHIMA DAIICHI ACCIDENT FOR HYDROGEN CONTROL  

The accident at the Fukushima Daiichi Plant demonstrates that inerting primary containment is not 
sufficient to protect plants against hydrogen explosions. If the containment fails during a severe 
accident, the hydrogen generated by the metal–water reaction in the damaged reactor core can be 
released into the reactor building, mix with air, and burn. For this reason, the most effective control 
strategy is to manage the pressure and thermal loads on containment to prevent its failure. This requires 
the capability to safely vent hydrogen in a timely fashion with a minimum release of fission products 
into the environment. 

The maximum amount of hydrogen generated in a severe core accident is almost three times the 
volume of nitrogen present initially in the primary containment. This quantity of hydrogen overwhelms 
the inerting effect of nitrogen. When the hot hydrogen–nitrogen–steam mixture leaks into the reactor 
building, the steam will begin to condense, and a flammable mixture will be formed. 

The explosions at the Fukushima Daiichi plant significantly degraded the ability of personnel at the 
plant to mount an effective accident response. Substantial structural damage occurred to the Unit 1, 3, 
and 4 reactor buildings, and particularly Units 3 and 4, creating concerns about the integrity of their 
spent fuel pools as well. The explosions also created pathways into the environment for radioactive 
material leaks from containment. An intact BWR building acts as a filter to trap fission products 
released from the damaged core during a severe accident. Filtering is effective only if the reactor 
building remains intact and fission products can be removed by passing the exhaust gas through the 
filters in the standby gas treatment system. 

In the 1980s, researchers at Oak Ridge National Laboratory examined severe accidents in boiling water 
reactor plants and the mitigating role of reactor buildings (i.e., secondary containment) on fission 
product releases. Greene (1990)specifically examined the potential for secondary containment failure 
due to combustion of hydrogen. He noted that reactor buildings have complex structures and relatively 
low failure overpressures (the pressure resulting from even a low-speed combustion event will 
substantially exceed the estimated failure pressure of the building outer walls); consequently, 
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combustion of large amounts of hydrogen in a reactor building “would probably challenge the integrity 
of the secondary containment” (Greene, 1990). Greene identified two key mitigation strategies that 
focused on maintaining primary containment integrity: primary containment sprays and primary 
containment venting. 

The explosions at the Fukushima Daiichi plant were indeed extremely destructive. The complex 
structure of the lower part of the reactor buildings is well suited to cause flame acceleration and 
potentially transition to detonation. Ironically, having a strong structure with multiple compartments 
can greatly enhance the damage over a weaker structure this result, although not intuitive, is now well 
established (NEA, 2000) and is an important consideration in combustion hazard analysis. 

Based on what has been known about hydrogen behavior since 1980, the explosions and damage to 
reactor buildings at the Fukushima Daiichi plant should not have been surprising. They illustrate in 
dramatic fashion the importance of hydrogen control in severe accidents. Of course, the first line of 
defense in controlling hydrogen is to prevent the metal–water reaction in the core from occurring. The 
second line of defense is to manage the pressure and thermal loads on the containment to prevent 
failure. These are the primary goals of all accident management strategies. If these actions can be 
accomplished, then as a secondary result, hydrogen generation, releases, and explosion hazards will 
be minimized. 

The Fukushima Daiichi accident prompted the Nuclear Energy Agency to produce a report on 
hydrogen generation, transport, and mitigation under severe accident conditions (NEA, 2014). The 
report summarizes the status of national requirements for hydrogen management and mitigation and 
computer codes for hydrogen risk assessment. The Natural Resources Defense Council considered a 
wide range of topics related to hydrogen explosions in severe accidents and issued a report giving their 
perspective on the issues (Leyse, 2014). These reports were issued just as the present report was being 
finalized. 

2. EGYPTIAN NPP SPECIFICATION FOR HYDROGEN MITIGATION 

Detailed technical specifications (requirements of the owner) of the first Egyptian nuclear Power plant 
have been prepared and reviewed by the experts of the International Atomic Energy Agency. The 
requirements included all the lessons learned from the TMI and Fukushima Daiichi accidents, specially 
related to the Hydrogen released during the accident conditions. 

The first Egyptian nuclear power plant requirements related to the Hydrogen release system include 
the following:  

 Hydrogen removal system is available; 

 Safety assessment of the reactor plant must be performed by comparing the results of 
analyses with requirements of acceptance criteria based on the requirements of the 
regulatory documents, operational experience. The following criteria of emergency core 
cooling shall be met: 
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• the highest temperature of the cladding reached under emergency conditions doesn’t 
exceed 1200 оC; 

• depth of local oxidation of the cladding doesn’t exceed 18% of the initial thickness of 
the cladding; 

• quantity of hydrogen obtained during interaction of claddings with the coolant shall not 
exceed 1 % of the maximum permissible quantity, which should release if all section of 
the cladding surrounding the fuel pellets reacted completely with water and changed to 
ZrО2 (Zr + 2H2O = ZrО2 + 2H2). During analysis of real quantity of the released 
hydrogen all the reactions resulting in hydrogen formation are necessary to be taken into 
account; 

• channels for coolant flow inside the fuel assemblies shall not be blocked to the point of 
losing coolant capability because of ballooning, failure of fuel rods claddings as well as 
because of deformation of other components of fuel assemblies and the internals; 

• melting of control rods is not permitted; 
• movement of control rods in the reactor shall not be disrupted because of possible 

deformations in fuel assemblies, control rods and the internals; 
• interaction between different components of fuel assemblies shall not result in melting 

of these components; 
• safety state of the core shall be reached so as to create conditions for reactor keeping in 

subcritical state, its cooldown when it is tripped after the accident as well as for 
dismounting of the core and the internals. 

 movement of control rods in the reactor shall not be disrupted because of possible 
deformations in fuel assemblies, control rods and the internals; 

 interaction between different components of fuel assemblies shall not result in melting of 
these components. 

Safety state of the core shall be reached so as to create conditions for reactor keeping in subcritical 
state, its cooldown when it is tripped after the accident as well as for dismounting of the core and the 
internals. 

 The acceptance requirements are met if: 

• design maximum temperature of cladding doesn’t exceed 2200 F ( 1204 С); 
• design total oxidation of the cladding doesn’t exceed 17 % of total thickness of the 

cladding before oxidation; 
• design total quantity of hydrogen generated from chemical reaction of cladding with 

water or steam doesn’t exceed 1 % of hypothetical quantity which would generate if all 
the metal in cylinders of the cladding surrounding fuel, except for cladding surrounding 
the chamber volume, reacted; 

• design changes in geometry of the core are such that the core remains accessible for 
cooling. 

Safety of the plant corresponds with international best practices and IAEA requirements. Post-
Fukushima arrangements were taken into account in the Reference Plant design. The first Egyptian 
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nuclear power plant will be based on the Reference Plant design. The first Egyptian nuclear power 
plant will have the same or equivalent equipment, structures, systems and features as the Reference 
Plant. 

 During analysis of real quantity of the released hydrogen all the reactions resulting in hydrogen 
formation are necessary to be taken into account. So passive hydrogen recombination system 
preventing increase of hydrogen contents inside the containment to a threshold value at which 
hydrogen explosion could be initiated. 

Hydrogen removal system with enough productivity to decrease hydrogen concentration to safety level 
during the later accident stage. 

 Containment hydrogen removal system  

The System is designed for reduction of hydrogen content within the containment after a loss-of-
coolant accident and for prevention non-controlled ignition of hydrogen. Hydrogen control is 
realized by means of passive devices. 

 Hydrogen removal system  

In order to prevent the formation of a hydrogen mixture explosion, Hazardous concentrations in the 
radioactive gas treatment system under conditions of Normal Operation and at Anticipated 
Operational Occurrences, the hydrogen removal system performs the following functions: 

• hydrogen removal out of flash steam of the primary circuit make-up deaerator; 
• hydrogen removal out of the vent of the pressurizer bubbler; 
• hydrogen removal out of the vent of the primary circuit controlled leakage tank; 
• ensuring hydrogen burning in a catalyst of the catalytic reactor; 
• Direction of gas mixture with hydrogen concentration of less than 0.2 % by volume to the 

radioactive gas treatment system. 

  Radioactive Gas Treatment System  

The radioactive gas treatment system is designed to limit active gas-aerosol releases from Nuclear 
Power Plant down to permissible levels from the process vents of the hydrogen removal system as 
well as coolant storage tanks vents.  

3. CONCLUSION 

After Fukushima Daiichi’s three devastating hydrogen explosions, Egypt decided to relegate 
investigating severe accident hydrogen safety issues to the lowest-priority and least, and implements 
further hydrogen control measures. Multiple technical pathways exist for minimizing the risk of 
hydrogen explosions in severe nuclear accidents. However, Egypt has improve  that severe nuclear 
accidents are vanishingly rare events that can be either prevented or sharply limited in scope, thereby 
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avoiding any significant buildup of hydrogen and attendant explosion risk. So during the bid 
specification phase a lot of lesson learned are taken into accounts and many tools and requirements 
are added to its specifications.  
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ABSTRACT 

Correspondent The Nuclear Engineering Safety Department (ENRRA) has conducted many research 
activities in the field of severe accident modelling and assessment, part of this program is the 
assessment of hydrogen generation, assessment of risk, and mitigation. In this paper the efforts 
concerning development of a tool for modelling hydrogen generation, assessment of combustibility 
and mitigation is illustrated, as well as present activities and future plans. 

1. INTRODUCTION 

The Nuclear Engineering Safety Department (NESD) has conducted many research activities in the 
field of assessment of hydrogen generation, combustion risk, and mitigation. Part of these activities is 
the development of a tool to simulate the subject of the research. Three main tools were developed: 1) 
SATAM (Severe Accident Tool for Analysis and Management) [1], MITIG: as for hydrogen 
MITIGation [2], and SPRAY referring to spray system effect [3]. 

The emerging nuclear power program of Egypt requires consolidation of all development activities to 
produce an integrated tool, mainly for severe accident evaluation, with emphasis on hydrogen issues. 
In this paper the features of the above mentioned tools are illustrated. Ongoing work and future plans 
that include the development of a local interactive tool applicable to various reactor designs to assess 
the hydrogen generation modelling hydrogen generation, assessment of combustibility, and mitigation 
is represented. 

In this paper general description is provided for those tools validation of the model used to assess 
containment response and some results of the analysis accomplished. Some details are given for 
SPRAY model, since there are ongoing modifications to this model. 

2. GENERAL FEATURES 

The computer programs developed use lumped parameter models, mass and energy balance with 
straight forward iteration to assess combustibility of containment atmosphere, inert mass added and 
the final conditions.   
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2.1. SATAM  

This tool was developed to simulate the containment system during a severe accident. The containment 
is divided into two compartments, reactor cavity compartment and the containment free volume 
including the pressurizer free volume and the steam generator free volume. Phenomena studied using 
this tool included the following: 

 Interaction of the core debris with the water in the reactor cavity, including effect of chemical 
reaction and hydrogen generation; 

 Decay heat source relocation due to molten fuel movement and volatile release to containment 
atmosphere; 

 Molten core-concrete interaction; 

 Inter-compartment flow including mass and energy addition into the atmosphere due to reactor 
cavity water vaporization, hydrogen generation and gas release from concrete decomposition; 

 Hydrogen combustion and its effect on the pressure and temperature in each compartment. 

The aim of developing such tool is to be used in: 

 Identifying conditions threatening the containment integrity; 

 Proposing severe accident relevant management strategies. 

Detailed modelling and validation of SATAM is provided in published work [1, 4, 5]. 

2.2. MITIG 

MITIG is a program that was completely devoted to the hydrogen problem. Starting from hydrogen 
generation, setting flammability limit, then calculates the amount of gas addition, nitrogen or carbon 
dioxide, necessary to inert the containment. The program consider the containment as one lump, and 
also calculates the resulting temperature and pressure resulting from hydrogen combustion. MITIG 
utilized the correlation of Martin G. Plys. [6] for ternary systems to set the flammability limit of the 
containment atmosphere, and to predict the amount of inert gas addition. For energy balance, the 
program uses curve fitting of ideal gas tables of internal energy [7], and enthalpy of steam [8].The 
resulting mass of hydrogen was 1327.5 Kg, which agreed with a the SATAM model results [1]. MITIG 
models were verified and found acceptable, Detailed modelling and validation of MITIG is provided 
in published work [9]. 

The models were applied on a typical Nuclear Power Plant (SeaBrook) that utilizes a PWR with a 
power level of 3652.8 MW(t) and has a large dry containment [10].  

Figure 1 shows the result of the effect of inertant addition on combustibility of containment 
atmosphere . The minimum N2 concentration required to inert the mixture is 70% and the inerting mass 
is nearly 262770 kg. The minimum CO2 concentration required to inert the mixture is 51.9 %, and the 
inerting mass required is 175560 kg. 
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FIG. 1. Effect of inert gas addition on the combustibility of the atmosphere. 

2.3.SPRAY 

SPRAY utilizes an integrated model that relates iodine removal to the temperature and pressure 
variations as a result of spray operation or hydrogen combustion, after a severe reactor accident, 
including the effect of deliberate controlled ignition. SPRAY also treats the containment as one 
compartment with homogeneous distribution of all constituents. A complete description of the model 
is illustrated in [3, 11]. Only spray model for heat removal will be illustrated in the following 

3. SPRAY MATHEMATICAL MODEL 

3.1. INITIAL CONDITION 

At time t1 and temperature T1, the containment atmosphere will consist of air, steam, and hydrogen. 
The initial pressure of each constituent is given by: 

 V
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         (1) 

where 

Pi(T1) = pressure of constituent i at time t1 and temperature T1, Pa; 

mi = mass of constituent i, kg; 
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Ri = the gas constant for each constituent i, kJ.kg-1 .K-1, and; 

V = containment volume, m3. 

at any temperature T the mole fraction of constituent i is calculated from 
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3.2. CONSERVATION OF ENERGY 

Conservation of energy of the containment atmosphere may be expressed by the conservation of 
internal energy, during the time interval Δτ : 

removedadd EEU                                                                      

)()( TnRUpVUH   

 )( TnREEH removedadd                                                               (3) 

where: 

ΔU = change in internal energy of the containment, kJ; 

ΔH = change in enthalpy of the containment, kJ; 

Eadd = energy added to the containment, kJ; 

Eremoved  = energy removed from the containment, kJ; 

n = total moles in the containment, kmole, and; 

R = universal gas constant, 8.314 kJ.kmole-1 K-1. 

and the change in enthalpy is given by 
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substituting into equation (3) 
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and cpi can be calculated from the following formula [12]: 
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where  

H1 = total enthalpy of gases in the containment at time t1, and temperature T1, kJ; 
H2 = total enthalpy of gases in the containment at time t2, and temperature T2 , kJ; 
cpi = the specific heat, kJ.kg-1 K-1; 
T1 = containment temperature at time t1, K; 
T2 = containment temperature at time t2 ,K; 
n1 = moles in the containment at time t1, kmole, and; 

n2 = moles in the containment at time t2, kmole. 

Where i stands for the gas under consideration (steam, air, hydrogen or nitrogen), and the constants a, 
b, c, d, and e are given, for each gas, in the table 1. 

TABLE 1. FACTORS USED TO CALCULATE SPECIFIC HEAT [12] 

Gas Temperature 

Range (oK) 

Ri 

kJ/kg oK 

a b×103 

K-1 

c×106 

K-2 

d×1010 

K-3 

e×1013 

K-4 
Air 300-1000 

1000-3000 

0.287 3.721 

2.786 

-1.873 

1.925 

4.719 

-0.9465 

-34.45 

2.321 

8.531 

-0.2229 
H2 300-1000 

1000-3000 

4.124 2.892 

3.717 

3.884 

-0.922 

-8.850 

1.221 

86.94 

-4.328 

-29.88 

0.5202 
H2O 300-1000 

1000-3000 

0.461 4.132 

2.798 

-1.559 

2.693 

5.315 

-0.3529 

-42.09 

-0.01783 

12.84 

0.09027 
N2 300-1000 

1000-3000 

0.297 3.725 

2.469 

-1.562 

2.467 

3.208 

-1.312 

-15.54 

3.401 

1.154 

-0.3454 

Steam properties are found by fitting steam data from steam tables of reference [12] 

3.2.1. Energy removed by spray  

Assuming that the drop will acquire the temperature of the containment, and that only 95% of the spray 
droplets will reach saturation the decrease in internal energy of containment due to spray operation is 
given by: 

      )(95.0 sPsssprays TTcmHE 


                                            (6) 
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where: 

sm


  = spray mass flow rate, kg/sec; 
cps = spray water specific heat, kJ.kg-1.K-1; 
Ts = initial temperature of the spray drop, K; 

T = temperature of the containment, K. 

3.2.2. Energy generated by hydrogen combustion  

Let us consider the following reaction: 

QNOHNOOHH steamairsteam  222222 4)(3)4()(2                            (7) 

This reaction is exothermic and Q = 37 kcal/mole of produced steam [13]. The added energy to the 
containment during time increment Δτ will be:  

 186.4
2

3
QCrEc                                       (8) 

where 

Ec = energy resulting from combustion, kJ; 
Cr = hydrogen molar combustion rate, kmole.sec-1; 
Δτ = time step, sec, and; 

= conversion factor from calorie to Joule. 

The hydrogen molar combustion rate can be calculated from [14]: 

cd
YnCr

v
max                                     (9) 

and 

60/)3547107(v maxY                                                             (10) 

where  

maxY = H2 mole fraction at the instant of combustion; 

v = flame speed, m.sec-1; 

dc = characteristic distance, m. It represents the distance; 
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travelled by the flame in the case of a complete burn in the containment [15].  

3.3. CONSERVATION OF MASS 

After a severe accident the containment volume will contain air, steam, hydrogen and if combustion 
occurs nitrogen is liberated and additional steam is added to the containment and some oxygen is 
consumed. The overall mass balance of the containment atmosphere is given by: 

   
i

iconiaddi
i

i mmmm )(12  
   (11) 

where 

mi1 = total mass of gases in containment at time t1, kg; 
mi2 = total mass of gases in containment at time t2, kg; 
miadd = total mass added to containment (steam added and nitrogen liberated), kg; 

micon = total mass of consumed from containment (air consumed and steam condensed), kg. 

For steam: the consumption of one mole of hydrogen will produce one mole of water, hence: 

.18 Crm sadd                                                                            (12) 

The amount of condensed steam as a result of spray operation is calculated from the energy balance of 
spray drops and assuming a saturated containment atmosphere. The conservation of energy of a single 
drop is given by: 

gcsdfcd hmhmhmm  )(                                          (13) 
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where: 

md = mass of a single spray drop, kg; 
mc = mass of steam condensed on the drop, kg; 
hs = enthalpy of spray drops, J.kg-1; 

hf  = enthalpy of saturated liquid, J.kg-1, and; 

hg = enthalpy of saturated vapour, J.kg-1. 

Total steam condensed in time interval τ: 
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For air: the amount of air consumed as a result of hydrogen combustion is given by: 

libratedNconOaircon mmm
22

                              (16) 

where 

conOm
2

 = amount of oxygen consumed as a result of hydrogen combustion 

    = 2/32Cr , kg, 

    (since the consumption of one mole of hydrogen consumes ½ mole of oxygen). 

liberatedNm
2

= amount of nitrogen released as a result of hydrogen combustion  

= )23.0/768.0(
2

conOm , kg 

3.4. FINAL CONDITIONS 

Substituting all the above variables into equation (4), and using simple iteration method T2 is calculated, 
and 
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if no combustion occurred: 
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if total hydrogen combustion occurred: 

 
)()()()( 2222 2

TPTPTPTP Nairsteamt 
       (22) 

To set an acceptable value for the time step Δτ, a sensitivity study was performed using the values 0.1, 
0.01, 0.001 seconds. The governing parameters in evaluating the effect of time step on containment 
response are the resulting temperature and pressure in the case of hydrogen combustion. It was found 
that the difference in the resulting pressure and temperature is less than 0.1% for the lower time step 
value. So, the time step was assumed to be 0.1 seconds. 

4. SPRAY VALIDATION AND APPLICATION 

4.1.1. VALIDATION OF CONTAINMENT RESPONSE MODEL  

The containment response model was validated using the specifications of a typical Nuclear Power 
Plant (SeaBrook) that utilizes a PWR with a power level of 3652.8 MW(t) and has a large dry 
containment [10]. The Final Safety Analysis Report (FSAR), of the SeaBrook NPP, includes a 
spectrum of DBAs, of these we used data of a double-ended pump suction guillotine. The assessment 
was starting 62 seconds after the accident; this is the spray startup time for all LOCA cases according 
to the FSAR. The resulting temperature and pressure at each time step was calculated. Figures 2, and 
3. represent the results of these calculations. It is obvious from these Figures that the resulting 
temperature variation from SPRAY model is almost the same as those of the FSAR. The pressure 
difference between our model and the FSAR values, shown in Figure 3, is less than 2.5%. This 
deviation is attributed to treating steam as an ideal gas near saturation.  

 

FIG. 2. Containment response validation (temperature comparison). 
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FIG. 3. Containment response validation (Pressure comparison). 

4.1.2. VALIDATION OF HYDROGEN COMBUSTION MODEL 

The results of the hydrogen combustion model have been compared with experiment measured 
pressures [16]. Multiple runs have been performed using the same initial conditions and the same 
volume fractions. The result of the comparison is shown in Table 2. From this comparison, we can see 
that the model gave acceptable results compared to those of the experiment.  

TABLE 2. OUTPUT PRESSURE COMPARISON 

H2(%) Air(%) Test 
Facility 
Results 

SPRAY 

18.87 81.13 18.0 19.3 

22.22 77.78 21.0 22.0 

28.57 71.425 24.5 25.3 

37.03 62.951 29.0 27.8 

47.61 52.371 35.0 33.2 

4.2. APPLICATION AND CASE STUDIES 

This program was used to study the containment response to spray operation including the pressure 
and temperature resulting from hydrogen combustion, and the effect of hydrogen combustion on the 
removal process, and the resulting doses. Thyroid doses were calculated for an adult and a ten years 
old child, at site boundaries and at the low population zone of a Pressurized Water Reactor.  The study 
also included investigating the effect of spray initiation time, flow rate and recirculation of spray water. 
Deliberate controlled ignition was assessed as a hydrogen mitigation option, in order to reduce the 
pressure resulting from complete hydrogen combustion. 
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It is assumed that during the accident, the operator would actuate the containment sprays using the 
RWST as water source, but fail to initiate the spray at its recirculation mode. Using the specification 
of Seabrook NPP the injection rate is 378 kg/sec, then, the RWST will be depleted in about an hour 
(exactly 58 minutes)[10].  

The calculations are performed under the following assumptions: 

 The containment consists of one compartment. 

 The containment atmosphere is assumed to be in thermodynamic equilibrium and saturated in 
steam. This is logical since previous studies proved that the passive heat sink saturation time 
is about 20 seconds following vessel breach [17], and the minimum spray initiation time is 62 
seconds.   

 No steam addition after combustion except for the amount resulting from combustion. 

 The amount of hydrogen released is the same as calculated by MITIG. 

4.2.1. Complete uncontrolled versus deliberate controlled combustion 

Deliberate ignition schemes initiate controlled combustion as near as possible to the flammability 
limits in order to avoid burns in hydrogen- and oxygen-rich mixtures, which would result in rapid 
deflagration, and to promote spatial distribution of the energy released with hydrogen combustion. The 

igniters will initiate combustion for hydrogen concentrations of 58 % [18].  

Operation of sprays has little effect on the ability of shielded thermal igniters to initiate combustion. 

At low concentrations of 58 %, water sprays promotes hydrogen combustion because of induced 
turbulence [18]. In this study the initial hydrogen concentrations for various runs ranged from 

6.27.4 %. The spray system operation well increase the hydrogen concentration and reduce the steam 
concentration.   

The resulting pressure from controlled combustion is compared to that resulting from complete 
uncontrolled combustion in Figure 4 It is clear that an uncontrolled combustion will expose the 
containment to pressures far above the design pressure and close to failure pressure  (≈ 1 MPa [20]), 
while controlled combustion will result in pulses of pressure around design pressure until the 
containment atmosphere is no longer combustible. 

4.2.2 Timing of spray operation 

Reactor safety studies concluded that operating the spray system at late phases of the accident could 
lead to rapid containment failure because of the dramatic over pressurization of the containment 
atmosphere if hydrogen combustion occurs [18,19]. However, since one of the objectives of this study 
is to use the spray system to minimize the public doses, we well restrict the period of the study to near 
vessel failure. This is logical because the release of iodine from the containment well be active even 
before vessel failure, and if we wanted to minimize the doses then we have to activate the spray early 
enough to scavenge all iodine present. On the other hand, activating the spray system early, before 
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enough steam build-up in the containment, means exposing the containment to higher peaks of pressure 
and temperature. 

 

FIG. 4. Controlled versus uncontrolled combustion. 

Figures 5 and 6 show the effect of different spray start up times on resulting pressure and temperature 
in the case of complete combustion. Operating the spray system will condense the steam and drive the 
containment atmosphere to be combustible, and if it remained operating after combustion, it will 
continue to cool the containment with higher rate at first where the steam transfer from the superheated 
state to the saturated state then very slow when the containment temperature approaches the spray drop 
temperature.  

For earlier startup times, two minutes, when the steam content was near 60 %  the resulting pressure 
and temperature will be very high, the resulting temperature was 776.5 K, this temperature can cause 
significant leakage due to the degradation of containment penetration seals [18]. The pressure was 
about 700 kPa, which is more than twice the design pressure, but still less than failure pressure [20]. 
The resulting temperature and pressure will be smaller the spray system was initiated sometime after 
steam content became larger. Starting the spray system after about 40 min will cool the containment 
atmosphere, and reduces its pressure without causing any hydrogen burn. 

4.2.3. Effect of spray flow rate  

The effect of reducing spray rate was investigated in two cases in which the spray rate was 50 % and 
75 %, respectively. Figure 7 show the effect of reducing the spray flow rate on the time required to 
drive the containment atmosphere to combustibility. It can be seen from this Figure that reducing the 
spray flow rate delay the hydrogen burn, until no hydrogen burn was predicted startup times higher 
than about 24 min for 0.5 flow rate, 30 min for the 0.75 flow rate, and 40 min for the full flow rate. It 
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appears that the potential for hydrogen burn still exists at the reduced spray flow rate, but the prolonged 
cooling and depressurization effects associated with the spray protects the containment integrity. 

 

FIG. 5. Effect of spray startup time on final pressure. 

 

FIG. 6. Effect of spray startup time on final temperature. 

5. CONCLUSION AND FUTURE PLANS 

NESD conducted many research activities in the field of hydrogen generation combustion and 
mitigation. The models were validated and proved to be reliable. The department is aiming toward 
having a more reliable local tool to fulfil the responsibilities posed upon its staff. 

NESD is preparing a research plan for severe accident modelling. Concerning the hydrogen research, 
future plans include, but not limited to, the following: 

 Transform the existing models into a more user friendly interactive tool; 

 Merge the models to combine for example MITIG and Spray; 
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FIG. 7. Effect of Spray flow rate on time of hydrogen combustion. 

 Divide the containment into more than one compartment to develop more reliable simulation; 

 Include computational fluid dynamic (CFD) to move to more precise models; 

 Include the effect of venting on and fan coolers flame propagation; 

 Model passive autocatalytic recombiners. 
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ABSTRACT 

During the course of a severe accident (SA) in a light water nuclear reactor, large amounts of hydrogen 
could be generated and released into the containment during reactor core degradation. Additional 
burnable gases (H2 and CO) may be released into the containment in case of molten corium/concrete 
interaction (MCCI). This could subsequently raise a combustion hazard. As observed during the 
Fukushima accidents, hydrogen combustion could cause high pressure peaks that could challenge the 
reactor containments and lead to the failure of surrounding buildings. A hydrogen explosion may also 
be a safety concern in spent fuel storage areas, where flammable conditions may be reached if adequate 
ventilation is not provided. In this case, the hydrogen explosion may lead to radioactive products 
dispersion into the environment. To prevent the hydrogen explosion hazard, most of the mitigation 
strategies adopted in European countries are based on the implementation of Passive Autocatalytic 
Recombiners (PARs). Nevertheless, studies of representative accident sequences indicate that, despite 
the installation of PARs, it is difficult to prevent, at all times and for each location, the formation of a 
combustible mixture potentially leading to local flame acceleration. To better understand the 
phenomena associated with the combustion hazard and to address the issues highlighted after the 
Fukushima Dai-ichi events, such as the explosion hazard inside the venting systems or the potential 
flammable mixture migration into spaces beyond the primary containment, complementary R&D 
projects were launched recently.  

The aim of the present paper is to give an overview of the experimental and analytical work that has 
been conducted in the framework of explosion risk analysis of lean H2/air mixtures in order to improve 
the knowledge related to hydrogen recombination and combustion and to achieve a high level of 
confidence in the related simulations.  

Keywords: Hydrogen, Flammability Limits, Flame Acceleration, Explosion, Sigma Criterion, Passive 
Auto-Catalytic Recombiners  
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1. INTRODUCTION  

During the course of a severe accident (SA) in a light water nuclear reactor, large amounts of hydrogen 
could be generated and released into the containment during reactor core degradation. Additional 
burnable gases (H2 and CO) may be released into the containment in case of molten corium/concrete 
interaction (MCCI). This could subsequently raise a combustion hazard. As observed during the 
Fukushima accidents, hydrogen combustion could cause high pressure peaks that could challenge the 
reactor containments and lead to the failure of surrounding buildings. A hydrogen explosion may also 
be a safety concern in spent fuel storage areas, where flammable conditions may be reached if adequate 
ventilation is not provided. In this case, the hydrogen explosion may lead to radioactive products 
dispersion into the environment.  

After the Fukushima Daïchi accident, the prevention of hydrogen explosion in NPPs became a safety 
concern not only for the nuclear community but also as societal concerns. In France, the mitigation 
strategies are presented and discussed in the framework of public meetings.  

To prevent gas explosion hazard, most NPPs have already adopted or are adopting strategies (some of 
them as a result of the stress tests [1] after the Fukushima accident) based on the use of Passive 
Autocatalytic Recombiners (PARs). To design and assess such strategies, the adopted methodologies 
are mainly based on the use of computational codes and pre-request criteria allowing the identification 
of situations leading to flame acceleration and transition from deflagration to detonation regimes. 
Those methodologies are mainly based on 6 steps: (1) containment modelling, (2) selection of relevant 
scenarios, (3) hydrogen distribution simulation taking into account the effect of safety systems as PARs 
and spray, (4) identification of dangerous configurations based on the use of sigma-criteria, (5) 
identification of potential ignition sources, and (6) evaluation of pressure and temperature loads 
induced by combustion.  

The present paper gives an overview of the experimental work that has been conducted recently in the 
framework of explosion risk analysis of lean H2/air flames in order to achieve a high level of 
confidence in simulations related to PAR operation (namely the ignition conditions) and combustion 
processes. For this purpose, flammability limits of lean H2/air mixtures in both quiescent and turbulent 
conditions have been determined using a spherical vessel with a spark ignition system. PAR ignition 
conditions have been investigated in REKO-1 obtaining ignition limits for representative severe 
accident conditions. Flame regimes have been identified and flame speed has been characterized for 
different H2 concentrations and steam addition over a domain of initial temperatures relevant to NPP 
thermo-hydraulics conditions. Finally, the conditions of flame acceleration in homogeneously 
distributed H2 in air have been investigated in ENACCEF 2. The combination of these different 
experimental set-ups allows reconstitution of the fate of the flame from the ignition point to the final 
regime that a flame could achieve. 

The knowledge gained from these experimental programs had been used to improve the recombination 
and combustion models implemented in ASTEC, SPARK and P2REMICS codes used at IRSN and the 
REKO-DIREKT, CFX and COCOSYS codes used at JULICH. 
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2. HYDROGEN MITIGATION 

In many countries, passive auto-catalytic recombiners (PARs) are key element of the hydrogen 
mitigation strategy [2]. PARs are entirely passive safety devices, converting hydrogen into water by 
means of an exothermal catalytic surface reaction. Typically, a number of several dozen devices are 
installed inside the LWR containments. In the context of hydrogen combustion assessment, PAR 
operation contributes to various aspects:  

Due to the consumption of hydrogen, oxygen and possibly other flammable gases, such as carbon 
monoxide (CO), PARs reduce the amount of flammable gases.  

The release of water vapor as a product of the hydrogen recombination contributes to the inerting of 
the atmosphere.  

The release of the reaction heat from the exothermal hydrogen conversion (and e.g. exothermal CO 
conversion) contributes to temperature and pressure increase, respectively.  

Besides these effects influencing the gas composition, temperature and pressure of the containment 
atmosphere, PARs also impose local flow patterns due to the hot and buoyant outlet plume. 
Furthermore, the hot catalyst sheets may induce homogeneous combustion at elevated hydrogen 
concentrations [3]. Consequently, PAR operation influences various boundary conditions affecting the 
initiation and regime of combustion processes and needs to be taken into consideration when assessing 
containment hydrogen explosion issues.  

In the past, experimental research in the REKO facilities has been looking at aspects of PAR operation 
in terms of conversion efficiency and reaction kinetics under varying boundary conditions including 
oxygen-lean gas mixtures and the presence of carbon monoxide [4,5]. More recently, the research 
program has focused on PAR start-up under adverse boundary conditions and PAR ignition. In the 
context of explosion risk assessment, the conditions for initiation of homogeneous combustion as a 
consequence of PAR operation is of specific interest.  

The REKO-1 experimental set-up (Fig. 1, left) enables the study of ignition induced by hot catalyst 
surfaces in a hydrogen/air mixture atmosphere by employing a parallel arrangement of catalyst sheets 
inside a vertical flow tube under well-defined flow conditions. The flow tube consists of a modular 
setup of cylindrical elements with 66 mm inner diameter and a total height of approx. 1 m. The gas 
composition injected at the lower part of the facility is controlled by mass flow controllers, supplying 
air, hydrogen, nitrogen, carbon monoxide and steam. The central part of the channel consists of the 
catalyst section, which has a window for optical access allowing temperature measurements of the 
catalyst surface (Fig. 1, right). For measuring the surface temperature of the catalyst during operation, 
a MIKRON MCS640 thermal imaging camera from Lumasense Technologies has been used. The 
camera has a temperature range of 600 °C to 1300 °C and is equipped with an I5 filter with a spectral 
range of 780 to 1080 nm.  
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FIG. 1. REKO-1 flow channel (left), thermal images of catalyst sheets during operation (right). 

Continuous gas sampling located behind the catalyst section allows the determination of the gas 
composition at the outlet. The removed sample gas is bypassed through a gas analyzer with condensate 
separator including cells for oxygen (O2), hydrogen (H2), carbon monoxide (CO), and carbon dioxide 
(CO2). The set-up is equipped with thermocouples for gas temperature measurements at different 
positions. For the present test series, three catalyst sheets made of stainless steel and coated with 
washcoat/platinum catalyst material are arranged in parallel inside the flow channel. The catalyst 
sheets used for studying ignition characteristics have a size of 50 mm x 50 mm with a thickness of 200 
µm. The catalyst sheets have been manufactured by CCD, Aachen/Germany.  

Separate effect tests on the ignition characteristics of catalyst sheets have been performed with a 
variation of the inlet flow velocity (1.2 m/s, 1.5 m/s, 1.75 m/s), the inlet gas temperature (21 °C, 110 
°C) and the catalyst sheet separation (6 mm, 8 mm). A typical test consists of a 0.5 %-vol. stepwise 
increase of hydrogen concentration from 5 %-vol. at the inlet until homogeneous gas-phase ignition is 
observed. In parallel, the thermal camera is used to record the maximum catalytic surface temperature 
for each hydrogen concentration at steady state.  

In all the tests, a monotonic increase in maximum catalyst surface temperature has been observed with 
increasing inlet hydrogen concentration. As the catalyst surface reaction rate increases for the same 
hydrogen concentration with the inlet velocity of the gas mixture, maximum surface temperatures are 
increasing as well. Interestingly, higher flow velocity leads to earlier gas-phase ignition induced by 
the catalysts. Similar trends have been observed for both inlet temperatures and both catalyst separation 
distances. 
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Figure 2 illustrates the summary of all ignition tests performed in the first phase of the experimental 
study. It is observed that ignition occurs in all cases at the average maximum catalyst surface 
temperature of 980 °C ± 2%. The hydrogen ignition concentration decreases with an increase in inlet 
velocity and an increase in the separation between the catalyst sheets. Only a weak dependence of the 
inlet gas temperature on the ignition temperature was observed [6].  

 

FIG. 2. Hydrogen concentration and max. catalyst surface temperature at ignition for REKO-1 tests [6]. 

The experimental data have been used to validate two codes, SPARK [7] and REKO-DIREKT [8]. 
SPARK has been used to predict the homogeneous gas phase ignition in the REKO-1 geometry. 
Furthermore, REKO-DIREKT has been used to predict the catalyst surface temperature.  

Figure 3 (left) illustrates the comparison of the ignition conditions predicted by SPARK for the entire 
test series. The hydrogen concentration and maximum catalyst surface temperature at ignition are 
systematically under predicted by approximately 10%. However, SPARK accurately simulates the 
effect of catalyst sheet separation, inlet gas velocity and inlet gas temperature on the ignition 
characteristics observed in REKO-1. This confirms the modelling approach of SPARK and its 
applicability in simulating ignition characteristics in different PAR geometries. Figure 3 (right) 
illustrates the prediction of maximum catalyst temperature at different hydrogen concentrations by the 
REKO-DIREKT code for the REKO-1 geometry (6 mm separation, 21 °C). The code simulates the 
effect of increase in catalyst surface temperature due to increase in inlet gas velocity with good 
accuracy. Furthermore, the effects of the change in catalyst sheet separation as well as inlet gas 
temperature have been successfully simulated by the code. Again, the agreement between the 
experimental data and the calculation results confirm the applicability of the model approach.  
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FIG. 3. Comparison of experimental and numerical data (left: SPARK, right: REKO-DIREKT (lines:REKO-
DIREKT, dot: experiments) [6]. 

The present tests were performed under oxygen rich conditions. In subsequent test series, the effect of 
oxygen starvation on the ignition characteristic of recombiners will be studied. Also, the effect of the 
presence of carbon monoxide and steam will be incorporated.  

Based on the previous results and on complementary experimental data [3][23], the ignition limit 
induced by PARs had been defined as shown in the following Shapiro diagram.  
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FIG. 4. Predicted PAR gas-phase ignition limit (solid line) and PAR experiments with (red symbols) and 
without (blue symbols) gas-phase ignition performed in the framework of H2PAR, KALIH2 [23] and THAI [3] 

programs. The dashed line represents the experimental flammability limit of the bulk gas mixtures for 
δ = 0.21. 

The PAR gas-phase ignition limit is fully contained inside the classical Shapiro flammability limit 
characterizing H2/Air/H2O mixtures at 1 atm. Both limits are composed of a lower branch (i.e. at low 
hydrogen content) and an upper branch (i.e. at high hydrogen content) connected by a turning point. 
The latter defines the steam threshold beyond which the mixture becomes inert. Thus, the mixture is 
not ignitable by a recombiner beyond 52 vol.% of steam while the same mixture remains ignitable 
until almost 60 vol.% in the gas phase. 

3. IDENTIFICATION OF FLAMMABLE MIXTURES  

During the course of a severe accident, hydrogen is released and diffuses in the NPP building. Since it 
diffuses in the containment filled with air, it eventually reaches concentrations for which a flame can 
be ignited. However, not only hydrogen is produced, but also water vapor. As such, the mixture, in the 
early stages is likely non-combustible. In fact one has to take into account the history of the pressure 
and temperature in order to evaluate the risk of forming a combustible mixture. One of the basic 
parameters of premixed combustion relevant to this risk is the flammability limit and its variation with 
the thermodynamic conditions.  

Among the several methods that exist to determine the flammability limits, the reader can find a recent 
review in [9]. We have adopted the spherical bomb method to conduct flammability limits studies for 
H2/air diluted or not with steam for various initial conditions of temperature and pressure. A criterion 
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to identify these flammability limits is necessary. Indeed, when a mixture containing hydrogen, air and 
water vapor, the classification between flammable and non-flammable mixtures will rely on a given 
parameter that will discriminate between the two possibilities: once a sufficient energy is provided 
(generally a local deposition via an electric spark), either (i) a flame is produced which will propagate 
inside the vessel and induce a pressure increase; or (ii) the ignition kernel fades away and no 
sustainable flame is formed. Hence, there are 2 main parameters to identify the mixture flammability 
potential: (i) by monitoring visually the flame inception and propagation inside the vessel or/and (ii) 
by monitoring the pressure inside the vessel. In the second case, if the flame is weak and travels mainly 
in the upward direction, the pressure increase can be very limited and sometime hardly measured 
[10,11]. In the work that has been performed on H2/air/steam mixtures [12], the identification of a 
successful ignition was based on the images recorded by a high speed camera. The spherical bomb is 
also equipped with a high frequency pressure transducer which allows the monitoring of the pressure 
increase in case of a successful ignition and flame propagation. The limit that separates the flammable 
zone from the non-combustible mixture, as shown in Fig. 5, represents the limit of total flammability 
limit without any combustion being triggered. 

 

FIG. 5. Flammability limit of H2/air / steam mixtures initially at 1 bar and 100°C [12]. 

In fact, close to the lower flammability domain, a flame can be ignited, but the combustion occurs only 
in a limited range: the flame ignited at the center of the vessel will propagate in the upward direction 
only; it is not able to propagate in the downward direction and hardly on the horizontal one. This 
behavior is due to the fact that H2 is a very light combustible and the flame in this domain is very weak, 
it is not able to overcome the gravity, but the buoyancy is favoring factor in the upward propagation. 
Hence, a closer look in the lower flammability limit (LFL) shows that one can define a second limit 
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between the partial combustion with upward propagation and the total combustion domain as shown 
in Fig. 6 for H2/air mixtures at different initial temperatures and at an initial pressure of 2.5 bar. 

 

FIG. 6. Flammability limits diagrams of H2/air mixtures between 25°C and 150°C at an initial pressure of 2.5 
bar. Green zone: no combustion; orange zone: partial combustion; red zone: complete combustion [12]. 

The identification of the region, in terms of mixture composition, for which the combustion is 
incomplete, is very important since the combustion overpressure that can be reached will depend not 
only on the real conditions (composition, initial temperature and pressure inside the vessel) but also 
on the regime of propagation. As it has been shown in our previous work [10, 12], close to the 
flammability limit, for hydrogen content between 4 and 9 %, even with a successful ignition and flame 
propagation, the maximum pressure due to the combustion is limited and well below the theoretical 
value that one would estimate based on complete adiabatic isochoric combustion (Fig. 7). This is due 
to the fact that the flame doesn’t propagate in the entire volume but travels only in direction of the 
ceiling of the vessel. Above 9 % of H2 and up to almost the upper flammability limit, the maximum 
pressure is very close to the calculated one which is again an indicator that the flame propagates in the 
entire volume. 

Another important issue is the effect of the medium state in terms of turbulence on the flammability 
limit. The question is if there is a certain gas motion in the vessel which can be represented by a given 
turbulence level, which will significantly affect the lower flammability limit. As a new preliminary 
investigation, the effect of turbulence on the lower flammability limits has been examined in a 
spherical vessel in which an initial homogeneous and isotropic turbulence is generated. More details 
on the setup and methodology can be found in [13,14]. Since the lower flammability limit is sensitive 
to the initial temperature, the lower flammability limit in this case was found equal to 4.4 % as the 
initial temperature for these experiments was equal to 293 K. As it is summarized in Fig. 8, the lower 
flammability limit increases with the turbulent intensity. When u' increases from 0 (quiescent mixture) 
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to 2.81 m/s, the minimum molar percentage of hydrogen below which no ignition was obtained  varies 
from 4.4 to 5.6 %.  

This preliminary study shows the importance of taking into account not only the thermodynamic 
conditions when evaluating the possible initiation of combustion, but also the turbulence in the 
building must be assessed. 

 

FIG. 7. Maximum combustion pressure measured (black line and symbols) and calculated (red line and 
symbols) in case of H2/air mixtures initially at 1 bar and 300 K [12]. 

4. EARLY STAGES OF FLAME PROPAGATION  

Once the mixture has been defined, the analysis of the likelihood of ignition positively identified, it 
will then be important to investigate the flame propagation regimes. First, the assumption that the 
flame will travel in a quiescent medium (no turbulence, no obstacles) is made. The speed at which the 
flame will propagate is important and is different from the laminar flame speed, SL°, which is 
characteristic of the combustible mixture composition and the thermodynamic state (initial temperature 
and pressure). The speed at which the flame propagates will be named burning speed to avoid any 
confusion. The burning speed depends on the geometry as well. When a planar flame propagates inside 
a containment, the burning speed, Sb° is proportional to SL°, the proportionality factor in this case is 
the ratio between fresh and burnt gases densities, 𝜎 = 𝜌 𝜌⁄ . However in a real configuration a flame 
is never plane but curved and consequently it will be stretched. The stretch rate will also modify the 
burning speed and this modification will depend on the Markstein length, Lb, of these flames. Both the 
stretched burning speed and the Markstein length can be measured, the reader can refer to our previous 
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studies for more details [14, 15, 16]. To take into account the stretch rate (or curvature of the flame) 
the following expression must be taken into account: 
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where Sb and Sb° are the stretched and the unstretched burning speed, Lb is the Markstein length, and 

 the stretch rate. The burning speed for lean H2/air flames is plotted in Fig. 9 [14]. As the parameter 

 increases strongly with the H2 content, the difference between SL° and Sb° increases as well. 

 

FIG. 8. Evolution of the Lower Flammability Limit with the initial turbulence intensity generated in a closed 
spherical vessel. The mixture was constituted of H2+air initially at 1 bar and 293 K. 

 

FIG. 9. Laminar flame speed, SL°, and laminar burning speed, Sb°, versus the hydrogen molar percent for 
H2/air mixture at an initial pressure and temperature of 1 bar and 295 K respectively [14]. 
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The knowledge of Sb would be sufficient if the flame does not self-accelerate due to instabilities that 
can be of different nature (thermo-diffusive, hydrodynamic, buoyancy, …). In a very recent work [17], 
we have investigated the self-acceleration of the burning speed due to thermo-diffusive instabilities. 
Indeed, lean H2/air mixtures are characterized by a Lewis number lower than 1. These flames are 
inherently unstable, they develop a wrinkling of their surface as they grow in size. The onset of the 
flame folding occurs at a given radius of the flame, and this critical radius decreases when the hydrogen 
content is lowered. Figure 9 illustrates the evolution of the burning speed versus the stretch rate (which 
is inversely proportional to the flame radius). When the flame is smooth (before the onset of the flame 
folding), Sb decreases when the stretch rate decreases (as the flame radius increases). However, as soon 

as the flame begins to fold (marked by the symbol  in Fig. 9), the burning speed increases drastically. 
The flame folding is responsible for a large increase in the flame area leading to a larger burning rate. 
One can then define a wrinkling amplification factor of the flame speed. This amplification factor 
depends not only on the hydrogen molar fraction in the mixture but also on the size of the flame. From 
Figure 10 one can see that this factor varies from 1.2 (for the 28% H2 case) to 1.8 (for the 16% H2 case) 
in the investigated rate of flame radii (from 10 to 200 mm in diameter). 

 

FIG. 10. Burning speed evolution versus stretch rate forH2/air mixtures initially at 1 bar & 295 K [17]. 

As the flame accelerates in the containment, the flow ahead of the flame is set in motion and the 
interaction with the environment will lead to turbulence generation. It is then important to study the 
effect of an initial turbulence on the enhancement of the burning speed. Once again, a dedicated 
investigation has been launched recently at ICARE to understand the coupling between the burning 
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speed and the turbulence intensity. The propagation of a spherical flame in a closed vessel equipped 
with several fans capable of generating a homogeneous and isotropic turbulence [13,14] was 
investigated, this study has shown that the increase of the flame speed depends on several parameters 
among them the size of the flame (rflame) normalized by the turbulent integral length scale (LT), the 
turbulence intensity (u') normalized by the laminar flame speed (SL°) and the Lewis number (Le) that 
accounts for the instable character of the flame: 

    005.0140.0
002.0526.0

0
L

002.0333.0

T

flame
0
b

T Le
S

'u

L

r
01.061.1

S

S 




















      (2) 

Figure 11 gives an illustration of the turbulent flame speed evolution versus the flame radius for various 
initial turbulent intensities ranging from 0.56 m/s up to 2.81 cm/s. For a given initial turbulent intensity, 
the turbulent flame speed increase depends also on the size of the flame. At a radius of 60 mm, the 
flame speed is doubled when the turbulent intensity varies from 0 (laminar conditions) to 2.81 m/s. 

 

FIG. 11. Turbulent flame speed versus flame radius for different turbulent intensities. The mixture containing 
28 % of H2 in air was initially at 1 bar and 295 K [13, 14]. 

5. HIGHLY ACCELERATED FLAMES  

Once the flame reaches between 10 and 30 m/s in a very short time (for a flame size of about 200 mm 
in diameter) it will further accelerate due to the physical obstacles that are in its trajectory (structures, 
equipment, …). The capability of the flame to undergo a strong acceleration needs to be investigated. 
Our previous work [18-20] and in the literature [21] have shown that a simple criterion can be applied 
to discriminate a priori between (i) mixtures that have the potential to accelerate strongly, and hence 
induce a large pressure overload and (ii) mixtures that cannot sustain a string acceleration and as a 
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consequence will induce a limited overpressure if not at all. This simple criterion is called the "sigma 
criterion" which is estimated based on the thermodynamic properties (ratio between fresh and burnt 
gases densities, 𝜎 = 𝜌 𝜌⁄  ), the reactivity of the mixture (Zeldovich number, 𝛽 =

𝐸 ∙ (𝑇 − 𝑇 ) 𝑅 ∙ 𝑇⁄  with Ea the global activation energy, Tb and Tu the flame temperature and the 
initial temperature respectively), the transport properties of the mixture (Lewis number, Le). This limit, 

defined as a critical value labeled *, is calculated using the following equation [18]: 

  5.41Le09.0*           (3) 

The critical sigma expression (Eq. 3) is based on experiments performed in ENACCEF 1. The available 
experiments have supported the development and validation of combustion models. Nevertheless, 
deficiencies still exist that the scientific community has to address in order to reduce the uncertainty 
margins within the evaluation of the potential hazard in a given scenario. These deficiencies can be 
attributed to remaining uncertainties in the determination of the critical conditions, including critical 
values of mixture expansion ratio, in the detonation cell size data, the laminar burning velocity, the 
laminar flame thickness and the turbulent flame velocity. To overcome these limitations, a new 
program has been launched in the framework of the French MITHYGENE project [22]. A new facility 
has been built dedicated to a detailed study of H2/air/steam flame acceleration, ENACCEF 2. This new 
facility is a vertical tube, about 8 m high and 230 mm i.d., equipped with several optical ports to detect 
the flame passage along the tube and large windows at specific locations along the tube to record the 
flame structure using high speed imaging techniques. These large windows will allow the use of high 
speed particle image velocimetry to measure the velocity field ahead of the flame induced by the latter. 

In this paper, the first results obtained with this new facility will be presented. The studied mixture is 
composed of {13% H2 + 87% air} initially at ambient temperature and 1 bar. Nine annular obstacles 
were mounted inside the tube. The first one is located 0.64 m from the ignition point; they are equally 
spaced by 230 mm (1 diameter) and have a blockage ratio of 0.63. For this test, the diagnostics used 
are 27 photomultipiers to detect the flame front position as a function of time to derive the flame 
trajectory and its velocity profile along the tube, 10 pressure transducers to measure the pressure load 
in the vessel at different location and 3 shock detectors. A schematic of the facility is given in Fig. 12. 

 

FIG. 12. Schematic of ENACCEF 2. The setup is rotated by 90° for illustration purposes only. The real setup 
is vertical. 
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The trajectory of the flame and the corresponding flame speed in ENACCEF 2 are reported in Fig. 13. 
The flame is ignited at the bottom part of the tube and travels in the upward direction up to end-flange 
of the tube without any extinction. The flame speed increases drastically in the obstacle field up to a 
velocity of 523 m/s then the speed decreases and stabilizes more or less around 200 m/s. A second drop 
in the velocity of the flame occurs at a distance roughly around 5.4 m. The flame continues then its 
course up to end of the vessel at a velocity below 30 m/s. It is then interesting to investigate the cause 
of such a decrease in the flame speed at the exit of the obstacles field. Indeed, the speed of sound in 
the fresh mixture is 366.8 m/s while the flamereaches a maximum velocity of 523 m/s. The Mach 
number of the flame in the obstacle field reaches the value of 1.43 subsequently a strong shock wave 
is formed. The pressure recording during the flame propagation indicates that before the flame emerges 
from the obstacles field a strong shock wave is generated as detected from the pressure sensors located 
at 2.977 m and higher (Fig. 13 (b)). This strong shock wave travels in the upward direction, 
compressing and heating the fresh gases and reflects back at the end flange. At the instant of reflection, 
the flame is located at around 4.6 m. The reflected wave travels backward and encounters the flame at 
a height between 5.5 and 6 m. In Fig. 14, the six pressure signals delivered by the Kistler sensors are 
plotted along with the light emission signals delivered by the photomultipliers located at the same 
position as the pressure sensors. The trajectory of the primary shock wave and the different reflected 
ones are plotted as well (black dotted lines).  

The interaction between the reflected wave and the flame induces an abrupt decrease in the flame 
speed. In fact the flame from the location around 5.5 m will experience several interactions with the 
subsequent shock waves. It is also interesting to see that above 7 m high, the flame travels in a medium 
where no significant shock waves are detected but the pressure is stabilized around 3 bar.  

 

(a) 

                    

(b) 

FIG. 13. Flame position and speed (a), pressure profiles (b) measured from the ignition point for a 
{13%H2+87%air} initially at 1 bar and 300 K. The tube is equipped with 9 obstacles with a blockage ratio of 

0.63. 
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FIG. 14. Emission (pink curves) and pressure (red curves) signals registered along the tube for a 
{13%H2+87%air} initially at 1 bar and 300 K. The trajectories of the shock waves are plotted with dashed 

blue lines. The tube is equipped with 9 obstacles with a blockage ratio of 0.63. 

The mixture containing 13% of H2 in air is characterized by  = 4.21 which is higher than the critical 
sigma according to equation (3). Indeed, in this case the flame is strongly accelerated and generates a 
strong shock wave. During its "lifetime", this flame will encounter several times reflected shock waves. 
As a consequence, the flame will experience abrupt changes in its flame speed. To better understand 
flame-shock interaction, additional experiments are needed and will be the focus of the forecoming 
studies. 

6. REACTOR APPLICATION 

The knowledge gained from R&D programs is usually used to improve the methodology for hydrogen 
risk assessment which consists of the following seven steps:  

 Step 1: Plant design; 

The starting point of any analysis for a plant is the geometrical modeling of the containment or the 
auxiliary building. This step aims at a well description of the containment volumes, walls and 
geometrical details as well as the safety systems considered (e.g., PARs, spray, coolers, etc.), which 
influence the hydrogen distribution inside the reactor containment or auxiliary building. Thus, several 
PARs geographic arrangements can be addressed (Fig. 14).  

For this purpose, LP, CFD or a combination of LP and CFD approaches could be used.  
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FIG. 15. Example of PARs (red boxes) arrangement inside reactor containment. 

 Step 2: Selection of relevant scenarios; 

Usually, the selection of relevant scenarios for hydrogen assessment is performed based on PSA 
(Probabilistic Safety Analysis) results and includes both representative and bounding severe accident 
scenarios. The evaluation of the associated hydrogen production rates and release into the reactor 
building is usually derived from parametric code calculations with best estimates for still uncertain 
hydrogen production processes.  

 Step 3: Evaluation of the containment atmosphere condition; 

During the accident transient, the temperature, pressure and gas composition in the different regions 
and volumes of the containments are determined accounting for the presence of mitigation systems. 
For this purpose, both LP and CFD codes are often used to simulate the transient. Usually, CFD codes 
are used for deeper analysis in short-term temporal windows, e.g., hydrogen release phase, scenarios 
with local accumulation and stratification expected (Fig. 16).  
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FIG. 16. Hydrogen distribution inside reactor containment. 

 Step 4: Evaluation of the time evolution of flammable hydrogen-air-steam cloud; 

As presented in Figure 8, the flammability of the containment gas mixture depends on its temperature, 
pressure and composition. Based on this criterion flammable gas mixtures cloud inside the reactor 
containment is identified.  

 Step 5: Evaluation of the propensity of a premixed flame to propagate inside the reactor 
containment; 

In fact, under the effect of hydrodynamic instabilities and turbulence (caused primarily by obstacles in 
the flame's path), an initially laminar deflagration (with a flame velocity around 1 m/s) may accelerate. 
Fast combustion regimes may also develop, involving rapid deflagration (a few hundred m/s), DDT 
and detonation (over 1000 m/s). These combustion regimes may generate high pressure loads which 
could endanger the containment or the safety components integrity. For this purpose, the Flame 
Acceleration (FA) criterion presented in equation (3) are used (Fig. 17).  
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FIG. 17. Gas mixture cloud satisfying flame acceleration criterion. 

 Step 6: Evaluation of pressure and thermal loads generated by combustion (Fig. 18); 

Two configurations are distinguished: 

(a) If the flame acceleration criterion is not reached, dynamic pressure loads are excluded and the 
pressure load is evaluated by considering adiabatic isochoric complete combustion (AICC) 
process; 

(b) If flame acceleration criterion is reached, the induced combustion loads are evaluated using the 
most appropriate combustion models, mainly CFD codes. 
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FIG. 18. Examples of pressure and temperature loads induced by combustion. 

Step 7: Evaluation of the structure and safety components response to pressure and thermal loads 
generated by combustion:  Structural integrity of the containment can be evaluated using dedicated 
dynamic structural response codes.  
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7. CONCLUSIONS  

Over the recent past years, significant advances in the understanding of hydrogen behavior and codes 
development have been gained through various experimental programs. These programs contribute to 
resolve concerns raised by industrials and safety regulators and to improve the understanding of the 
hydrogen distribution, the hydrogen combustion behavior and the effectiveness of mitigation measures 
under accident conditions. These programs contribute also to improve the recombination and the 
combustion models implemented in the safety tools developed and used at IRSN and at JULICH. 
Moreover, the understanding of recombination processes helps the improvement of the SPARK and 
the REKO-DIREKT codes which serves to improve the PARs design.  These programs serve also to 
enhance the methodology adopted for hydrogen risk assessment for NPPs. 

The present paper presented an overview of the autocatalytic recombiner behavior, of the flame 
characterization by considering the ignition process, the flammability conditions and the flame 
acceleration processes. The paper highlights also the remaining issues, related to PARs performance 
and flame behavior in late severe accident phase conditions, to be addressed in the framework of the 
ongoing SAMHYCO-NET program. In parallel to those programs, IRSN is improving its simulation 
capacity within the development of the new ASTEC+ and the P2REMICS code offering the possibility 
to combine LP and CFD approaches for hydrogen risk assessment. 
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ABSTRACT 

Containment is the ultimate barrier, which is designed to enclose whole reactor system to prevent the 
spread of active air-borne fission products in accident condition. Generation and accumulation of 
hydrogen in containment atmosphere during postulated severe accident scenario involving multiple 
failures could pose a potential threat to the integrity of the containment as the hydrogen can form 
flammable mixture with air in the containment. One such unlikely postulated accident sequence is 
Loss–Of-Coolant Accident (LOCA) along with failure of Emergency Core Cooling System (ECCS). 
Moderator Cooling System works as the heat sink for such accident sequences and Hydrogen 
generation will be limited. Further as a part of Defense-In-Depth (DID) approach, the containment 
responses have been evaluated under more severe condition, where failure of Moderator Cooling 
system has also been postulated. During such severe accident, large amount of hydrogen will be 
generated. 

The calculations for hydrogen management by using a combination of Passive Catalytic Recombiner 
Devices PCRD) and provision of Passive Opening or Forced Mixing and Switching off Reactor 
Building Coolers were performed for all Indian Pressurized Heavy Water Reactor (PHWR) by using 
in house computer code ‘PACSR’. This paper presents the studies performed to assess the hydrogen 
behavior inside the 700 MWe Indian PHWR (KAPP-3&4) containment along with mitigating features 
during severe accident conditions. From the analysis, it was found that, with optimize number of 
indigenously designed, developed and tested PCRDs; hydrogen can be effectively managed during 
severe accident conditions. 

Keywords: Hydrogen Management, IPHWRs, PCRD, Hydrogen Distributions 

1. INTRODUCTION 

Containment is the ultimate barrier, which is designed to enclose whole reactor system and to prevent 
the spread of active air-borne fission products in accident condition. Generation and accumulation of 
hydrogen in containment atmosphere during postulated sever accident conditions could pose a 
potential threat to the integrity of the containment as the hydrogen can form flammable mixture with 
air in the containment. Thus, Hydrogen management by using a combination of Passive Catalytic 
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Recombiner Devices (PCRD) and provision of Passive opening or Forced Mixing and Switching off 
Reactor Building Coolers are envisaged for all Indian PHWRs. Containment responses with these 
provisions are analyzed using in house developed containment system thermal hydraulic computer 
code Post-Accident-Containment-System-Responses ‘PACSR’[1,2]. This paper discusses the result of 
the studies carried out to calculate the hydrogen concentration in KAPP-3&4 containment. 

Kakarapar Atomic Power Project (KAPP)-3&4 consisting of 2×700 MWe Indian Pressurized Heavy 

Water Reactor (IPHWR) units is under advance stage of construction. These Units are pressure tube 
type reactor with heavy water as moderator and coolant where natural Uranium Dioxide is used as 
fuel. It consists of 392 horizontal fuel channel assemblies and is surrounded by three separate water 
volumes i.e. primary coolant, moderator and calandria vault. Calculations have been done for hydrogen 
generated during Design Extension Conditions (DEC-B) involving core melt accident. One such 
governing accident sequences considered is Loss–Of-Coolant Accident (LOCA) with failure of 
Emergency Core Cooling System (ECCS) and moderator cooling system, though probability of 
occurring of such severe accident is very low, but this accident sequence has been selected as the 
accident sequences for designing Hydrogen Management measures for all IPHWRs. During such 
Design Extension Conditions, hydrogen is generated due to oxidation of Fuel Clad, Pressure (PT) and 
Calandria tube (CT), which leads to global deflagration inside the Rector Buildings. It is seen from the 
analysis that the hydrogen concentration in high enthalpy areas as well as low enthalpy area may lead 
the mixture composition to enter the deflagration region without any mitigating features. It is also seen 
that in no compartment, mixture composition would enter detonation region. To avert this situation, a 
hydrogen management scheme using Passive Catalytic Recombiner Devices (PCRDs) is provided in 
the design. It is also seen that deflagration of hydrogen in containment can be avoided by providing 
adequate number of PCRDs in different compartments of containment.  

2. DESCRIPTION OF COMPUTER CODE ‘PACSR’ 

Post-Accident-Containment-System-Responses ‘PACSR’ is a lumped parameter computer code for 
calculations of containment system thermal hydraulic. In this code containment can be modeled by 
various compartments connected by junctions. PACSR models two-phase mixture (vapour/liquid) 
considering saturated and superheated atmospheric conditions appropriately. This code model liquid 
water, steam and six non-condensable gases. Validation of the code has been done against the 
experimental data obtained from the containment model test facility at MAPS [3]. Validations of this 
code against ISP-23 on HDR [4], D15 of Battelle containment model [5] and ISP-42 [6] at PANDA 
test facility were performed. These validation exercises attribute a close resemblance between the 
calculated data for various thermal hydraulic parameter (pressure, temperature & relative humidity) 
and experimental data. The results of this code were also compared with International system– thermal 
hydraulic computer code ASTEC [7] and found to be very well matching for pressure, temperature, 
steam, air & hydrogen concentration in different compartment of the containment. Computer code 
‘PACSR’ is also used for various calculations of containment system thermal- hydraulics and hydrogen 
distribution inside the containment [8, 9, 10, 11, 12, 13]. 
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The thermal hydraulic calculation by PACSR involves breaking up the whole duration of the event 
into small time interval to arrive at the pressure/temperature at the end of the time step using the 
applicable thermodynamic law. Each compartment is divided into two regions: a liquid region 
containing water and a vapour region comprising uniform mixture of air, water vapour and liquid 
droplets. The separation of the two regions in each compartment allows a more realistic assessment of 
the pressure and temperature in the containment atmosphere by removing the liquid droplets from the 
vapour region and adding to the liquid region. Provision of input of hydrogen, air, nitrogen and oxygen 
with or without dry saturated or wet steam to the compartment exists. The mass & energy discharge in 
break compartment is taken as boundary conditions.  

The code can also simulate the containment walls and structures for the heat absorption and conduction 
calculations. A number of correlations are incorporated in the computer code to determine Heat 
Transfer-Coefficient (HTC) between containment atmosphere and structures such as Tagami [14], 
Uchida [15] and Diffusion based heat transfer coefficient [16]. For calculations presented in this paper 
diffusion based HTC is used.  

The mass and energy flow entering or leaving any compartment is based on lumped parameter 
approach. The equation for transient flow through junctions is based on conservation of momentum.  

This code can also model the Reactor Building air Coolers, where water flows through tubes and air-
steam mixed with non-condensable flows through shell. In addition to this, provision exists to model 
fan allowing forced flow from one compartment to another.  

The diffusion of the steam, air and other non-condensable (hydrogen) from high concentration 
compartment to low concentration compartment through the opening is modelled by using Fick’s 1st 
law of Diffusion. The Passive Catalytic Recombiners Devices have been modelled in the code. 
Mechanistic model also exists to model the spray water droplets in containment for the purpose of 
long-term energy removal from containment atmosphere. Modeling of Containment Filtered Venting 
System has also been modeled for depressurization of the containment.  

3. MODELLING OF KAPP 3&4 CONTAINMENT 

Schematic of Containment showing Fueling Machine Vault-North (FMV-N), Fueling Machine Vault-
South (FMV-S), Pump Room and Dome Area is shown in Figure 1. For the calculations of 
Containment system response, KAPP -3&4 containment has been simulated into 31 compartments and 
is shown in Figure 2 (11 i.e. Room No. 19 to 21,24 to 31 in high enthalpy area and remaining 26 i.e. 
Room No. 1 to 18 in Accessible area and secondary containment along with atmospheric conditions). 
High enthalpy area represents area containing high enthalpy fluid during normal or accident conditions 
and Accessible area includes the remaining compartments. Though pump room is physically one large 
volume, very well interconnected by free openings, but for the calculation of hydrogen distribution it 
is divided into three virtual compartments connected by free openings. The FMV-N, as shown in 
Figure-1, is considered as the break compartment for these calculations. 
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FIG.1. Typical Cross-Section of KAPP-3&4 Reactor Building. 

Various compartments have either free opening into the other compartments or can be in contact with 
the other compartments through initially sealed openings like plastic sheets or blowout panels. These 
openings get ruptured or actuated at a predefined pressure difference across the connected volumes. 
Calandria Vault is modeled having atmospheric communication with Pump room.
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FIG.2. Nodalization Scheme for KAPP-3&4 Reactor Building. 
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4. INPUTS AND ASSUMPTIONS 

Mass and energy discharge rate of coolant from the Primary Heat Transport (PHT) system following 
large LOCA are calculated using in house system thermal hydraulic computer code 
‘ATMIKA’[2,17,18,19] is given in Figure 3. Hydrogen generation rate is given in Figure 4. Hydrogen 
generation rate is calculated taken as per the recommendation of IAEA TECHDOC [20] and Atomic 
Energy Regulatory Board Safety Manual [21]. Based upon parametric studies number of PCRD 
required in different compartments of the Reactor Building has been finalizes. Two cases are discussed 
in the present paper i.e. Case-1, without any mitigating measure and Case-2 with hydrogen mitigating 
measures (PCRDs). 

 

FIG.3. Coolant Mass and Energy discharge 

rate. 

FIG.4. Hydrogen discharge rate and Total 
hydrogen generation. 

4.1. PASSIVE CATALYTIC RECOMBINER DEVICES (PCRDS) 

Passive Catalytic Recombiner Devices (PCRDs) are indigenously designed and tested passive devices 
for the recombination of Hydrogen with Oxygen in presence of catalyst. The number of PCRDs to be 
installed in a compartment is based upon the following Criteria: 

 Hydrogen concentration in any compartment of containment, other than break compartment should 
not exceed 5 % (v/v) at any stage of Severe Accident. 

 Hydrogen-steam/inert-air mixture in break compartment should not enter detonation region at any 
stage of Severe Accident. However, Hydrogen-steam/inert-air mixture may go to deflagration 
region in break compartment and for limited period. 
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5. RESULTS AND DISCUSSION 

Calculations for pressure, temperature and hydrogen distribution for both the cases are performed up 
to 25 hours into the accident for demonstration of adequacy of hydrogen management measures. It is 
seen that the pressure of containment increased during the blow-down phase and started reducing due 
to condensation of steam on containment structures. Pressure in the containment again started 
increasing gradually due to the boiling of moderator. Variation in parameters i.e. pressure, temperature, 
hydrogen concentration, steam concentration etc. in the containment, for both the cases are discussed 
below. 

5.1. PRESSURE IN THE CONTAINMENT 

Pressures calculated in containment for both the cases are shown in Figure 6. In the figure, first peaking 
of pressure is observed (around 33 s) during LOCA blow down phase. Subsequently, moderator would 
heat-up and boil off as a result of heat transfer from pressure tube to Calandria tube, due to sagging of 
pressure tube and its contact with Calandria tube. During the boiling of moderator, containment 
pressure would continue to rises up-to 6.9 hours when moderator would boil off completely. 

 

FIG.5. Pressure in Containment for Case-1&2. 

Peak pressures in the containment for both the cases during boiling phase of moderator are calculated 
to be 0.68 kg/cm2(g) and 0.67 kg/cm2(g)respectively for Case 1 and Case 2. Containment pressure is 
calculated to be increasing during moderator boiling phase and the same will be decreasing later when 
complete moderator has boiled off. Subsequent to moderator boiling further addition of decay heat into 
the large amount of relatively cold Calandria Vault water results in gradual heating of Calandria Vault 
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water. Calandria vault water cooling system is assumed to be available to minimize the steam 
generation inside the containment; and it will remove the decay heat from the calandria vault water. It 
is observed that, subsequent to complete boiling of moderator the pressure of containment would start 
reducing fast initially and later on slowly, as steam condensation will be slowdown over in the 
containment structures due to high surface temperatures. 

5.2. TEMPERATURE IN THE CONTAINMENT 

Temperatures calculated in few representative compartments of containment for Cases-1 and 2 are 
given in Figure 6A and 6B respectively. In these figures, first peaking of temperature is observed at 
around 33 s during LOCA blow down. During boiling phase of moderator, peak containment 

temperatures for both the case is around 117 °C. Containment temperature of accessible area is found 

to be substantially lower for both the cases. 

 

FIG.6.A. Temperature in Containment for Case-1.      FIG.6.B. Temperature in Containment for Case-2. 

5.3. HYDROGEN CONCENTRATION IN THE CONTAINMENT 

The hydrogen concentrations in few representative compartments for Case-1 and Case-2 are shown in 
Figure 7A and Figure 7B respectively. It is seen that H2 concentration for both the cases increases 
sharply in FMV-N (Break Compartment) just after LOCA blow down phase at around 0.08 hours.  
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FIG.7.A. Hydrogen Concentration in Containment 
for Case-1. 

FIG.7.B. Hydrogen Concentration in Containment 
for Case-2. 

The sudden rise in hydrogen concentration leads the hydrogen concentration rises to 5.5 %, but it does 
not exceed 9 % (typical detonation limit). As seen in Figure 7B for Case-2, hydrogen concentration 
marginally exceeds 4 % v/v in a few compartments. With the provision of PCRDs, hydrogen 
concentration reduces and it remains below 5 % (v/v) (Fig 7B). 

5.4. HYDROGEN REMOVED BY PCRDs 

Hydrogen removed by PCRDs in few representative compartments for Case-2 is shown separately in 
Figure 8A and 8B to bring more clarity. Maximum amount of hydrogen would be removed by PCRDs 
installed in pump room and dome region. It is estimated that around 145 kg and 80 kg hydrogen would 
be removed by PCRD of pump room and dome region respectively. In some of the accessible areas i.e. 
West accessible area, East accessible area etc. amount of hydrogen removed by PCRDs would also be 
significant. 
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FIG.8.A. Hydrogen Removed by PCRDs for Case-2. FIG.8.B. Hydrogen Removed by PCRDs for Case-2. 

5.5. STEAM CONCENTRATION IN THE CONTAINMENT 

Presence of steam inside containment acts as inerting medium for hydrogen. It has been derived from  

Ternary diagram that a minimum steam concentration of 35% inside containment could avert the 
possibility of hydrogen detonation even if the hydrogen concentration is high. 

 

FIG.9.A. Steam Concentration in Containment for 
Case-1. 

  FIG.9.B. Steam Concentration in Containment for 
Case-2. 

The Steam concentration for Case-1 and 2 in the few representative compartments of containment is 
shown in Figure 9A and 9B respectively. It is observed that the steam concentration remains around 
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35% during the boiling of moderator in all the compartments of high enthalpy area. Although it starts 
reducing after complete moderator boiling, eventually it remains at around 10% on long term basis. 
Because of generation of steam during the recombination process of hydrogen and oxygen, steam 
concentration is observed to be slightly higher in Case-2 (Fig.9B) as compared to Case-1 (Fig.9A). 

5.6. OXYGEN CONCENTRATION IN THE CONTAINMENT  

The oxygen concentration for Case-1 and 2 in the few representative compartments of containments 
is shown in Figures-10A and 10B respectively. At 25 hours, oxygen concentration in all the 
compartments remains at around 18% for Case 1. For Case-2 i.e. with PCRDs, due to recombination 
of oxygen and hydrogen, oxygen concentration reduces to 15% in high enthalpy area and it again 
increases once the moderator boiling is over and stabilizes to around 15%. 

 

FIG.10.A.Oxygen Concentration in Containment 
for Case-1. 

  FIG.10.B. Oxygen Concentration in Containment 
forCase-2. 

5.7. HYDROGEN CONCENTRATION ON TERNARY DIAGRAM 

To see the effect of hydrogen concentration along with steam and air concentration on the same scale, 
plots are made on standard ternary diagram developed by Shapiro and Moffette. Plots showing status 
of hydrogen, inert (inert includes steam as well as other inert gases such as Nitrogen) and air 
concentrations in Case-1 and Case-2 i.e. with and without PCRDs for the worst affected compartment 
i.e. Room 20 (FMV-N break Compartment) and Room 29 (Area adjacent to Break compartment), with 
respect to flammability limits are shown in Figs. 11A and 11B respectively. It is seen that with the use 
of PCRDs, the composition of the mixture in break compartment would just touch the deflagration 
region for very short period. It is also seen that, the composition of the mixture does not enter 
deflagration region (Fig.11B) for Case-2. 
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Similarly in area adjacent to break compartment, steam air- mixture for Case-2 does not enters in 
deflagration region and remains in the safe region (Fig.11B).  

The problem of deflagration in high enthalpy as well as accessible areas is tackled by using PCRDs 
(Case-2), where deflagration/detonation could be avoided. Thus, by virtue of hydrogen management 
measure as used in Case-2, containment failure due to hydrogen deflagration could be avoided. 

 

FIG.11.A. Ternary Diagram for break compartment for Case-1. 

 

FIG.11.B. Ternary Diagram for Area adjacent to SG vault for Case-2. 
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6. CONCLUSION 

Containment thermal hydraulic analysis carried out for hydrogen distribution by considering a suitable 
hydrogen management scheme during severe accident reveals that the hydrogen concentration in every 
compartment of the containment could be managed effectively within deflagration limit. 
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ABSTRACT 

Calculation on hydrogen production in Long – life 620 MW(t) BWR due to Water Radiolysis has been 
performed. The hydrogen production especially during a severe accident could challenge the 
containment integrity. Study to determine the hydrogen generation rates were needed. The calculation 
was conducted in both normal full power operation and small breaks LOCA. For normal full power 
operation, the neutron flux calculation was conducted in each axial region, with various void fractions. 
And the LOCA scenario selected in this study was small break LOCA refer to the Forsmark 3, Swedish 
BWR. The hydrogen pressure was calculated based on ideal gas equation. The hydrogen gas mole 
produced due to radiolysis of water was obtained by multiplied neutron dose rate with G – value. The 
neutron dose rate itself was obtained by multiplied fast neutron flux to neutron flux conversion factor 
toward dose rate. The Objective of this study was to calculate hydrogen pressure rate in each axial 
region in normal operation condition and during small break LOCA.  In normal operation condition, 
the higher hydrogen pressure rate was 101.16 atm/s occurred in axial region with 10% void. In small 
break LOCA, the hydrogen pressure increased up to 5.08E+04 atm in 20 minutes (1200 s). The 
conclusion in both conditions that the hydrogen pressure increased as a function of time, and could 
challenge both reactor vessel and containment integrity, but not as much as hydrogen production due 
to reaction between steam and zirconium. 

1. INTRODUCTION 

Hydrogen production became an important thing to consider after Fukushima Accident. The hydrogen 
production especially during a severe accident could challenge the containment integrity. There was 
many experiments had been conduct to calculate or simulate the hydrogen production during a severe 
accident in NPP. Even after the three miles island accident, there has been a great deal of interest 
regarding the problem of hydrogen production and combustion in Light Water Reactors (LWRs). The 
core was uncovered for a time, during that accident and significant quantities of hydrogen were 
produced and released into containment. This hydrogen eventually ignited and resulted in about a 28 
psig (192 kPag) peak pressure within containment[1].  

For most NPPs, severe accidents lead to hydrogen release rates that exceed the capacity of hydrogen 
control measures at conventional design basis accident (DBA). Local high hydrogen concentration can 
be reached in a short time, leading to combustible gas mixture in the containment. Hydrogen 
production, distribution and combustion in post – accident containment are very complex and highly 
plant – and scenario – specific phenomena. In order to study the influence and mitigate the 
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consequences of hydrogen combustion, detailed studies are needed to determine the hydrogen 
generation rates and overall amount release to the containment[2]. 

The hydrogen pressure was calculated based on ideal gas equation. The hydrogen gas mole produced 
due to radiolysis of water was obtained by multiplied neutron dose rate with G – value. The neutron 
dose rate itself was obtained by multiplied fast neutron flux to neutron flux conversion factor toward 
dose rate. 

The Objective of this study was to calculate hydrogen pressure rate due to radiolysis of water and the 
distribution each axial region, in normal operation condition and hydrogen pressure during 
depressurization in small break LOCA.  

2.  CALCULATION METHOD 

The scope of this study was hydrogen production calculation due to radiolysis of water in long life 620 
MW(t) BWR. This reactor was design with Thorium based fuel loaded with protactinium – 231, which 
enable the core to reduce initial excess – reactivity and simultaneously increase production of Uranium 
– 233 in burn – up process. The core enrichment was 8 – 11 % of uranium – 233 and 6 – 11 % of 
protactinium – 231. The cylindrical core was divided into 3 radial regions and 6 axial regions. The first 
radial region was inner fuel with 8% enrichment of 233U, the second one was the 11% enrichment, 
and the last one was the reflector. This reactor used water as the reflector. Upper and bottom of the 
axial regions were reflector, and four others regions were 0%, 10%, 25% and 40% void[3]. This regions 
division was used to calculate the neutron fluxes inside the core.  

Calculation was conducted in both normal full power operation and small breaks LOCA. For normal 
full power operation, the neutron flux calculation was conducted in each axial region, with the range 
of void that would affect the neutron flux. The LOCA scenario selected in this study was small break 
LOCA refer to the Forsmark 3, Swedish BWR. We assumed that small break LOCA condition 
occurred in Forsmark 3 could be applicable to Long – life BWR. For small and medium breaks, the 
steam flow (top breaks) or water flow (bottom breaks) leads to an increase of the reactor containment 
temperature, which initiates closure of the isolation valves, reactor scram and opening of the pressure 
relief valves. The continued process depends on the type of breaks as well as on the particular reactor 
type.  

During small bottom breaks with a liquid flow < 45 kg/s, the water level in the reactor vessel can be 
maintained by the auxiliary feed-water system. However, it must compensate for the break flow as 
well as for the steam generated by the residual heat. With an initial break flow of 45 kg/s and an 
auxiliary feed-water supply of 45 kg/s (two loops), the level in the reactor first fall, since steam is 
discharged to keep the pressure constant. After a short time, the steam discharge and the break flow 
decrease so that the two auxiliary feed-water loops can restore the normal water level in the reactor 
vessel. The water level is at all times above the upper edge of the core. In Swedish internal recirculation 
boiling water reactors, 45 kg/s represents the largest break flow that can conceivably be obtained in a 
bottom break[4]. 
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The coolant volume and pressure profile during the small break LOCA is shown in Fig. 1. First figure 
show the relative volume profile during small and medium breaks LOCA. And the second one show 
pressure profile. The three curves show different conditions, medium to small LOCA. This calculation 
was performed using curve 1, which show small break LOCA with initial break flow 40 kg/s. In this 
case, the pressure decreased slowly from 7 to 4 MPa in 60 minutes. 

 

curve Initial break flow (kg/s) Make – up flow (kg/s) 
1 40 22.5 
2 80 45 
3 300 675 

FIG. 1. Calculated water level and pressure during small and medium top breaks in Forsmark 3 [4]. 

The hydrogen production due to radiolysis of water calculation needed some parameters, such as the 
neutron flux conversion factor towards dose rate, G – value and dose rate. Radiolysis of water occurs 
during both normal operation and accidents. Radiolysis involves the decomposition of water molecules 
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by radiation (α, β, ϒ, or n). Radiolysis of water (H2O) can produce OH, H, HO2, and H2O2[1], 
however the calculation in this study was only limited to H2 production. 

G – values define as number of product per 100 eV absorbed energy[5], and it depends on several 
factors, such as temperature and LET. The number of G – values used in this calculation variated along 
the temperature difference, refer to the reference[5]. 

 

FIG. 2. Effects of temperature on G – values at neutral solution under fast neutron irradiation [5]. 

Neutron dose rate can be defined as imparted neutron energy per unit mass, in this case mass of water, 
per unit time. Neutron dose rate value obtained from neutron flux multiplied by neutron flux 
conversion factor toward dose rate. The neutron flux conversion factor toward dose rate used in this 
calculation was 1.04E-2 (rem/hr)/(neutron/cm2.s)[6]. Since 1 rem = 0.01 Gy and 1 hour = 3600 s, then 
the neutron flux conversion factor toward dose rate = 2.89E-6 (Gy/s)/(neutron/cm2.s).  

3. RESULT AND DISCUSSION  

3.1. NORMAL OPERATION  

Table 1 shows parameter used in this calculation. The result was hydrogen production rate in atm/s. 
These values obtained from ideal gas equation. 
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TABLE 1. PARAMETERS USED IN HYDROGEN PRODUCTION 

Parameters Value Unit 
Neutron flux conversion factor 
towards dose rate 

2.89E-8 Gy/s 

Ideal gas constant 0.082 Liter.atm/mol.K 
Core volume with reflector 32822.13 Liter 
Core Volume without reflector 17635.80 Liter 
Water coolant Volume 6564.43 Liter 

TABLE 2. DATA FOR HYDROGEN PRODUCTION CALCULATION IN NORMAL OPERATION 

Axial Regions 
Composition 

Average Neutron 
Flux 

Water Density 
(kg/m3) 

Temperature 
(oC) 

G – Value 
(1/100 eV) 

Upper reflector 3.278E+14 0.6 296 1.6 
40% Void 1.074E+15 0.6 296 1.6 
25% Void 2.250E+15 0.75 293.5 1.57 
10% Void 2.326E+15 0.9 291 1.57 
0% Void 1.910E+15 1 288.5 1.57 
Bottom reflector 1.773E+15 1 286 1.57 

TABLE 3. HYDROGEN PRESSURE RATE IN NORMAL OPERATION 

 Neutron Dose Rate  
(Gy/s) 

Hydrogen formed 
by irradiation 
(mole/kg-s) 

Hydrogen 
Pressure  
(atm/kg-s) 

Water Mass 
(kg) 

Hydrogen 
Pressure Rate  
(atm/s) 

9.469E+06 1.571 2.233E-03 3938.66 8.79 

3.104E+07 5.149 7.319E-03 3938.66 48.05 

6.501E+07 10.58 1.498E-02 4923.32 98.32 

6.719E+07 10.94 1.541E-02 5907.98 101.16 

5.517E+07 8.98 1.260E-02 6564.43 82.69 

5.122E+07 8.337 1.164E-02 6564.43 76.43 

Table 3 shows hydrogen production in normal operation condition. The neutron flux calculation was 
performed in previous study [3]. The calculation was performed in each region, because each axial 
region had different water density, and that would affect to neutron flux. In typical BWR, the highest 
neutron flux was not exactly in the middle of the core but slightly to the downward. Equal to neutron 
flux, the neutron dose rate was also had a same profile as the neutron flux. As we can see from table 
3, the highest hydrogen pressure rate was on region with 10 % void. 
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FIG. 3. Hydrogen pressure as a function of time in normal operation condition. 

Figure 3 shows hydrogen pressure in each axial region as a function of time in normal operation 
condition. Indeed that radiolysis of water could be a serious problem during operation. An open 
water/gas system will not attain an equilibrium condition because the product species are being 
continuously removed. A typical BWR power plant operates in such a manner. If the water is boiling 
vigorously, H2 and O2 will be produced in stoichiometric portions and G(O2) = ½ G(H2) = ½ GH2. For 
pure water exposed to β+ϒ radiation, this would results in the production of ~22 molecules of O2 and 
44 molecules of H2 for each 104 eV of radiation energy[1]. So it is important to maintain the water 
circulation inside BWR core. As we can that the hydrogen production could build up during the time 
of operation.  

3.2. SMALL BREAK LOCA 

It was assumed that the reactor SCRAM when the pressure decreased 10% below the normal operation 
pressure. The normal operation pressure was 72 bar (71 atm), so it assumed that after the pressure 
decreased to 63.9 atm, the reactor was SCRAM, in about 20 minutes. So the calculation of hydrogen 
pressure was performed in 20 minutes after the break occurred. Data for hydrogen production 
calculation in small break LOCA are shown in Table 4. 
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TABLE 4. DATA FOR HYDROGEN PRODUCTION CALCULATION IN SMALL BREAK LOCA 

Time (minute) Pressure Drop (atm) Saturation 
Temperature (oC) 

G – Value (1/100 eV) 

0 69.08 285.9 1.57 
10 67.11 283.84 1.57 
20 59.21 275.6 1.55 

TABLE 5. HYDROGEN PRESSURE RATE IN SMALL BREAK LOCA 

Neutron Dose 
Rate (Gy/s) 

Hydrogen 
formed by 
irradiation 
(mole/kg-s) 

Hydrogen 
Pressure  
(atm/kg-s) 

Water Mass (kg) Hydrogen 
Pressure Rate  
(atm/s) 

4.95E+07 8.06 1.13E-02 4.59E+03 51.61 
4.95E+07 8.06 1.13E-02 4.23E+03 47.47 
4.95E+07 7.96 1.09E-02 3.88E+03 42.32 

Table 5 shows the hydrogen pressure rate in first 20 minutes after break occurred. As the water mass 
decrease, the hydrogen production also decrease. However, if we plot the hydrogen pressure as a 
function of time, we can see that the hydrogen pressure is increase. After the reactor SCRAM, the 
radiolysis of water would be depend on delayed neutron and gamma – ray irradiation. However, the 
hydrogen production due to delayed neutron and gamma – ray was not performed in this study. In Loss 
of Coolant Accident case, the hydrogen could escape through the break to containment. And if the 
hydrogen accumulated inside the containment, that will challenge the containment integrity. 

 

FIG. 4. Hydrogen pressure as a function of time in Small Break LOCA condition. 
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4. CONCLUSION 

From above discussion we can conclude that, in normal operation condition, the hydrogen pressure the 
higher hydrogen pressure rate was 101.16 Atm/s, occurred in axial region with 10% void. In small 
break LOCA, the hydrogen pressure increased up to 5.08E+04 Atm after 20 minutes (1200 s). In both 
condition, the hydrogen pressure increased as a function of time, and could challenge both reactor 
vessel and containment integrity, but not as much as hydrogen production due to reaction between 
steam and zirconium. 
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1. INTRODUCTION 

In the course of licensing review on hydrogen safety during severe accidents in Korean 1400MWe 
PWR, there was an issue on the detonability in the In-Containment Refueling Storage Tank (IRWST). 
It was considered that large amount of steam-hydrogen mixture might be released to the IRWST 
through the Pilot Operated Safety Relief Valves (POSRVs) when a high-pressure accident occurs. A 
detonable condition could be formed with result that the hydrogen concentration increased in the 
atmosphere of the IRWST, which is a kind of enclosed space. A series of sensitivity analysis on the 
hydrogen risk in the IRWST was conducted considering the implicit uncertainties within phenomena, 
models of numerical code, and methodology determining the detonability. Based on the sensitivity 
analysis, corresponding design was improved and this paper briefly introduces this experience [1]. 

2. DESCRIPTION OF METHODOLOGY AND CONSIDERATIONS 

2.1. ACCIDENT SCENARIO AND MODELING 

2.1.1. Description of Korean 1400MWe PWR and hydrogen issue 

Korean 1400MWe PWR is a pressurized water reactor with improved safety systems and features 
developed in the Republic of Korea. Among the various safety systems, the POSRVs and the IRWST 
were newly introduced in design for safety purpose. The POSRVs at the top of located in the 
pressurizer are designed to protect RCS overpressure and a fast RCS depressurization. The IRWST is 
utilized as a water source of cavity flooding during a severe accident as well as the containment spray 
system and the safety injection. When a high-pressure accident occurs in the 1400MWe PWR, large 
amount of steam-hydrogen mixture may be released to the IRWST through the POSRVs. The hydrogen 
concentration in the atmosphere of the IRWST is supposed to be very high in some conservative 
scenarios, and a detonable condition in the IRWST can be formed. FIG. 1 shows the measures against 
severe accidents of the 1400MWe PWR and the schematic diagram of flow paths between the POSRVs 
and the IRWST before the design improvement. 
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(a) 

 

(b) 

FIG. 1. (a) Safety systems of Korean 1400MWe PWR (b) Schematic diagram of the POSRVs and the IRWST. 

2.1.2. Accident scenario 

The Station Black Out (SBO) is one of typical high pressure accidents. Especially, based on the Level 
1 PSA results, the SBO-25 was the most dominant among a variety of SBO scenarios. Failure of EDG, 
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AAC DG and offsite power recovery, and successful delivery of feed-water using turbine driven pumps 
were considered in the scenario. This scenario was selected considering the core damage frequency 
and its importance in terms of hydrogen safety. Table 1 briefly shows the time history of the accident 
scenario. The reactor core is uncovered at 45,315 seconds because of core heat up. At 51,069 seconds, 
creep rupture at hot leg occurs due to the influence of high temperature steam. Reactor Pressure Vessel 
(RPV) is failed at 70,535 seconds because of creep rupture of RPV lower head after core melt 
relocation to lower head at 62,530 seconds. Total mass of generated hydrogen is 1,485 kg. Passive 
Auto-catalytic Recombiners (PARs) and ignitors for hydrogen removal in the containment are 
considered to be activated by the mitigation strategy following Severe Accident Management 
Guideline (SAMG). In addition, it is assumed that the operator manually opens the POSRVs to protect 
RCS overpressure. 

TABLE 1. SBO-25 ACCIDENT SCENARIO 

Core Uncovery 45,315 sec 

Hot Leg Creep Rupture 51,069 sec 

Relocation to Lower Head 62,530 sec 

RPV Failure 70,535 sec 

RPV Failure Mode Creep Rupture of Lower Head 

Total H2 Generation 1,485 kg 

2.1.3. MELCOR modeling 

FIG. 2 shows the MELCOR nodalization. The containment and the IRWST consists of 35 Control 
Volumes (CVs) and 18 CVs respectively. At the ceiling of the IRWST, ‘Swing panels’, which are 
venting paths directly connected to the containment volume, are installed at each side path of the vent 
stack. The vent stacks are located in CV 25, 37, 46 and 47. Therefore, loss coefficient was considered 
as an uncertain factor at each flow path, i.e, swing panel. PAR efficiency was considered as 0.85. 
Sensitivity analysis on the possibility of detonation in the IRWST based on the gas distribution was 
performed using MELCOR. Preliminarily calculated mass and energy data were used for convenience 
of these IRWST calculations. 

2.2. ASSESSMENT METHODOLOGY FOR HYDROGEN RISK 

The possibilities of flame acceleration (FA) and deflagration-to-detonation transition (DDT) inside the 
IRWST were assessed with the specific criteria introduced in the OECD report (NEA/CSNI/R(2000)7) 
[2]. FA criterion is expressed as FAindex=σ/ σ* where σ is ratio of densities of reactants and products, 
σ* is the critical value of σ as a function of Zeldovich number, and Lewis number. DDT criterion is 
expressed as DDTindex = L/7λ where L is a characteristic geometrical size and λ is detonation cell size. 
The possibility of detonation was estimated based on these criteria, it is detonable when σindex>1.0 and 
FAindex>1.0 at the same time, and the MELCOR calculation results for atmospheric compositions in 
the IRWST were utilized. 
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FIG. 2. MELCOR nodalization for the containment and IRWST. 

2.3. UNCERTAIN FACTORS AND CALCULATION MATRIX 

It was suggested that some uncertain factors were able to influence the results. Therefore, a series of 
MELCOR calculation was performed depending on calculation matrix and taking into account 
uncertain factors. Table 2 shows the calculation matrix depending on uncertain factors. The considered 
major uncertain factors are as follows; 

Creep rupture at reactor hot leg. Occurrence of a creep rupture may result in less hydrogen release into 
the IRWST. Accordingly, the creep rupture was assumed to occur; 

The mixture release ratio into the IRWST. The release ratio of hydrogen and steam mixture from 
pressurizer to the IRWST after the opening of the POSRVs were considered as 50 percent and 20 
percent. On the other hand, the rest of mixture released to the upper Steam Generator (SG) 
compartment of the containment; 

The value of a user parameter in a mechanistic model. For the IRWST ventilations, the swing panels 
are installed at each side paths of the vent stack. Form loss coefficients were considered as 1.0 or 2.0 
for both forward direction and backward direction through several test because the panels could lead 
to hydrogen behavior; 

The assumption on characteristic length for DDT. Considering the geometrical shape of the 
atmospheric region in the IRWST, three types of characteristic length were considered for sensitivity 
calculation. Additionally, individual and combined CV models were taken into account in terms of 
geometrical characteristic, annular volume, of the IRWST. FIG.3 shows characteristic length for 
assessment of DDT in the IRWST; 
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TABLE 2. CALCULATION MATRIX DEPENDING ON UNCERTAIN FACTORS 

Case ID Creep Rupture 
at Hot Leg 

Release Ratio 
into IRWST 

Loss Coeff. At 
IRWST 

Char. Length 
in DDT 

Criterion 

Control 
Volume 

Model for 
DDT 

S1-1 Yes 50% 1.0 L1(L=V1/3) Individual 
CVs in 

IRWST of 
MELCOR 

S1-2 2.0 

S1-3 20% 1.0 

S1-4A 2.0 L1 Individual 
CVs in 

IRWST of 
MELCOR 

S1-4B L2(L=W) 

S1-4C L3=(L=V/H)1/2 

S1-4D L1 Combined 
CVs in 

IRWST of 
MELCOR 

S1-4E L2 

S1-4F L3 

S1-5 No 50% 1.0 L1 Individual 
CVs in 

IRWST of 
MELCOR 

S1-6 2.0 

S1-7 20% 1.0 

S1-8 2.0 

 

(a) 

 

(b) 

FIG. 3. (a) Definition of characteristic length (b) IRWST geometries considered in DDT assessment. 
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3. CALCULATION RESULTS 

3.1.  EFFECT OF UNCERTAIN FACTORS WITH L1 

FIG. 4 shows the possibility of detonation for each case (S1-1 to S1-8) depending on the uncertain 
factors with characteristic length L1 shown in FIG 3 (a). The data in each result means the values of 
DDT index larger than 1.0, i.e., the bottom floor of each graph is the surface of DDTindex=1.0. So the 
existence of data means FAindex and DDTindex are larger than 1.0 at the same time with accident 
progression in each case. The results show that the atmosphere of the IRWST would be in detonable 
conditions during the SBO scenario at every considered case. From the results, DDT index is relatively 
high in CVs 36, where the sparger assemblies are located, and CV 23, the central space between the 
release locations. As a result, it was concluded that there is a possibility of the detonation at least in 
the region near the sparger locations. 

3.1.1. Effect of creep rupture at hot leg 

The results of S1-1 to S1-4A creep rupture assumed show less severe results compared with the results 
of S1-5 to S1-8 no creep rupture assumed in FIG.4. It was shown that the cases without creep rupture 
assumption has more severe results in terms of duration and number of locations, because of 
considerably higher amount of the mixture released into the IRWST. The cases with creep rupture 
assumption showed that the mixture was significantly discharged through the rupture region at hot leg. 

3.1.2. Effect of release ratio into the IRWST 

The release ratio affected the possible duration of detonation as well as the location. In case of the 
situation in which the amount of released mixture into the IRWST is small (20%), the absolute amount 
of hydrogen moved to IRWST will become small. The effect was found in comparison of S1-1 and 
S1-3 and S1-2 and S1-4A in FIG. 4 (a) and (b), respectively. From the results, it can be supposed that 
the installation of branch lines to the steam generator compartment may be effective because the 
amount of hydrogen transported to the IRWST is reduced, however it does not completely eliminate 
the possibility of detonation in the IRWST. 

3.1.3. Effect of loss coefficient at the IRWST vents 

Effect of user specified loss coefficient used in MELCOR between 1.0 and 2.0 considering IRWST 
vents shows no significant difference in the results compared with the results shown in FIG. 4. 

3.2. EFFECT OF THE DEFINITION OF CHARACTERISTIC LENGTH 

3.2.1. Individual CV model for DDT 

The possibility of detonation might be affected by the assumption of geometrical shape of 
compartment and the definition of Combined CV model for DDT characteristic length. Comparing the 
results using L1 to L3 in FIG. 5, the meaningful comparison would be made between the cases for 
individual CV model and those for combined CV model. Cases with definition of L1 showed the most 
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non-conservative result. In light of the reality, it needs to depend on the engineering judgment and it 
is regarded that the L3 case is the realistic definition in the application to the IRWST. 

3.2.2. Combined CV model for DDT 

The combined model was introduced since the space of the IRWST is physically a unique annular 
volume. Each combined CV in FIG. 3(b) includes one sparger assembly and two IRWST vents. The 
possibility of detonation could be reduced considerably compared with the results for individual CV 
in FIG. 5. However, there still exists the possibility of a detonation in IRWST with respect to realistic 
approach for the combined CV model.  

 

(a) Cases of 50% Release of the Mixture into IRWST  
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(b) Cases of 20% Release of the Mixture into IRWST 

FIG. 4. Detonability comparison with the characteristic length L1. 

4. DECISION MAKING FROM THE CALCULATION RESULTS  

Based on the MELCOR calculation results and corresponding comprehensive discussions on the 
possibility of detonation in the IRWST. It was decided to change the flow paths to prevent the release 
steam and hydrogen mixture into the IRWST during severe accident condition. Finally, the issue was 
resolved by introducing bypass lines using ‘3-way valves’. FIG. 6 shows the schematic diagram for 
the changed flow paths from the POSRVs to the IRWST with ‘3-way valves’. This valves functions 
as an optional control device for the release ratio between the IRWST and SG compartment. In addition, 
the operator action to control the valves was reflected in the SAMG. 
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FIG. 5. Detonability comparison depending on the characteristic length and CV model. 
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FIG 6. Schematic diagram for improved flow path with 3-way valves. 

5. CONCLUSIONS 

The sensitivity analysis on the possibility of detonation in the IRWST of Korean 1400MWe PWR 
under the SBO scenario was conducted based on the hydrogen mixing calculation using numerical 
code MELCOR, with selected uncertain parameters affecting the FA and DDT assessments. With 
diverse spectra of assumptions on the uncertain factors, it was confirmed that the possibility of 
detonation in the IRWST was high. A design improvement on the issue was decided from the 
calculation results using MELCOR to prevent the release steam and hydrogen mixture into the IRWST 
during severe accident conditions.  
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1. INTRODUCTION 

During an accident accompanied by a core damage in a water-cooled nuclear reactor, a large amount 
of hydrogen can be released into a reactor containment. A hydrogen is generated in a nuclear reactor 
by an oxidation of a heated core during a severe accident. Hydrogen mitigation in a reactor containment 
is very important because the integrity of the reactor containment can be threatened by an explosive 
combustion of the hydrogen if the hydrogen concentration is very high globally or locally in a 
containment. The released hydrogen is mixed with air existing in a containment or steam which is also 
released from a reactor coolant system. When the hydrogen is well mixed with the other gases, its 
concentration becomes leaner and finally a probability of hydrogen explosion may be removed. On 
the contrary if mixing of the released hydrogen is limited and a highly-concentrated hydrogen mixture 
cloud is developed in a certain region of a containment, it is very probable that hydrogen flame 
undergoes DDT (deflagration to detonation transition) [1] locally in the containment. A hydrogen 
mixed with a steam in a containment can be also affected by condensation of the steam and re-
evaporation of the steam condensates. The concentration of hydrogen in a mixture can be increased by 
condensation of a steam. If a steam in a hydrogen mixture cloud is condensed and becomes fog, the 
density of the hydrogen cloud containing the fog becomes high, and the cloud containing the hydrogen 
may descend to a lower part of a containment. 

In an analysis of thermal hydraulics in a reactor containment, its multi-dimensional characteristic is 
very important. In a lumped-parameter (LP) analysis using an integrated accident analysis code such 
as MELCOR [2] or MAAP [3], a large flow structure developed in a containment may not be resolved. 
Flow paths of a released gas in a containment may be partly confined by internal structures such as 
walls and gates. But because the flow paths are mostly not limited in a large free volume of a 
containment, a flow-path-based containment modeling of the LP codes may require a sophisticated 
tuning of the input model. And a large difference in length scales between characteristic lengths of the 
flow and representative length of the containment makes an analysis of a containment thermal 
hydraulics very difficult.  So, it is believed that a modern computational fluid dynamics (CFD) based 
detail analysis can be useful for a conservative, realistic and best-estimate evaluation of a hydrogen 
safety in a containment.  

Many 3-dimensional codes for thermal hydraulic analysis exist currently. Among them GASFLOW 
[4], TONUS [5], or commercial CFD codes [6, 7] are appropriate for containment analyses. On the 
contrary to a design point analysis of a thermal hydraulic device, postulated accident analyses in a 
nuclear power plant (NPP) have additional things to be considered, which are a large spectrum of 
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accident scenarios, unavailable prototypic experimental data, long term (around 50,000 seconds) 
transients of accident progresses and so on. If a highly dense computational mesh is used in order to 
get a realistic solution, a computing time (CPU time) may be tremendously increased [8]. A 
conservative but best-estimate approach requires repeated simulations to resolve important phenomena 
by changing models and correlations. They also need validation works with separate effect tests. So, 
it is thought that a new analysis code is needed, which is cost-effective for heavy use and manageable 
for improvement and addition of numerical and physical models and correlations. Another important 
thing is a development of tools helping an analysis procedure to make a final conclusion of a hydrogen 
safety in a specific NPP. The procedure tools support import of data such as hydrogen and steam 
sources, data format conversions, data transfer to other analysis codes, mesh generations and 
modifications for additional devices, evaluation of a flame acceleration and DDT, performance 
evaluation and optimization of hydrogen mitigation system (HMS), and so on. In order to satisfy the 
requirements, it is believed that a new system of codes must be built based on modern object-oriented 
programming for efficient development and management. 

2. DEVELOPMENT OF NUMERICAL METHODS 

2.1. CODE DEVELOPMENT FOR HYDROGEN SAFETY ANALYSIS 

Hydrogen behaviors during a severe accident in an NPP containment are strongly dependent on 
thermal hydraulics in the containment. Important thermal and hydraulic physics which must be 
considered are buoyant jet flow, turbulent mixing, gas species diffusion by concentration gradients, 
steam condensation, thermal radiation, structure heat transfer, condensed/sprayed droplet flow, 
combustion of hydrogen, and et al. Active or passive devices installed in a containment in order to 
control a containment atmosphere must also be modeled. Among them PAR, igniter, fan/cooler and 
passive heat removal system considerably affects hydrogen behaviors in a containment. 
Implementation of all the models in a single code makes it complicated and heavy to run for long-term 
accident scenarios. Modularization of an analysis code is a commonly used technology to keep the 
code manageable. FIG. 1 shows physical models grouped by modules required to simulate hydrogen 
safety in a NPP containment. Each module will be separately managed and easily coupled with other 
modules. An analysis tool for hydrogen behavior in a containment is under development based on the 
OpenFOAM [9] library which supplies modularized numerical and physical models by using classes 
and namespaces.  

2.2. GOVERNING EQUATIONS 

In a containment during a severe accident, very complicated phenomena may occur. The governing 
equations for multicomponent gas and fog or droplet mixture flow are composed of two sets of 
compressible Navier-Stokes equations for gas field and fog/droplet field. Each set of the equations is 
multiplied by each field’s volume fraction. In the case when spray droplet flow is considered separately, 
it is possible to apply simple mixture model [10] for a multi-component gas with fog. In the simple 
mixture model, the following assumptions [7] are used. 

 Gas and fog are in mechanical and thermal equilibrium. 
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 Interactions in fog particles are neglected. 

 Mass fraction of fog is very small. 

 Volume of fog is negligible. 

 

FIG. 1. Modularized code system for hydrogen safety analysis. 

The reason of choosing the simple mixture model is a computational efficiency for a simulation of 
hydrogen behaviors during a period of tens of thousands in a progression of a severe accident.  

When gas volume fraction is assumed 1 (𝛼 ≈ 1), the conservation equations of masses of mixture 

and each component, momentum, and energy become as follows: 
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Here, density ρ is for mixture of gas and fog, and 𝐔, 𝑌 , ℎ , 𝑝, 𝐾 are mixture velocity, mass fraction of 
a specie i, sensible enthalpy, pressure, kinetic energy respectively. In the fluxes, ν, 𝜈 , 𝐷 , 𝛼  are 

laminar and turbulent kinematic viscosities, mass diffusivity of specie i to mixture, and effective 
thermal diffusivity. Fog mass conservation equation is converted to the same form as the gas 

component equation by a relation of 𝛼 𝜌 = = = ρ𝑌 . 
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As such, fog is considered as a component of gas mixture, but it must be removed in an equation of 
state (EOS).  
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And gas density is obtained from density of gas and fog mixture by the following equation. 

 )1( dg Y           (7) 

2.3. DISCRETIZATION OF EQUATIONS AND NUMERICAL METHODS 

The governing equations are discretized in the context of finite volume method (FVM). For the 
development of the analysis code, OpenFOAM, which is an open-source CFD code, is used as a base 
code instead of starting from scratch. OpenFOAM is composed of many solvers, utilities and libraries. 
The basic algorithm of the solvers is pressure-based semi-implicit method (SIMPLE and/or PISO) with 
non-staggered arrangement of variables on a computational mesh. The set of the governing equations 
with equations for turbulence is solved sequentially. The convective, diffusive and source terms are 
volume-integrated and the first two terms are transformed to surface integrations by applying Gauss 
theorem. The convective and diffusive terms are discretized by second order accurate numerical 
schemes. The unsteady terms are discretized by 1st order Euler or 2nd order backward scheme. But 
current simulations are mostly conducted by using 1st order Euler scheme. 

A free volume in a containment is also discretized into finite volumes called control volumes or cells. 
The discretized equations are applied for each cell. A computational cost for a simulation of a hydrogen 
behavior in a containment is dependent on number of cells and time steps. The number of time steps 
is determined by a simulation time period and time increment dt 
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If a smaller cell size is used, a smaller dt must be used. CFL is a stability criterion called Courant-
Friedrichs-Lewy number. A larger CFL number makes a larger time increment usable, but it is reliant 
on an implemented numerical scheme. So, it is necessary to optimize the size of a computational mesh 
and distribution of cell size in the mesh to get numerical results on an available computing time.  

2.4. MODELS FOR HYDROGEN DISTRIBUTION ANALYSIS 

2.4.1. Steam condensation 

During a severe accident, huge amount of steam is released into a containment through a pressure relief 
value or a break of pipe of a reactor coolant system. Because of lower pressure and temperature of a 
containment atmosphere, a part of the steam can be condensed, which is called volume condensation 
compared to a wall condensation on cold containment walls. A steam condensation rate is modeled as 
follow [4]. 

  ohsatohohbulkcd C 2,22 ,0max,5.0min         (9) 

, where 𝜌 (= ρ𝑌 ) is a volumetric mass concentration of steam. Here, the maximum amount of 
condensed steam in a time step is limited to half the current steam amount in each cell for numerical 
stability [4]. The coefficient 𝐶  of the equation has a dimension of 1/s and is defined as mass 
diffusion velocity multiplied by volumetric fog surface area. The mass diffusion velocity is obtained 
from a Ranz-Marshall [11] equation. 
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It is necessary to model size or number density of fog for accurate simulation of a volume condensation. 
But here, fog size is fixed as a specified value for simplicity.  

2.4.2. Wall heat conduction modeling 

An NPP containment equipped with main components such as a reactor, pumps, and steam generators 
has a very complicated internal structure. Such concrete structure may act as a heat sink during an 
accident progress. So it is necessary to model heat transfer between atmosphere and structure in a 
containment. Basically general CFD codes have a capability of solving solid heat conduction with fluid 
heat transfer by a manner of conjugate heat transfer (CHT). In order to use CHT, it is needed to 
geometrically resolve every heat structures in a containment. In the case when a thin structure is 
resolved by a mesh, it becomes very heavy and a computational cost may be dramatically increased. 
In order to optimize computational costs spent on a NPP containment analysis, it is necessary to 
carefully control the size of the mesh. The simplest modeling for a thin wall heat transfer is based on 
heat flux balance of a fluid side and a solid side by neglecting thermal capacity of the thin wall. It may 
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be applicable for steady or quasi-steady simulations but a simulation of an accident progress may give 
a non-conservative solution. So unsteady heat conduction module was developed to model a thinner 
heat structure compared to a representative cell size of a mesh. For thin internal structures which can 
be modeled as a thermal baffle without thicknesses, thermalBaffleUnsteady1D model was developed 
[12]. It solves unsteady heat conduction equation on a 1-dimensional mesh for a thin heat structure. 
The following 1D heat conduction equation is solved by TDMA (a 3-diagonal matrix solver) for every 
face on the patch. 
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For external wall such as an outmost wall of a containment, externalSolidWallTemperature model can 
be used, which solves the same equation as the thermalBaffleUnsteady1D model with external heat 
transfer boundary conditions. Efficient but simple model for an external solid wall called 
turbulentHeatFluxParabolicTemperature model is also included in the unsteady heat conduction 
module to consider solid heat capacity by applying lumped energy equation with parabolic 
reconstruction of its temperature profile. The discretized heat conduction equation for a lumped solid 
wall is as follows: 
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, where δs, ρs, Cps are solid wall thickness, solid density and solid heat capacity, respectively. The 
temperature profile in the solid wall is assumed parabolic by an equation of T=a+by+cy2. Then, the 
coefficients are obtained from inner and outer surface heat fluxes and solid energy conservation. When 
the parabolic temperature profile in the solid is reconstructed, the wall temperature is obtained from 
the equation. 

 

FIG. 2. Air heating test and numerical results by wall models. 

To verify the unsteady wall heat transfer models, a simple air heating test was conducted. A steel pipe 
with a length of 1.3 m, a diameter of 25 mm, and a thickness of 2.2 mm is heated by a band heater 
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wrapped on the outer surface of the pipe with electric power of 560W. The band heater is insulated to 
minimize a heat loss to the environment. And air with temperature of 20 oC and velocity of 13.24 m/s 
is injected into an entrance pipe connected to the heating pipe. The exit temperature of the air reaches 
70 oC after 800 s. The air flow was simulated using three wall heat transfer models. The 
turbulentHeatFluxTemperature model, which is a steady heat flux balance model, directly obtains the 
inner wall temperature from heat flux of the band heater. The other two unsteady models predicts well 
a transient of inner wall temperature development. 

2.4.3. PAR modeling 

PAR performance analysis can be approached by a multi-scale method proposed by Reinecke et al. 
[13], which is composed of micro, meso and macro scales. The criterion of the scaling is the ratio of 
thickness of boundary layer developed on a catalytic surface to representative length of a 
computational domain. Mass diffusion in the boundary layer must be resolved in the micro scale 
analysis. The meso scale approach, which is placed between the micro and macro scale analyses, is 
useful for characterization of a flow induced by a heat generation from a hydrogen recombination. The 
macro scale analysis is mandatory in a containment analysis because of a required computational time. 
In the macro scale analysis, hydrogen depletion by a PAR is modeled as a source of mass and energy 
conservation equations. In a lumped parameter (LP) analysis of a containment using a system code 
such as MAAP or MELCOR, a PAR chamber is much smaller than a computational node. So, only 
decrease of the hydrogen concentration in a computational node is simulated. In a 3-Dimensional 
simulation of a containment, shapes of PAR chambers can be modeled. Even though the computational 
cost increases dramatically, it is possible to resolve buoyant flow in the PAR chambers driven by 
exothermic hydrogen recombination.  

 

FIG. 3. PAR model test, solid line: single partition, triangle: 2 partitions by vertical cut, circle: 2 partitions by 
horizontal cut. 
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In the macroscopic approach, hydrogen recombination rates are modeled by using correlations from 
vendors or experiments of PAR performance in a small vessel. Currently many PAR correlations are 
available which are specifically applicable to commercial PAR models. A PAR analysis module can 
be developed based on object-oriented programming. A base class has a list of PAR objects and each 
PAR correlation is implemented in a derived class. PAR correlations are dependent on hydrogen 
concentration, pressure and temperature at inlet of a PAR. Those properties obtained at a sampling 
point in the PAR module. In the development of PAR analysis module, two important issues can be 
raised. The first one is how to design parallel processing of the PAR module. And the second one is 
how to make mesh generation easy for dozens of PARs installed in a containment. A basic approach 
adopted for PAR module parallelization is sharing of a PAR object list for all processors. During a 
mesh decomposition, cells in a PAR can also be decomposed. As such, properties at a sampling point 
of a PAR must be shared among all processor by a communication library such as MPI. FIG. 3 shows 
hydrogen concentrations at exit of a 1-dimnesional PAR chamber model. Three solutions from cases 
of single domain and two domains by horizontal and vertical partitioning are compared, which depict 
that the developed PAR module gives a consistent solution independent on mesh partitioning.  

The second issue is difficult to resolve because it is strongly related to a labor workload and 
computational cost. If an automatic mesh generation is used for a NPP containment with a bunch of 
PARs installed in the containment, the mesh size becomes so huge that an analysis of a hydrogen 
behaviors during tens of thousands seconds of accident progress may be impractical on an available 
computers. A research has be conducted to develop a procedure of a mesh generation for a containment 
with PARs. The developed procedure is realized by coupling SALOME [14], python and OpenFOAM 
utilities. The simplified shapes of commercial PARs are modeled and kept in a database. A user-
supplied list of PAR installation gives information of location and direction of each PAR. A python 
program reads the PAR list file and gives CAD file of PARs correctly installed in a containment. A 
mesh for a containment with PARs can be generated by a mesh generation tool snappyHexMesh in 
OpenFOAM.  

2.5. MODELS FOR HYDROGEN COMBUSTION ANALYSIS 

For analyses of turbulent combustion in premixed or partially-premixed hydrogen-air-steam mixture, 
two solvers are available in OpenFOAM, which are reactingFoam and XiFoam. ReactinFoam solves 
mass conservation equations for every species participating in chemical reactions. For turbulent 
combustion, PaSR (partially stirred reactor) model, eddy-breakup model, or eddy-dissipation model 
can be used. In this approach, a hydrogen-air reaction mechanism such as reduced or detail chemistry 
must be supplied. Among the reduced chemistries, 1-step, 2-step, or 7-step models are commonly used. 
This approach has some drawbacks such as dependency on a mesh resolution, a turbulence model, and 
a pressure field. So, additional models like an artificially thickened flame (ATF) are under 
consideration.     

As another approach for a simulation of a premixed hydrogen combustion in a containment a 
combustion model based on a reacting progress variable is available in OpenFOAM. XiFOAM is a 
specifically designed solver for a reacting progress variable approach, where a flame front is 
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numerically modeled by the progress variable. A turbulence effect on a flame is modeled by a flame 
wrinkling factor which can be regarded as the turbulent to laminar flame speed ratio.  

2.5.1. Hydrogen-air reaction mechanism for detonation analysis 

As a combustion model for a detonation simulation, flame front capturing by solving a progress 
variable is applicable, but finite rate Arrhenius reaction model with a reduced hydrogen-air chemistry 
is used in this study. Many reduced chemistries for hydrogen-air reaction are available, but it was 
found that Shang et al.’s 7 step chemistry [15] of hydrogen-air reaction gives more conservative results 
than 1-step, 2-step or other 7-step chemistries. TABLE 1 gives the values of parameters for the 7-step 
chemistries.  

TABLE 1. 7-STEP HYDROGEN-AIR REACTION MECHANISM [12] 

 

2.5.2. Shock capturing of detonation 

It is well known that detonation is a supersonic combustion interacting with shocks. Accordingly, a 
numerical scheme for detonation simulation should have capability to capture shocks robustly as well 
as to resolve combustion phenomena stably. The Euler equations of mass, momentum, energy and gas 
species can be employed as the governing equations of detonation if turbulence mixing is ignored. In 
this study on a numerical methodology development for a hydrogen detonation simulation, Euler 
equations are constructed by neglecting diffusions of mass, momentum and energy. A shock capturing 
by numerical schemes is the most crucial part of the detonation simulation. For that a central-upwind 
scheme is adopted instead of approximate Riemann solvers. A basic form of a central-upwind scheme 
on a 1-dimensional mesh can be written as follows: 
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Among central-upwind schemes, a Kurganov-Tadmore (KT) [16] scheme is considered because of 
less numerical diffusion. A convective flux of Kurganov-Tadmore scheme fit to generic form of central 
and diffusion terms can be written as follows: 
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3. HYDROGEN DISTRIBUTION ANALYSIS 

3.1. BENCHMARK OF HYMERES HM1-1 EXPERIMENT 

If a hydrogen cloud rises up to a containment dome during a severe accident, the atmosphere in a 
containment becomes a stably-stratified field of density. It is very important to evaluate how long it 
takes for the stratified hydrogen mixture cloud to be well diluted. During a severe accident, hot steam 
is continuously released into the containment even after the hydrogen release. A jet flow of the steam 
easily becomes a buoyant jet or plume when it loses its momentum by a turbulent shear or occurrence 
of jet impingement on an obstacle or compartment wall. The turbulent buoyant flow of the steam 
enhances mixing of the highly concentrated hydrogen mixture cloud developed in the upper region, 
which is called an erosion of stratified hydrogen. This phenomenon is reevaluated in the frame work 
of international collaboration research HYMERES [17] operated by PSI and CEA. In the project, a 
blind benchmark of Helium mixing test HM1-1 was proposed. The facility of HM1-1, MISTRA, is 
composed of a pressure vessel, inner structures, temperature control system, and measurement system. 
The inner radius, height and free volume of the pressure vessel are 2.125 m, 7.380 m and 97 m3 
respectively. In the HM1-1 test, the vessel is initially filled with air and helium as a simulant of 
hydrogen is stratified in the upper region of the vessel with a nominal mole concentration of 40 %. Hot 
air is injected from a horizontal pipe inside the vessel and impinges on the outer surface of the inner 
cylinder installed in the vessel. A blind and an open benchmark analyses were performed for the HM1-
1 test. Here, the summary of the analyses is described. Because the inner cylinder is very thin, it is 
impractical to use CHT model. During the blind benchmark, three heat transfer models for the inner 
cylinder and annular plate were used for a comparative study, which are thermalBaffle1D, 
thermalBaffle and thermalBaffleUnsteady1D. ThermalBaffle1D is a model based on heat flux balance 
neglecting thermal capacity of a structure. ThermalBaffle is a kind of 3-D unsteady heat conduction 
model applicable to a thin shell. ThermalBaffleUnsteady1D is a newly developed model based on 1-
D unsteady heat conduction. FIG. 4 shows comparison of temperature-time histories of air arising after 
impingement on the inner cylinder. It was found that the gas temperature from the 
thermalBaffleUnsteady1D model was a little hotter than the regional thermalBaffle model because of 
neglecting thermal diffusion in tangential direction of the baffle wall, but it gives better results than 
the steady thermalBaffle1D compared to the open data from the HM1-1 experiment. 
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FIG. 4. Comparison of gas temperatures from HM1-1 test simulation with three wall heat conduction models. 

During the blind benchmark, a standard k-e turbulence model with modifications for generation of 
kinetic energy by buoyancy and prevention of kinetic energy build-up at a stagnation point [18] was 
used 
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For an open benchmark analysis, a realizable k-e turbulence model [13] with a buoyancy production 
based on a generalized gradient diffusion hypothesis [14] was implemented.  
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In the comparison of helium concentration at TCG15 in upper helium region, the effect of turbulence 
models on the rate of the helium mixing are clearly shown in FIG. 5.  
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FIG. 5. Comparison of helium mole concentration from HM1-1 test simulation with two different turbulence 
models. 

3.2. HYDROGEN DISTRIBUTION AFFECTED BY PAR 

In general, a jet flow of hydrogen released into a containment develops into a plume after losing its 
momentum and moves upper region of a containment, and finally it is accumulated in a dome of a 
containment. During the release of the hydrogen, it is mixed with ambient gases such as air or steam 
by a turbulence mixing. But a mobilization of a hydrogen in a containment may be affected by a 
thermal hydraulic conditions of a containment atmosphere. When PARs installed in a containment are 
active, hydrogen mixture cloud may not move upward because of the exhaust gas heated by the 
exothermic reaction. 

3.2.1. SPARC pre-test simulation 

Currently it is underway to set up the SPARC test facility for an experimental simulation of hydrogen 
stratification phenomena affected by PAR or PARs activation which was already mentioned at PARIS-
I in the frame of SARNET WP12-2 [13] containment atmosphere mixing. Hydrogen stratification may 
occur in a containment by many reasons, which must be removed or minimized in order for hydrogen 
safety management. One of the reasons of the hydrogen stratification is by heated exhaust gas of PARs 
occupying a region above a hydrogen plume. Experiments using the SPARC test facility is focused on 
detail evaluation of hydrogen stratification dependent on two PARs’ configurations. 

As pre-test calculations, some numerical simulations using h2RecombinerFoam has been conducted. 
In the simulations, hydrogen is released during 1,000s at a rate of 0.26 g/s through a vertical pipe with 
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a diameter of 0.3 m. FIG.s 6 and 7 show hydrogen distributions along time for two configurations of 
PARs. When the two PARs are installed in parallel, the PARs make very symmetric flow in the SPARC 
vessel. It is also shown that the buoyant jet of the hydrogen cannot penetrate gas cloud with the exhaust 
gas of the PARs. After stopping the hydrogen injection, it is seen that an interface of the hydrogen 
concentration slowly moves downward in the SPARC vessel.  

 

FIG. 6. Hydrogen distribution in the SPARC vessel with two PARs at same elevations 

 

FIG. 7. Hydrogen distribution in the SPARC vessel with two PARs at different elevations. 

In the case when two PARs are installed in a staggered configuration, the penetration of buoyant jet of 
the hydrogen looks hindered more than the first case. But an interface of the hydrogen concentration 
moves downward faster than the case.  
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3.2.2. Hydrogen distribution in a containment 

The h2RecombinerFoam code was implemented to evaluate thermal hydraulic behavior of hydrogen 
affected by activation of PARs installed in the SMART containment during a severe accident. SMART 
is one of small integrated modular reactors, whose thermal power is 365 MW. The total mass of 
hydrogen generated by 100% oxidation of the SMART fuel clad is about 200 kg. In this study, a simple 
linear extrapolation of a hydrogen release rate from an analysis of a loss-of-coolant-accident (LOCA) 
in SMART using MELCOR is used to get the total mass of hydrogen. The SMART containment is 
split into lower containment area (LCA) and upper containment area (UCA). Hydrogen generated in 
the reactor is released into LCA with steam during a severe accident. Hydrogen and steam in LCA are 
discharged into two small pools where the steam is condensed, and the hydrogen is released into UCA. 
Distribution of the hydrogen released in UCA was simulated using the h2RecombinerFoam code for 
the cases without PARs and with PARs installed in the containment. FIG. 8 shows that hydrogen 
distribution in the containment at 13,000 s. It is seen that two hydrogen plumes are developed at the 
vents of the pools. In the case without PARs, the hydrogen plumes reach upper dome of the 
containment, but in the case with PARs it looks that the hydrogen plumes does not reach the dome 
because of the heated exhaust gas of the PARs occupying the dome region. This phenomenon is very 
similar to SPARC pre-test analysis.  

 

FIG. 8. Hydrogen distribution at center plane and hydrogen plumes from vents in the SMART containment, 
(a) without PAR, (b) with PARs. 
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FIG. 9. Hydrogen distribution along a vertical line at center of the SMART containment, (a) without PAR, (b) 
with PARs. 

Distributions of hydrogen concentration along a vertical line at the center of the containment are shown 
in FIG. 9. FIG. 9 (a) is from the case without PARs and it depicts that a mild positive gradient of the 
hydrogen concentration is developed. But in the case with PARs, it is found that a negative gradient 
of the hydrogen concentration is developed after PARs are activated. From this study it is thought that 
an optimal design of PAR installation is needed. 

4. HYDROGEN COMBUTION ANALYSIS 

4.1. FLAME ACCELERATION ANALYSIS 

4.1.1. Simulation of ENACCEF experiment 

ENACCEF [19] is one of famous test facilities for a flame acceleration experiment. It is composed of 
an acceleration tube with 3.3 m height and 0.154 m internal diameter and a dome with a height of 
0.738 m. In order to accelerate a flame propagation in the tube, obstacles are installed with a variable 
blockage ratio. Among the various test cases, two cases with negative and positive gradients of 
hydrogen distributions in the test vessel were considered for validation of the numerical models of 
turbulent premixed combustion. In this case, XiFoam in the OpenFOAM package was used without 
any modifications. As shown in FIG. 10 (a), hydrogen distributions are modeled as linear profiles with 
positive and negative gradients. FIG. 10 (b) shows initial mass fractions of hydrogen in the ENACCEF 
test vessel with the assumption of linear profiles. 
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FIG. 10. Linear assumption of hydrogen distributions with negative and positive gradients, (a) hydrogen mole 
fraction, (b) mass fraction of hydrogen. 

 

FIG. 11. Temperature distributions from simulation of an ENACCEF test with negative gradient of initial 
hydrogen distribution. 

FIG. 11 is results from numerical simulations by using the XiFoam combustion solver to show 
characteristic of the hydrogen flame propagation visualized by temperature distributions. As can be 
seen in the figures, the flame surface is very stretched by obstacles installed in the acceleration tube. 
The speeds of flames propagating in the ENACCEF test vessel are compared in FIG. 12. It shows that 
flames in the two cases with hydrogen distributions of negative and positive gradients are accelerated 
in the acceleration tube, but an acceleration rate is higher in the negative gradient case than the positive 
gradient case. In the case with the decreasing hydrogen concentration, the accelerated flame by the 
obstacles is quickly decelerated before entering the dome. On the contrary, the characteristic of the 
flame propagation of the positive gradient case is a little complicated by the effects of the increased 
hydrogen concentration and enlarged volume in the dome. From this benchmark, it is thought that 
XiFoam predicts well the flame acceleration by obstacles.  
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FIG. 12. Comparison of flame speed in the ENACCEF test with (a) negative gradient, (b) positive gradient of 
initial hydrogen distribution. 

4.1.2. Simulation of a hydrogen combustion in a compartment 

During design of a SMART containment, it was proposed to sparge hydrogen and steam into an 
IRWST (in-containment refueling water storage tank) water pool as one of strategies to depressurize 
the reactor during a severe accident. In order to evaluate the strategy in view of hydrogen safety in the 
IRWST compartment, analyses of hydrogen distribution and combustion were conducted sequentially. 
In a simulation of a hydrogen distribution in the SMRAT containment it was assumed that all the steam 
sparged into the IRWST water is fully condensed as a conservative point of view in hydrogen safety. 
FIG. 13 (a) is hydrogen concentrations at two points in the IRWST atmosphere above the water pool. 
It depicts that a flammable hydrogen mixture is developed in the IRWST compartment.  

 

FIG. 13. (a) Variations of hydrogen concentration at two points in the IRWST of SMART, (b) schematic of the 
IRWST compartment with boundary conditions and ignition location. 

As a second step to evaluate a hydrogen safety in the compartment, a hydrogen combustion was 
simulated to understand characteristic of a flame propagation in the compartment with an assumption 
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that hydrogen is fully mixed with air at a stoichiometric condition (30 vol% of hydrogen). In the 
IRWST, as shown in FIG. 13 (b), ignition is assumed to occur at far away from the vent ducts of the 
IRWST. FIG. 14 shows a flame front by temperature contours at 0.2 s and 0.235 s after ignition. It is 
clearly shown that the hydrogen flame is very folded and stretched by internal structures. Flame speed 
was evaluated from the simulation results and it was found that maximum flame speed reaches around 
1,000 m/s near vent duct, which means that a possibility of DDT cannot be excluded. 

 

FIG. 14.Temperature distribution by a combustion analysis in the IRWST, (a) at 0.2 s, (b) 0.235 s. 

4.2. DETONATION ANALYSIS 

If there is a possibility of DDT in a compartment filled with a hydrogen mixture due to its geometric 
characteristic and concentration of the hydrogen, how severely a detonation impulse can affect the 
structural integrity needs to be evaluated by coupling analysis codes of hydrogen detonation and 
structure mechanics. While analysis tools for structure mechanics are well established, numerical 
models for a hydrogen detonation simulation still needs improvements. The proposed numerical 
method which uses central-upwind convective scheme and a 7-step hydrogen-air chemistry is validated 
by applying it for the simulation of the RUT detonation experiment. 

4.2.1. Simulation of KI-RUT-HYD09 Experiment 

4.2.1.1. Computational mesh and initial conditions  

One of the RUT detonation experiments KI-RUT-HYD09 [20] has been widely used for validation of 
various detonation analysis codes. The RUT test facility for HYD09 is characterized by a canyon and 
a long channel with a bend. Ignition to a hydrogen-air mixture was made by TNT at the right end as 
shown in FIG. 15(a).     
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FIG. 15. (a) Schematic of KI-RUT-HYD09 experiment, (b) Mesh for detonation simulation. 

A computational mesh for simulation of the KI-RUT-HYD09 experiment was generated by 
SALOME’s multi-block mesh scheme as shown in FIG. 15(b). And the mesh is composed of 
hexahedral cells of 2,211,900. 

In the experiment an initial shock was generated by 200 g of TNT. The following equation can be used 
for initialization of a pressure field at a certain spherical region. In this simulation a spherical shock 
with radius of 0.65 m and pressure of 15.85 bar was set as an initial condition.  

∆p = 1.02 + 4.36 + 14
/ / /

    [bar]            (20) 

4.2.1.2. Propagation of shock waves 

FIG. 16 (a) and (b) show initial pressure field with a spherical jump surrounding the ignition point and 
shocks incident on the wall at 1 ms. When the front shock passes through the bend of the RUT channel 
at 4 ms, reflected shocks are developed in a similar way to a supersonic flow in a channel with 4 % 
bump. After then the reflected shocks follow the leading front shock as shown in FIG. 16 (d) at 8 ms. 
When the leading front shock enters the canyon, it is expanded into the enlarged space as shown in 
FIG. 16 (e) at 12 ms. Finally, the shock waves interact very complicatedly when the leading front 
shock hits the forward step face of the canyon as shown in FIG. 16 (f) at 16 ms. 

4.2.1.3. Comparisons of pressure variations 

Pressure data of the KI-RUT-HYD09 experiment at point 7 to 11 are available. Point 11 is the most 
upstream point according to the moving direction of the shock. In the numerical analysis of the 
experiment TNT explosion was not simulated. So the arrival time of the leading shock at the point 11 
in the simulation was shifted in order to synchronize the pressure-time histories between the 
experimental and numerical data. FIG. 17 shows the comparisons of pressure variations along time at 
the 4 points among the data from experiment and COM3D and current simulations.  

 

(a)                                                                              (b) 
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FIG. 16. Detonation shock, (a) at t=0 s, (b) at t = 0.001 s, (c) at t = 0.004 s, (d) at t = 0.008 s, (e) at t = 0.012 
s, (f) at t = 0.016 s. 

5. SUMMARY 

It is still on-going to develop an analytical tool, containmentFOAM, for a turbulence-resolved detail 
analysis of hydrogen behaviors in a NPP containment based on OpenFOAM. Some modules 
implemented in the analytical tool have been validated by solving benchmark problems which are 
made by international collaborations. Also, there were trials to apply the tool for evaluation of a 
hydrogen safety in a NPP containment. It is believed that the analytical tool will contribute to 
enhancement of a hydrogen safety management when it is well developed.  

 

(a)                                                                               (b) 

(c)                                                                                (d) 

(e)                                                                                 (f) 
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FIG. 17. Comparisons of pressure variations for KI_RUT-HYD09, (a) at point 11, (b) at point 10, (c) at point 
9, (d) at point 7. 
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ABSTRACT 

During a severe accident involving degradation of the core of a light water reactor the hydrogen could 
be generated and released into the containment atmosphere posing a deflagration or even an explosion 
hazard. In case of deflagration, the integrity of the containment would be threatened by the increase of 
the containment atmosphere pressure and temperature. If turbulent flames developed it would cause 
high pressure pulses, shock waves, etc. For simulation of such processes a reliable numerical codes 
are needed. 

Hydrogen combustion processes have been largely studied in case of a homogeneous hydrogen 
distribution in the containment atmosphere, however there are still unresolved issue of flame 
acceleration due to turbulence generated by the obstacles in the flame path. These problems are even 
more pronounced in the case of lumped-parameter modelling approach, since lumped-parameter codes 
generally lack information on turbulence inside modelled volumes. 

This article presents numerical analysis of the accelerating hydrogen flame experiments performed 
integral lumped parameter code ASTEC. Brief experiment description, used nodalisation schemes of 
the test facility ENACCEF2 and obtained numerical results are presented. 

1. INTRODUCTION 

During a severe accident involving degradation of the core of a light water reactor the large amount of 
hydrogen is expected to be generated and released into the containment atmosphere. Hydrogen – air 
mixtures are highly flammable and may be even detonable, therefore hydrogen presence in the 
containment atmosphere is a risk to its integrity. A containment can be damaged by the pressure and 
temperature increases caused by deflagration or shock waves caused by turbulent flames. 

Reliable numerical codes are needed for simulation of hydrogen combustion processes. Hydrogen 
combustion have been largely studied in case of a homogeneous hydrogen distribution in the 
containment atmosphere, however there are still unresolved issue of flame acceleration due to 
turbulence generated by the obstacles in the flame path. These problems are even more pronounced in 
the case of lumped-parameter modelling approach, since lumped-parameter codes generally lack 
information on turbulence inside modelled volumes. These topics were addressed in the 
MITHYGENE-ETSON hydrogen deflagration benchmark [1]. 
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This article presents numerical simulation of MITHYGENE-ETSON benchmark experiments 
performed using integral lumped parameter code ASTEC [2]. Brief experiment description, used 
nodalisation scheme of the test facility ENACCEF2 and obtained numerical results are presented. 

2. ENACCEF2 TEST FACILITY AND PERFORMED EXPERIMENTS 

Simulated experiments were performed in the ENACCEF2 facility (Orleans, France) by the French 
National Centre for Scientific Research (CNRS) in the frame of collaboration with the Institute for 
Radiological Protection and Nuclear Safety (IRSN). 

ENACCEF2 is a vertical acceleration tube of 7.65 m height and 0.23 m inner diameter, composed of 
9 modules. Repeated obstacles can be inserted into this tube. Electrodes used for the flammable 
mixture ignition are situated at the bottom of the tube. 

In the benchmark experiments nine annular obstacles were inserted into the acceleration tube. They 
were arranged at equal distances of 0.23 m. The lowest of the obstacles was inserted at the height of 
0.638 m. Their locations (distances from the ignition point) are given in the Table 1. 

TABLE 3. OBSTACLE LOCATIONS 

Obstacle Location (m) 

1 0.638 

2 0.868 

3 1.098 

4 1.328 

5 1.558 

6 1.788 

7 2.018 

8 2.248 

9 2.478 

The blockage ratio (ratio between between the area obstructed by the obstacle and the section of the 
tube) of the used obstacles was 0.63. Their thickness was 4 mm. 

Flame positions during the deflagration were derived from the photomultiplier records of the flame 
luminosity. There are 27 UV-sensitive photomultiplier tubes (HAMAMATSU, R928) mounted across 
sapphire windows (optical diameter: 10 mm, thickness: 5 mm) on the facility. The pressure variation 
in the tube during the flame propagation was monitored using several high speed pressure transducers 
(2 PCB and 8 KISTLER), mounted on the inner surface of the tube. The composition of gas was 
obtained by the gas chromatography of the samples taken with a glass bulb from the facility. 
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Three experiments performed in the ENACCEF2 facility were presented for simulations in the 
MITHYGENE-ETSON benchmark. All three experiments had initial homogeneous conditions. The 
purpose of the benchmark was to evaluate codes abilities to model flame acceleration due to obstacles 
taking into account different mixture compositions; therefore the parameter which was varied between 
experiments was the initial hydrogen concentration. The first experiment (TEST1) had an initial 
mixture composition of 13%vol of hydrogen and 87%vol of air, second experiment (TEST2) – 11%vol 
of hydrogen and 89%vol of air and third experiment (TEST3) – 15%vol of hydrogen and 85%vol of 
air. 

All three experiments were started at ambient temperature and normal pressure (23 °C and 1 bar). 
Premixed homogeneous flammable hydrogen – dry air mixture was used to fill vacuumed down (to 1 
Pa) facility. 

In all three experiments flame propagated upwards from the ignition point at the bottom of the facility. 
After encountering obstacles flame accelerated, and decelerated in the upper part of the tube. 

3. HYDROGEN DEFLAGRATION MODELLING IN ASTEC CODE 

Simulations were performed using integral severe accident analysis code ASTEC (Accident Source 
Term Evaluation Code) V2.1 [2]. ASTEC code is currently developed by the IRSN (France) with the 
aim of creating an analysis tool capable to simulate an entire severe accident sequence from the 
initiating event through to release of radioactive elements out of the containment. Large diversity of 
simulated processes is achieved by the modular structure of the code. 

Described simulations were performed using two ASTEC modules: containment thermal-hydraulic 
module CPA and additional CPA-FRONT module for hydrogen combustion simulation. 

CPA module is a lumped-parameter code, therefore ENACCEF facility had to be described using 
nodalisation scheme, in which it is divided into homogeneous zero-dimensional “zones” (also called 
“nodes” or “control volumes”) connected by one-dimensional “junctions” for gas flows and flame 
propagation. 

In the CPA-FRONT module propagation of the flame front is described by the laminar burning velocity 
SL, calculated using modified Liu – MacFarlane correlation [3] provided by CNRS and the turbulence 
velocity (flamelet model by Peters [4]). Since CPA is a lumped-parameter code, there is turbulence 
information missing, therefore in the FRONT model this information is estimated from the Reynolds 
number Re: 

u'=CugasRen, 

where u’ is turbulence intensity, ugas is gas velocity, C and n are parameters fitted to provide the best 
results in all experiments available to code developers. 
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Turbulent burning velocity ST is then calculated according to Peters model. The total flame front 
velocity UF is the sum of the gas velocity in the junction and turbulent burning velocity: 

UF =ST +ugas 

4. NODALISATION SCHEME 

In order to simulate performed experiments using lumped-parameter CPA module of ASTEC, 
nodalisation scheme of the ENACCEF facility was developed. The view of this scheme is presented 
in Fig. 1 (upward direction to the right). 

Developed scheme consists of 33 vertically stacked zones of equal cross section area. The zones have 

the shape of vertical cylinder. Its diameter is equal to the inner diameter of acceleration tube. Three 
different heights of the zones in the acceleration tube are used depending on the zone location: 

 0.178 m for the first (bottom) zone; 
 0.23 m for the zones between obstacles and in front of them (except the first zone); 
 0.235 m for the zones after obstacles. 

The mass transfers and flame propagation in model is simulated using one-dimensional connections 
between zones, called atmospheric junctions. The area of these junctions is set equal to the geometric 
cross section area of the connected zones. Obstacles are also simulated using these junctions – since 
obstacles in the model are located at the zone boundaries, reducing of the junction area according to 
the used obstacle blockage ratio effectively simulates the obstacle. 

Heat losses are not simulated in the presented calculations. Combustion model parameters which can 
be modified by the user where set to obtain high flame velocities in the obstacles region. 

5. SIMULATION RESULTS 

Figure 2 presents flame flame arrival times along the facility height obtained from the calculations. 
Flame starts to accelerate already from the 0.5 m in all cases. As expected, the higher the initial 
hydrogen concentration, the faster flame is obtained. High flame velocity region looks the same in all 
cases (almost horizontal lines), differences in this region will be visible in the velocity figure. In the 
flame deceleration region, calculations generally show decrease of flame velocity, which becomes 
earlier and more pronounced with lower initial hydrogen concentration. 

FIG.1. Nodalisation scheme of ENACCEF facility (upward direction to the right). 
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FIG.2. 
Flame arrival time. 

Calculated velocities are presented in Figure 3. Calculations predict flame acceleration region in the 
obstacles area. Qualitatively, in all cases velocity profiles are similar, except that 11 % initial hydrogen 
concentration case does not show secondary velocity peak, which is present for other cases at above 3 
m height. Maximal obtained velocities are presented in Table 2. 

FIG.3. Flame velocity profiles. 

TABLE 4. MAXIMAL VELOCITIES 

Initial concentration Maximal velocity, m/s 

11 % 279 

13 % 352 

15 % 446 
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Figure 4 presents numerical pressure evolutions at different locations in the facility for the three cases. 

In all simulated cases pressure behaviour qualitatively is similar. Pressure values are proportional to 
the initial hydrogen concentration. 

Results presented above were obtained using the best-estimate values of the following combustion 
model parameters: 

 minimal integral-scale of the turbulence; 

 factor to modify combustion duration in the starting zone; 

 power in the turbulence intensity; 

 pre-factor in the turbulence intensity; 

 turbulence decay coefficient. 

To check the sensitivity of the results to these parameters, 200 calculations were made in total with 
simultaneous variation of these parameters in a few percent range. Results (presented below in Figures 
5 – 10) showed that maximal flame velocity does not exhibit high sensitivity to the parameter variation 
in this range. Also, there is no clear correlation between the parameter values and maximal velocity in 
this range. 

FIG.4. Pressure evolutions. 
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FIG.5. Flame profiles off all 200 cases for all 3 tests. 

 

FIG. 6. Maximal flame velocity sensitivity to the minimal integral-scale of the turbulence. 



190 | P a g e  
 

 

FIG.7. Maximal flame velocity sensitivity to the factor modifying combustion duration in gthe starting zone. 

 

FIG.8. Maximal flame velocity sensitivity to the power in the turbulence intensity. 
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FIG.9. Maximal flame velocity sensitivity to the pre-factor in the turbulence intensity. 

 

FIG.10. Maximal flame velocity sensitivity to the turbulence decay coefficient. 

6. CONCLUSIONS 

MITHYGENE-ETSON benchmark hydrogen combustion experiments were simulated using integral 
ASTEC code. 

 Flame arrival times decrease with the increasing initial hydrogen concentration. 

 Maximal flame velocities were obtained in the obstacles region, flame in the experiments with 
higher initial hydrogen concentration reaches higher velocity: 

• 11 % – 279 m/s; 
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• 13 % – 352 m/s; 
• 15 % – 446 m/s. 

 Results values depend on a number of model parameters, however in this case variation of the 
selected parameters in the interval of few percent does not lead to significant variation of the 
maximal flame velocity. 
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ABSTRACT 

Nowadays it is widely required that for the severe accident progression analysis and its associated 
phenomenology, be included the detailed study for behavior and diffusion of hydrogen inside of 
internal rooms and other areas in a Nuclear Power Plant, this is in order to avoid or minimize possible 
hazards and accidents because of hydrogen combustion . 

The analysis related to the behavior and reaction of hydrogen against changes over hardware or 
implementation of new features on systems, allows evaluate in an integral manner the possible risk 
through the simulation of scenarios by using the representative facility models, developed specifically 
for these cases. Thereby, the National Commission of Nuclear Safety and Safeguards - Mexico has 
been working since 2012 in the development of inputdeck models to analyze, for a wide spectrum of 
scenarios the behavior of hydrogen for several conditions, which allows establishing the criteria to 
evaluate the strategies of mitigation and control. 

1. INTRODUCTION 

After Fukushima Dai-ichi accident, the needs to improve the safety measures against possible dangers 
leads to develop new applications and inputdeck files that represent with a good grade of accuracy the 
behavior of scenarios regarding hydrogen releases after severe accidents, and its impact in the agendas 
and safety implementation plans of regulatory bodies and nuclear facilities. 

One of the strategies implemented to face the dangers related to release of hydrogen into an oxygenated 
atmosphere is Hardened Containment Venting System (HCVS), included by NRC under EA-12-050 
and EA-13-109 orders. Many countries have been analyzing the applicability of these strategies to 
their own technology. In Mexico the National Commission of Nuclear Safety and Safeguards (CNSNS) 
started in 2012 the efforts to analyze the phenomena inside a hardened venting piping when a 
considerable amount of hydrogen is present because of releases after a severe accident, efforts 
established in collaboration with Nuclear Research National Institute (ININ) using the GasFlow CFD 
Code. 

After perform some calculations that indicate that hardened venting piping could to be exposed to 
loads because of explosions due hydrogen accumulation into the pipeline, CNSNS will take the leading 
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in analysis and modelling of progression by using MELCOR code, after this, the use of CFDs was 
considered to characterize the hydrogen distribution through the pipeline of a proposed HCVS. 
GasFlow Code was used in the simulation of several scenarios.  

The strategy implemented was to obtain the information needed related to releases and amount of 
hydrogen generated and accumulated in some specifics defined control volumes, MELCOR Code 
provides this information initially. In order to know the distribution and diffusion of gases in 
containment and path structures, and to quantify the magnitude of loads due to explosions dependent 
hydrogen concentration in specific zones, the ININ developed the CFDs model under GasFlow Code, 
CFD model was feed with results obtained at the first stage of analysis for boundary conditions. 

Severe Accident or Thermal-Hydraulic Codes results coupled with CFDs calculations will provide a 
very good approach to analyze in detail concentrations, distributions, and transport phenomena among 
others. In this way, CNSNS implemented with ININ support, the CFD analyses methodology to 
evaluate for example the distribution of boron solution in reactor core for specific conditions, as well 
as detailed effects of spray in primary containment as results of actions performed to mitigate the 
severe accident; these activities were based for these activities on OpenFoam calculations, a CFD Code 
to analyze the behavior of fluids 

Scenario postulated was a Station Blackout, this is in order to establish the most extreme conditions 
that contribute the core damage and accelerated hydrogen generation and degradation of components 
for specific MARK II containment. 

CFDs analysis was extended as mentioned before to evaluate the fission product removal in the 
primary containment using the water spray system, the buildup of OpenFoam solvers in order to handle 
the phenomena model are enclosed in the task of implementing for new applications. Verification and 
validation process of solvers is planned to be implemented next year, by defining the stages and 
requirements established by guidelines and internal processes. 

2. ANALYSIS OF HYDROGEN IN DRYWELL 

Releases in drywell was initially analyzed using MELCOR code, obtaining results that allow to 
analysts evaluate the dangers and calculate the amount of hydrogen present in drywell. These 
calculations were enough to support some evaluations that includes only the global effects and 
generation of hydrogen; results obtained represent a good approximation to expected to occur under 
severe accident conditions. However strategies to mitigate and control the hydrogen issues, require 
most detailed analysis related with local effects, transport, distribution and characterization. Strategies 
postulated by utilities must be reviewed and checked in order to ensure that comply with its purposes; 
regulatory bodies can (or not) be involved in the activities of surveillance of development processes 
for mitigation and control strategies, but even when authorities decided not to be part on this group, is 
important to perform independent analysis that contributes to increase and improve safety in nuclear 
utilities. 
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Postulated strategies to mitigate or control the hydrogen generation, represents a set of changes in the 
input model developed in CNSNS in order to know and characterize the distribution and behavior of 
gas; however, at the beginning, these changes only will provide results over quantities and global 
effects of hydrogen inside a specific control volume. Effects of distribution and local behavior was not 
analyzed using integral codes, and was not possible to establish criteria related with safety effects due 
local concentrations, distribution, transport, among others, for this reason was necessary the 
implementation of techniques and methodologies that allow determine the local detailed effects of 
releases and concentration of hydrogen. To analyze this phenomena was implemented the CFDs 
calculations over primary containment, starting from the energy and masses discharged to suppression 
pool (PSP), this was considered as initial conditions in CFD calculations. 

Figure 1 shows the CFDs model developed by ININ to compute the distribution of hydrogen in the 
drywell after an SBO postulated for a MARK-II type containment. 

 

FIG. 1. Drywell model and meshing. 
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There exist for the specified volume two main hydrogen sources: a) source coming from wetwell 
resulting of open/close actuation of Safety Relief Valves (SRVs) to PSP where hydrogen generated is 
transported from vessel through SRV pipelines to discharge diffusers located in PSP, and b) due to 
reactor pressure vessel (RPV) failure. The mechanism of generation in vessel (zircalloy oxidation, 
absorber oxidation, etc.) and ex-vessel (Molten Corium-Concrete Interaction – MCCI, Direct 
Containment Heat – DCH) are computed initially as mentioned before by MELCOR code. CFDs code 
uses the output containing information related with amount and sources for hydrogen generated to 
simulate the distribution and effects of gas inside the primary containment (drywell). 

The figure 2 shows the cutoff of a side-view of a MARK-II containment used to develop the CFD 
model implemented in simulations for hydrogen distribution. 

 

FIG. 2. Side-view cutoff of MARK-II containment for a BWR RPV. 
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Using the information regarding measures, heights, dimensions, etc, the ININ developed the CDF 
representative model for the drywell in order to simulate the behavior of hydrogen in timeline, figure 
3 represented this model. 

 

FIG. 3. 3D-Full drywell meshing for MARK-II containment. 

This model was useful to determine the concentration and characterize the behavior of hydrogen in 
drywell, this result is important because it was used as input to analysis of hydrogen transport through 
a direct vent to reactor building (RB). 

Venting action is performed by operator under EOP directions, once limit pressure is reached, at this 
time the chocked flow resulting of sudden opening action and high pressure of containment causes that 
internal atmosphere moves very fast in a short time from containment to reactor building (non-inertized 
volume), where is expecting to occur explosions due hydrogen-oxygen reaction. (Explosions were not 
analyzed because of combustion modules absence in code used, but this case is particularly interesting 
to evaluate for new projects). 

At this point, a new problem was defined: the distribution of hydrogen inside RB; to evaluate this, a 
new model was developed to represent the volume of RB. Hydrogen now is moving through this 
volume, rooms were defined as small volumes connected side by side where gas inlet is possible, for 
this new stage the boundary conditions are provided by output of primary containment CFD model.  

Figure 4 shows the RB model used to analyze the distribution of hydrogen coming from primary 
containment once the venting is actuated. 
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FIG. 4. Reactor building CFD model – drywell extension. 

This model developed by ININ in collaboration with CNSNS was used to analyze the transport and 
behavior of hydrogen from reactor vessel to reactor building (reactor vessel-wetwell-drywell-reactor 

building) considering volumes, paths, initial and boundary conditions. This allow to participate in 
supporting activities related with strategies for mitigation and control of hydrogen under specific 

conditions, CNSNS does not issue recommendations but uses these results for independent analysis 
and implementation into the regulatory decision making process. 

3.1 RESULTS 

As part of partial results of this analysis, is important to consider that: knowing the distribution and 
general characterization of hydrogen inside the primary containment and then in the reactor building 
is possible identify in a detailed manner the transport phenomena (velocities, direction vectors, local 
temperatures, local concentration, among others). For this case (transport of hydrogen RPV-RB) 
figures 5-6, show the behavior of hydrogen inside the primary containment from the time of venting 
action for a time-window while hydrogen go completely out of drywell, figures 7-9 show the hydrogen 
distribution in the RB, and if flammability limits were reached for the concentrations resulting from 
scenario. 
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FIG. 5. Velocity of gases at (a) T=0 s, (b) T=0.1 s, (c) T=200 s, (d) T=499.1 s (axial). 

 

FIG. 6. Velocity of gases at (a) T=0 s, (b) T=0.1 s, (c) T=200 s, (d) T=499.1 s (azimuthal). 
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FIG. 7. Reactor building 3D cutoff. 

Figure 7 is the initial view for the reactor building, the horizontal cut at the middle show the parts of 
primary containment (pink structure represent an obstacle in the figure) and red arrows indicate the 
place where is located the cell that contains the source (as part of primary containment) as well as 
possible paths. 

Figure 8 show the concentration of hydrogen in RB from 0.1 to 499.1 seconds, there is an hydrogen 
fraction greater than 15% in the middle section (specifically where the cell of source is located), for 
this conditions, flame acceleration and detonations are probable and expected to occur. Hydrogen is 
moving horizontally and then through hatch to top levels of RB. Hydrogen will go to others volumes 
as far as connections exist between these structures, eventually, hydrogen will go to the top level of 
RB. 

Because of mixture of hydrogen with RB atmosphere the sensitive cloud (15%) does not reach the top 
level of RB, however the volumetric fraction of hydrogen is over 4%, with this value is expected to 
occur flammability in the specific rooms. Figure 9 show the distribution of hydrogen at the end of 
scenario by limiting under 4% the color scaled map in order to see more clearly the flammability 
condition at the top level of RB. 

In this manner, analysis performed over distribution of hydrogen allows to increase the information 
available for analysts to evaluate and analyze the strategies to mitigate/control the hydrogen issues by 
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implementing of safety equipment, igniters, barriers, recombiners in key places and evaluate the 
options to actuate them in time under specific conditions. 

 

FIG. 8. Volumetric fraction of hydrogen at (a) T=0.1 s, (b) T= 499.1 s. 
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FIG. 9. Volumetric fraction of hydrogen limited to 4%. 

3. ANALYSIS OF HYDROGEN IN VENTING PIPELINE 

Following results obtained from the simulation for distribution of hydrogen in drywell, the analysis of 
hydrogen behavior in venting pipeline was performed in order to know the danger of deflagrations or 
explosions in a postulated HCVS, pipeline was defined as structure including a rupture disc to release 
gases to environment once limit defined pressure is reached. 

Venting pipeline does not include any structural information that simulate damage to material due 
overpressure or loads because explosions inside defined volumes. The analysis includes only the 
behavior of hydrogen under specific conditions at the time of release and transport phenomena through 
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venting pipeline. Figure 10, shows the proposed model to represent the pipeline from primary 
containment to outside of RB. 

 

FIG. 10. Model of hardened venting pipeline. 

For this case, and in the same way that for the previous one, the initial conditions of energies, masses, 
inventories of hydrogen and gases inside the primary containment, were provided by results of 
MELCOR. Now the source coming from primary containment is not connected to the RB but the inlet 
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of pipeline. A pressure detector element was modelled in each segment of pipeline, in order to identify 
the increases of pressure due overloads of detonations. 

4.1 RESULTS 

Figure 9 shows the local pressure for several segment of pipeline, increases in pressure means that 
combustion model was activated due the existent conditions in the specific volume. Figure shows that 
after a suddenly increase of pressure in segment 9, a chain of increases in pressure for other segments 
are presents. 

 

FIG. 11. Elapsing time - pressure profile (low concentration of hydrogen). 

 

FIG. 12. Elapsing time - pressure profile (high concentration of hydrogen). 
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Results obtained are useful to establish the conditions under which the pipeline is vulnerable due high 
concentrations or even to evaluate the strategies to mitigate the conditions that leads a possible 
explosion in pipeline. 

This las topic was specifically under analysis after the results presented by ININ, and a more 
exhaustive analysis is carried out by interested institutes. 

4. CONCLUSIONS 

Integration of results coming from codes that provide the amount of concentration, masses, inventories, 
with codes that allow to analyze with a high grade of detail, represents a good approach to be 
considered in evaluations and analysis related to safety and processes of reviewing for implementation 
of hydrogen mitigation/control strategies. Many applications can be implemented, and experience 
related with the use of CFDs for analysis is increasing through use of this techniques to evaluate 
specific scenarios and safety issues. 

One of goals of regulatory body can be the participation (or not) in an active way, in the tasks and 
activities related with evaluation of mitigation/control strategies regarding hydrogen, however, even 
when regulatory body leaves these activities exclusively to the nuclear facility, is responsibility of 
authorities, perform at least independent evaluations in order to have a technical basis to sustain the 
regulatory decision making process. In this sense, the implementation of techniques that helps to 
analyze different scenarios under specific conditions are with no doubt very useful in the organizations, 
institutes, universities and regulatory bodies and their safety commitment position. 
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ABSTRACT  

Ever since the TMI-2 accident, the nuclear industry has aimed to have a better understanding of severe 
accidents and its consequences. The computer codes, like MAAP and MELCOR, developed to get this 
broader knowledge struggle to produce a consolidated result of what the sequence of events of the 
quantitative results are in a severe accident scenario. The lessons learned from the different severe 
accident occurred in the nuclear industry history have helped to develop de the Severe Accident 
Guidance (SAGs), which when followed reduce the hydrogen generation and the overall accident 
consequences. This paper studies a severe accident scenario in a BWR Mark II where no SAGs are 
followed in MELCO 2.1 and MELCOR 1.8, these simulations reinforce the findings that, although the 
same code is used, the different amount of hydrogen is generated from one version of the code to 
another. Also, a short and long term SBO in a Mark II BWR are analysed with MAAP4; in the first 
simulation the generation of ex-vessel hydrogen decreases from 400 kg to 100 kg while , in-vessel 
hydrogen generation decreases from 380 kg to 160 kg when severe accident guidelines are followed. 
The second case ,LTSBO, shows how when severe accident water addition (SAWA) starts by injecting 
400 gpm through the RPV combined with a wetwell vent containment, hydrogen reduces from 200 to 
80 kg ; a second vent reduces accumulated hydrogen from 140 to 60 kg until the hydrogen generation 
stabilizes at about 9 hours into the event. This work demonstrates how the use of the SAMGs provides 
a clear strategy to mitigate the consequences combining the lessons learned from the severe accidents 
experiences by the nuclear industry and the experimental data provided by experiments and modelled 
by computer codes like MAAP and MELCOR. 

1. INTRODUCTION  

In 1979, the Three Mile Island-2 (TMI-2) accident was a wakeup call to the growing nuclear industry. 
The industry as a whole, responded by forming new organizations and research programs that focused 
on beyond design bases [1] and severe accidents. 30 years later, the Fukushima Daiichi accident, 
revealed some problems in the conventional approaches used to ensure the safety of nuclear power 
plants [2]. To prevent those kind of accidents, the nuclear industry has used and enhanced the tools 
previously developed to get a broader understanding of the severe accident scenario and its 
consequences.  
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Among the tools developed to provide an integral analysis of a whole plant during a severe accident 
scenario are computer codes like EPRI’s Modular Accident Analysis Program (MAAP) and Sandia’s 
Methods for Estimation of Leakages and Consequences of Releases (MELCOR). The codes, along 
with Emergency Operational Procedures (EOPs), developed after the accident at TMI-2 and the Severe 
Accident Guidance (SAGs), developed after the accident in Chernobyl [3] and improved after 
Fukushima, give us the opportunity to simulate severe accident scenarios where mitigation actions are 
taken. It is important to understand that even though both codes give us a close representation of the 
sequences of events, the results within the codes limitations, varies from code to code.  

In section 2, we will provide some background of the nuclear industry response after the severe 
accidents experiences. We will go through the two of the most popular severe accident computer codes 
and reviewed the origin and basis of the severe accident guidelines.  

In section 3, two different approaches to a severe accident are shown. An unmitigated scenario in a 
BWR Mark II containment is analysed with two different versions of MELCOR, where the hydrogen 
generation changes from one version of the code to another. In this section, we study the impact that 
severe accident guidance has in hydrogen generation and accumulation in the containment of a BWR 
Mark II with a couple of severe accident scenarios with MAAP4 where SAGs are followed. The final 
conclusions will be provided in section 4.  

2. SEVERE ACCIDENT MODELLING & MANAGMENT  

2.1. Severe Accident Modelling 

Despite the very small offsite consequences, the TMI-2 accident in 1979, was taken very seriously by 
the authorities and the nuclear industry [1]. The analysis that followed this accident showed that the 
sequence of the TMI-2 events was closer to those postulated by WASH-1400 than to a design- bases 
event [1].  

Following the accident at TMI-2, the nuclear power industry developed different tools as part of the 
Industry Degraded Core Rulemaking (IDCOR). Among these tools were computers codes aiming to 
provide a useful means for analysing the consequences of a wide range of postulated plant transients 
and severe accidents for current plant designs [4]. These codes can be divided into two approaches: 
integral plant response modelling and detailed plant component response/severe accident phenomena 
modelling [4]. The integral approach analysis is intended to represent the response of the whole plant, 
including the core, the RPV and the containment, while a detailed approach represents a specific 
structure, component or system behaviour during accident progression. Computer codes in the first 
category include EPRI’s Modular Accident Analysis Program (MAAP) and Sandia’s Methods for 
Estimation of Leakages and Consequences of Releases (MELCOR); both of these codes have been 
used over the past 30 years to simulate severe accident sequences, and have showed that the differences 
it their internal models lead to different results in the core degradation and accident scenario 
progression [4]. While both codes have been benchmarked against available experimental tests, as well 
as the TMI-2 event, their differences are related to how models have been extrapolated from these data 
sources [4]. This paper does not intend to evaluate the differences between hydrogen generation with 
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MAAP and MELCOR, but to demonstrate how the different actions and the different ways to mitigate 
a severe accident affect the amount of hydrogen generated and retained during a severe accident 
scenario in a BWR Mark II containment design.  

2.2. Severe Accident Management  

After the TMI-2 and the Chernobyl accidents, it was clear that that the accidents, which may impose 
large dynamic loads on the containment had to be (a) prevented and/or (b) mitigated completely [1].  

This was the birth of severe accident management (SAM) as an active tool for minimising the public 
risk of a severe accident. SAM Guidelines are provided to mitigate the consequences of severe 
accidents for the cases where the measures provided by emergency operating procedures (EOPs) have 
not been successful in the prevention of fuel damage [6].  

Around the world, different Owner Groups have decided to create generic procedure and guidelines to 
provide the basis for plant specific emergency actions. In the case of the BWRs, the BWR Owner’s 
Group (BWROG) developed the generic guidelines for individual utilities to develop plant-specific 
procedures that take into account the variability in plant design [3]. The BWROG procedures are 
symptom-based and designed to respond to events as identified from the plant's instrumentation [3]. 
After the Fukushima Daiichi accident, the BWROG reviewed the guidance to improve the generic 
BWR emergency procedure guidance and applied the lessons learned. The reviewed version of the 
SAMG are used in the paper to show how its application affects the hydrogen generation and the 
overall result of a severe accident simulation.  

3. HYDROGEN GENEREATION IN COMPUTER MODELLING  

The MAAP-MELCOR crosswalk [4] by Luxant and Haphony demonstrated that MELCOR generates 
more in-vessel hydrogen; MELCOR simulation continues to generate hydrogen from the peripheral of 
the fuel assemblies, while MAAP predicts the steam flow through these assemblies to be blocked [4]. 
This difference, is due to differing representations of core degradation [5], and translates in over twice 
the total mass of hydrogen generated in MELCOR over that of MAAP. The differences in the amount 
of hydrogen generated exists not only between codes, but also among code versions.  

3.1. Hydrogen Generation in a LTSBO  

When comparing the La Salle BWR Mark II multi-nodal integrated model for MELCOR 2.16342 [5] 
with the MELCOR 1.8 model during a Long Term Station Black Out (LTSBO), Contreras [7] showed 
that the amount of hydrogen generated, as well as the progression of the accident, differ between 
MELCOR versions. In this scenario, the reactor trips and isolates, and all ECCS except the HPCS fail; 
containment over pressurization leads to ADS reclosure, containment failure and eventually HPCS 
consequential failure. 
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TABLE 1. LTSBO SEQUENCE OF EVENTS DIFFERENCE BETWEEN MELCOR 2.1 AND 
MELCOR 1.8[5] 

EVENT (hr) MELCOR 2.1 MELCOR 1.8 
SCRAM, Rx Isolated 0.00 

Suppression Pool Saturated 7.41 8.00 
Containment WW Pressures Exceeds 0.58 MPa (85 

psig) 
30.55 28.80 

Containment Failed with WW Break 53.38 53.52 
Collapse Water Below TAF 56.37 55.79 

First Fission Products Released 60.11 58.26 
First Core Material Relocated 60.45 58.78 
First Core Channel Blockage 61.66 59.82 

Deflagration Burn in Upper RB Unit 2 ---------- 62.33 
Core Plate in Ring 1 Failed 62.21 65.50 
Lower Plenum Dried Out 62.33 65.51 

Reactor Vessel Failed 62.28 65.56 
First Debris Ejected from RPV to DW Pedestal 65.60 66.42 

Drywell Pedestal Floor Drain Pipes Failed 65.93 66.75 
Wetwell Pedestal Received Core Debris 65.93 66.75 
Deflagration Burn in Upper RB Unit 2 70.15 72.21 
Deflagration Burn in Refueling Floor 70.15 * Burn Propagation 

72.20 
Deflagration Burn in Upper RB Unit 1 70.15 ---------- 

 

FIG. 1. LTSBO MELCOR La Salle RPV Pressure and Hydrogen history [7]. 

The differences, demonstrated by Contreras, show that the versions of the code do not change the 
qualitative behaviour in the accident simulation, as shown in Table 1, but it changes the timing of 
events and the quantitative results of the simulation. The hydrogen production is affected by a 
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difference of 442.35 kg between MELCOR 1.8 and MELCOR.2.1 [7]. Figure 1 shows the behaviour 
of a Mark II containment where no mitigation action is taken, the progression of events, and the amount 
of hydrogen generated with either version of MELCOR. 

In the case illustrated by Contreras, the lack of actions of the operators, translate in a high generation 
of hydrogen and RPV failure at high pressure. How much will this change when severe accident 
guidelines are followed to cope with the challenges faced during a nuclear accident, requires further 
study.  

3.2. Hydrogen Generation for various degrees of accident mitigation  

Severe Accident Analyses performed with MAAP4 for the development of the Laguna Verde Mark II 
BWR power plant provided hydrogen generation and retention estimates for a wide range of accident 
mitigation scenarios. Taking the case of a short term SBO, with no injection to the RPV from the onset 
of the event as an example, Figure 2 shows the critical reactor variables for the case with no mitigation, 
including lack of action to depressurize the RPV. This results in 240 kg of hydrogen released to the 
containment during in-vessel progression, 140 kg released during RPV breach by core debris, and over 
400 kg generated during the following 7 hours due core-concrete interaction (CCI) in the pedestal floor, 
for a total of 850 kg of hydrogen in the containment for this simulation.  

 

FIG. 2. STSBO at high pressure MAAP4 Laguna Verde response [7]. 

Adding the specified BWROG EOP action to depressurize the RPV before entering the SAMGs, 
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Figure 3 shows the variation in the critical reactor variables and hydrogen generation. This results in 
140 kg of hydrogen released to the containment during in-vessel progression, 20 kg released during 
RPV breach by core debris, and about 100 kg generated during the following hour due core-concrete 
interaction (CCI) in the pedestal floor, for a total of 280 kg of hydrogen in the containment for this 
simulation.  

The reduction of hydrogen generated ex-vessel between these two cases (400 vs. 100 kg) stems from 
the dispersal of core debris on the drywell floor outside the pedestal region for the case with RPV 
breach at high pressure. In this situation, the purpose of unconditionally depressurizing and 
maintaining the RPV depressurized in the BWROG SAMGs proves to be effective to limit hydrogen 
generation in the Laguna Verde specific Mark II design. 

 

FIG. 3. STSBO at low pressure MAAP4 Laguna Verde response [8]. 

On the other hand, the reduction of hydrogen generated in-vessel (380 vs. 160 kg) stems from the 
action to depressurize the RPV before entering the SAMGs, known as “steam cooling” in the BWROG 
EOPs. For this fast developing scenario, RPV depressurization effectively removes all water from the 
core region before metal-water reaction temperatures are reached, resulting in steam limited hydrogen 
generation. This is not the main objective of steam cooling, and small variations of mitigation actions 
where RPV is fully depressurized before injection is lost would not benefit from this steam starvation 
effect.  

It is noteworthy to mention that all cases shown here would lead to hydrogen concentrations well in 
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excess of deflagration limits if the containment was not inerted. All Mark I and Mark II BWRs are 
inerted during power operation, except for a 24-hour allowance before plant shutdown and after power 
ascension. In addition, BWROG SAMGs contain strategies to control flammable concentrations as 
needed.  

3.3. Hydrogen Generation with long term severe accident mitigation  

Post-Fukushima severe accident mitigation strategies for BWRs include water addition and 
management for the ex-vessel phase, and were developed as an integral part of the severe accident 
hardened wetwell vent capability in response to U.S. regulatory actions. The hardened wetwell vent 
has the benefit of suppression pool scrubbing, and discharges at a high elevation outside the reactor 
building, thereby avoiding the risk of hydrogen explosion inside the reactor building if the containment 
were to leak. 

 

FIG. 5. LTSBO at low pressure with SAWA/SAWM and wetwell vent [9]. 

MAAP4 simulations performed for Laguna Verde implementation of vent strategies [9] provide 
estimates for hydrogen generation and transport for these scenarios. Following on the example of a 
short term SBO, with no injection to the RPV from the onset of the event until RPV breach, Figure 5 
shows the critical reactor and containment variables. In this case, severe accident water addition 
(SAWA) starts 15 minutes after RPV breach, with an injection flow of 400 gpm through the RPV. 
Wetwell vent starts soon after, for a duration of 15 minutes, after which containment hydrogen is 
reduced from 200 to 80 kg. Containment pressure and hydrogen continue rising due to steam 
generation from core debris. A second wetwell vent takes place an hour later, reducing accumulated 



213 | P a g e  
 

hydrogen from 140 to 60 kg. At about 9 hours into the event, core debris is stabilized terminating 
hydrogen generation, and severe accident water management reduces injection flow to 100 gpm. 
Containment pressure continues growing at a lower rate until suppression pool becomes saturated. A 
third wetwell vent is indicated 20 hours into the event, resulting in removal of all remaining hydrogen 
accumulated in the containment. 

4. CONCLUSIONS  

Ever since TMI-2, and especially after Fukushima Daiichi, the nuclear industry along with it academic 
counterpart has tried to understand the severe accident phenoma, sequence of events and its 
management. Even though the different tools developed to provide an integral analysis of a whole 
plant like MAAP and MELCOR have showed that the differences it their internal models lead to 
different results in the core degradation and accident scenario progression [4], their simulations have 
help to have a deeper understanding of severe accidents.  

The differences in simulations outcome is not exclusive to different code languages, Contreras [7], 
shows that the versions of the code do not change the qualitative behaviour in the accident simulation, 
but it changes the timing of events and the quantitative results of the simulation from MELCOR 2.1 to 
MELCOR 1.8. In the case of a BWR Mark II, the behaviour of the containment where no mitigation 
action is taken, the progression of events, and the amount of hydrogen generated with either version 
of MELCOR, generating a pressurization differences of 2.5 MPA in the RPV in the most recent version 
of the code [7]. The elevated hydrogen generation in the case studied by Contreras, when no severe 
accident guidelines are followed, help understand the scenario severe accident guidelines aim to 
prevent.  

In the case of Laguna Verde Mark II BWR severe accident analysis in MAAP4 of a short term SBO, 
the generation of ex-vessel hydrogen decreases from 400 kg to 100 kg [8] when severe accident 
guidelines are followed. In the same scenario, in-vessel hydrogen generation decreases from 380 kg to 
160 kg by depressurizing the RPV before entering the SAMGs, known as “steam cooling” in the 
BWROG EOPs. The impact of the use of the post Fukushima BWR strategies like severe accident 
water addition (SAWA) as the hardened wetwell vent capability, shows how when water addition starts 
with an injection flow of 400 gpm through the RPV 15 minutes after RPV breach, and it is combined 
with a wetwell vent containment hydrogen is reduced from 200 to 80 kg [9]; a second vent reduces 
accumulated hydrogen from 140 to 60 kg until the hydrogen generation stabilizes at about 9 hours into 
the event. The application of severe accident water management not only avoids the accumulation of 
hydrogen in the containment but also allows the injection flow to be reduced from 400 gpm to 100 
gpm [9].  

Even though the different tools developed to provide a deeper severe accident understanding vary, the 
quantitative results of a severe accident simulation, it has been proven that the versions of the code do 
not change the qualitative behaviour in the accident simulation prevail over the version of the code. 
As part of the severe accident analysis, in Laguna Verde Mark II BWR, the use of severe accident 
management guidelines translates in a reduction not only of hydrogen generated in and ex-vessel, but 
also in a way of secure the approach a stabilized scenario where the hydrogen production is controlled 
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by the severe accident water addition strategy. The use of the SAMGs provides a clear strategy to 
mitigate the consequences combining the lessons learned from the severe accidents experiences by the 
nuclear industry and the experimental data provided by experiments and modelled by computer codes 
like MAAP and MELCOR. 
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ABSTRACT 

In this paper, the design basis accident (DBA) of a BWR/5 evolving to severe accident, by disabling 
all ECCSs, is the scenario chosen to study hydrogen generation in core, and then to determine the 
hydrogen distribution in the drywell. Alternative scenarios are simulated by allowing the recovery of 
the high pressure cooling system (HPCS) at different times during this scenario. The code 
RELAP/SCDAPSIM was used to simulate the severe accident scenarios, and the code GASFLOW 
was used to compute the 3D hydrogen distribution in a drywell of a Mark II primary containment. 
Results of hydrogen and fission product generation in core, as well as state of core degradation are 
presented. Then, a comparison of results of hydrogen concentration in drywell between the base case 
and the cases where coolant injection is recovers is presented. 

1. INTRODUCTION 

For BWR Mark II containments, during accident scenarios, one of the entry conditions to the 
emergency procedures for primary containment control is that hydrogen concentration reaches a 
determined setpoint. Only when it is certain that no hydrogen is detected and the oxygen concentration 
is less than 5 %, then there is no need of any action by operators. In severe accident scenarios, core 
degradation is already extensive, and hydrogen generated from clad-steam oxidation reactions will 
reach the primary containment either via discharge to the pressure suppression pool (PSP), or directly 
to the drywell through leaks in the nuclear steam supply system (NSSS). If the reactor pressure vessel 
(RPV) breaches, thus more hydrogen will be generated due to the molten core – concrete interaction 
(MCCI) phenomenon, and a consequent sudden increase of the pressure in the containment occurs. In 
addition to hydrogen accumulation, if one keeps in mind that instrumentation in primary containment 
could be experiencing a very harsh environment, the condition for entering the emergency procedures 
mentioned above will be clearly fulfilled. The specific type of severe accident scenario is therefore a 
key element to determine how soon hydrogen control actions need to be undertaken. For example, in 
a station blackout severe accident, the hydrogen concentration rise rate in drywell, and pressurization, 
is slow compared to a large break loss of coolant accident (LOCA). 



216 | P a g e  
 

Besides the specific actions to maintain the integrity of the primary containment (spraying, venting), 
operators may still try to recover those emergency core cooling systems (ECCSs) that failed at the 
beginning of the accident, in order to minimize as much as possible more fuel failure and fission 
product release. However, cooling water injection to the hot core will lead to more production of 
hydrogen. Therefore, to generate efficient severe accident water addition (SAWA) strategies to cool 
off the degraded core, it is necessary to determine the impact of such actions on hydrogen generation. 
The case of fully inertized primary containments, using nitrogen for example, greatly minimizes the 
possibility of hydrogen deflagration and/or explosions, but as pressure rises to the point of the need of 
venting to secondary containment or directly to environment, operators need to evaluate the pros and 
cons of this action, according to the actual plant status. In this case too, it arises the need of knowing 
hydrogen concentration and distribution in drywell.  

In this paper, the design basis accident (DBA) of a BWR/5 evolving to severe accident, by disabling 
all ECCSs, is the scenario chosen to study hydrogen generation in core, and then to determine the 
hydrogen distribution in the drywell. Alternative scenarios are simulated by allowing the recovery of 
the high pressure cooling system (HPCS) at different times during this scenario. The 
RELAP/SCDAPSIM (RSS) MOD3.4bik code [1, 2] was used to simulate the severe accident 
scenarios, and the GASFLOW 3.5 code [3] was used to compute the hydrogen distribution in a drywell 
of a Mark II primary containment. 

2. LOCA DBA SEVERE ACCIDENT SCENARIO 

For a boiling water reactor (BWR) with external recirculation loops, the postulated DBA is the large-
break LOCA, which is the double-guillotine rupture (200 % pipe break) of the pipeline in the section 
between the RPV and the suction of the recirculation pump, in one of the recirculation loops [4]. This 
initial scenario is then simulated to worsening to severe accident, by assuming failure of all ECCSs. 
Then, it is simulated the recovery of the HPCS at three different stages of the accident, to study the 
impact on core degradation. Results of the simulation of this base case scenario and the cases when 
the HPCS recovers have been previously documented [5], but, for completeness, some relevant results 
are shown in this paper. The RELAP5 nodalization model of a BWR plant and of a Mark II drywell is 
also shown in [5]. 

2.1. BASE CASE 

Figure 1 shows the mass of hydrogen and fission products generated in core during the 6000 seconds 
of simulation, including 200 seconds of the steady state part, when no ECCSs were allowed to operate. 
Hydrogen generation starts quite quickly in this environment (262 s after pipe break), when some fuel 
elements reach 1000.4 K, and fission product generation starts at 447 s, but the mass accumulated is 
negligible until 980 s (1180 s in Figure 1), when it reaches 0.29 kg. The maximum temperature in core 
at this time was 2073.0 K.    
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FIG. 1. Mass of hydrogen and fission products generated in core. 

Figure 2 shows debris height and molten material spreading in core during the scenario. Note that at 
1180 s (figure time), there was already some debris in the lower head of the RPV, coming from control 
rod material. This debris started falling at 960 s, and the maximum temperature at the core at that time 
was 1790.4 K. Figure 2 also shows that at 3450 s, there occurs the large slumping of molten core, when 
the crust shell is finally broken. 

 

FIG. 2. Moltel material spreading in core and debris accumulation in lower head. 
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2.2. HPCS RECOVERY 

If one of the ECCSs could be recovered, it is important to analyze the impact of the coolant that could 
be injected on the evolution of the severe accident. In this work, it was, assumed that HPCS could be 
recovered at different times of the accident progression. This system was chosen because it is the one 
that injects the less amount of coolant. The simulations were carried out as follows. Based on the height 
of debris already at the lower head, three times were set to start HPCS injection: 1180.0 s, 2000.0 s, 
and 3450.0 s. The coolant injection time period was also different for each core state. For the injection 
staring at 1180.0 s, the HPCS actuated up to 2200.0 s, that is, 1020.0 seconds; for the injection at 
2000.0 s, the same action was only for 400 seconds; and for the third case, HPCS injected for 1000.0 
seconds. The amount of hydrogen accumulated for the four cases analyzed is shown in Figure 3. 

 

FIG. 3. Mass of hydrogen generated when the HPCS is recovered. 

It is necessary to point out that the case of HPCS injection at 1180 s is not yet a severe accident 
scenario, since it was just the starting time of core degradation. However, the injected flow was not 
enough to avoid core damage. Also, as shown in Figure 3, the quenching effect of cooling injection 
resulted in sharp rise of hydrogen generation. In contrast, as expected, fission product generation was 
the less for this case. The pressurization of drywell follows the same rapid rise as hydrogen is being 
generated, and the pressure venting setpoint is reached 155 seconds after HPCS injection. At this time, 
there would be about 330 kg of hydrogen in drywell. For the case of HPCS injection at 3400 s, venting 
setpoint is reached at 2700 s, and 162 kg of hydrogen have been generated. For the case of HPCS 
injection at 2000 s, the pressure in drywell just barely does not reach the venting setpoint during the 
simulation period.    
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3. H2 DISTRIBUTION IN DRYWELL 

GASFLOW is a computational fluid dynamics (CFD) type code that has been used, among other 
applications, for calculation of hydrogen distribution in volumes, for example primary and secondary 
containments of nuclear power plants, to determine potential deflagration and explosion risk. The Mark 
II drywell model for GASFLOW was developed by ININ in a collaborative effort with the Regulatory 
Authority (CNSNS) and the reactor licensee (CFE/CNLV). Figure 4 shows the 3D geometric model 
of the drywell. 

 

FIG. 4. GASFLOW geometric model of a Mark II drywell. 

To simulate the double-guillotine rupture of the pipeline in the section between the RPV and the 
suction of the recirculation pump, a pipe was added to the model shown in Figure 4, and a “hole” to 
this pipe was attached. A “hole” is type of GASFLOW component that allows connecting cells through 
solids or walls. The source data required by GASFLOW is the total gas flow mass passing through, 
the fractions (mass or volume) of the different species of the fluid, the pressure and temperature of the 
source volume, and the initial state of the volume receiving the flow, as the most relevant data. Other 
thermodynamic and thermalhydraulics data can be used, depending on the problem being attacked or 
the analyst’s preferences. The source volume conditions correspond in this study to those calculated 
by RSS in the RPV downcomer zone, in an “annulus” component where the connection to the 
recirculation loop suction pipes actually exists. In normal operation, this zone is full of water. Further, 
in this work, the drywell is fully inertized with nitrogen at the start of the accident. 
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Figure 5 shows a sequence of results of hydrogen distribution in drywell for the base case. The views 
shown in Figure 5, and for all other figures next, were chosen to show the source position. Hydrogen 
ejection from RPV starts at 180 s after pipe break. Note that about 20 % of hydrogen rapidly 
accumulates at the top of the drywell, effectively displacing steam and nitrogen. Additionally, the 
result for 2332 s shows that the area enclosed between RPV and sacrificial wall and the areas 
surrounding drywell wall also become zones with hydrogen concentrations of about 20 %. Moreover, 
at this time, core degradation is already under way and fission products are being released, and some 
of them would have reached the drywell. The latter zone is thus particularly important because, as 
mentioned above, in about 400 seconds more, pressure will reach the venting setpoint.      

 

FIG. 5. Hydrogen concentrations at different times from the base case results. 

Figure 6 shows similar plots to those in Figure 5 for the case when the HPCS was recovered at 980 s, 
for a period of 1020 seconds. Note that the quenching action leads to a worse scenario, when compared 
to the base case, since hydrogen concentrations of about 25 % exist practically everywhere in the upper 
half part of the drywell at 1122 s, and about 20 % at 2330 s.  

Figure 7 shows a direct comparison between the base case and the case of HPCS recovery at the 1800 
s. As with previous comparison between base case and the 980 s case, coolant injection leads to a 
worse scenario. Figure 8 is similar to Figure 7, for the comparison of results from the 3250 s case 
versus the base case. 
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FIG. 6. Hydrogen concentrations at different times from the 980 s case results. 

 

FIG. 7. Results comparison between data from the 1800 s case vs base case. 



222 | P a g e  
 

 

FIG. 8. Results comparison between data from the 3250 s case vs base case. 

Finally, Figure 9 shows a comparison of results for the nitrogen concentration instants before the 
pressure reaches the venting setpoint. Nitrogen is practically kept in the lower part of the drywell, and 
particularly concentrates in the cavity region below the RPV. This implies that nitrogen may not be of 
much use as a barrier to try to avoid a rapid reaction between oxygen and hydrogen in the secondary 
containment during a venting action. The base case and the 3250 s case are the same.  

The RSS code results for the large break LOCA without any ECCSs available show that in about an 
hour practically the whole has melt and that will slump to the RPV lower head. Hydrogen and fission 
products are already in the primary containment atmosphere. Thus, venting actions need a careful 
assessment. In BWRs, there exist preventive and mitigation systems to deal with both hydrogen and 
radioactive material in primary containment. However, for a severe accident scenario as the one 
simulated in this work, the amounts of hydrogen and fission products reach values above the capacities 
of treatment by those mitigation systems. For example, passive autocatalytic recombiners (PARs) 
present a risk of initiating deflagration when hydrogen concentration exceeds about 8 %, due to the 
hot surfaces of the catalyst. The results shown in figures 5 through 8 are clearly above that setpoint. 

4. LIMITATIONS OF THIS STUDY 

RSS does not have a module for transport of fission products, so they are not included in the mass flow 
rate at the source. To provide with the initial conditions of the source volume in GASFLOW, the 
RELAP5 calculations use 100 % air in the atmosphere in the drywell and suppression chamber of the 
wetwell. Further, it was assumed that the only noncondensable gas was hydrogen. Regarding 
GASFLOW calculations, a relevant limitation is that the PRV inner wall is heated by a constant source 
everywhere inside the RPV. 
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FIG. 9. Results comparison of nitrogen concentration prior to a possible venting action. 

5. CONCLUSIONS 

The codes RELAP/SCDAPSIM and GASFLOW have been used to study the impact of severe accident 
water addition (SAWA) at different stages of a LOCA DBA severe accident in a BWR/5 with Mark II 
containment, which is fully inertized with nitrogen. The base case was the scenario without any of the 
ECCSs available. Then, the HPCS was recovered at three different stages in the accident evolution. 
RSS was used to simulate the accident scenarios and GASFLOW to calculate the 3D distribution of 
hydrogen in the drywell.  

The results show that hydrogen concentrations reach values above 20 % at the top of the drywell for 
the base case, practically all the time. When emergency coolant is injected at the time when core 
degradation begins (980 s), the hydrogen mass generated in core rises sharply from about 50 kg to 500 
kg. Consequently, the hydrogen concentrations in drywell increased accordingly, reaching values 
above 25 % in the whole upper half of the drywell. The case of HPCS recovery at 1800s yields similar 
results, but the higher hydrogen concentrations occur in the upper third part of the drywell. When 
coolant is recovered after the molten core has relocated to the RPV lower head, there no practical 
difference with respect the base case. Finally, nitrogen is practically kept in the lower part of the 
drywell, and particularly concentrates in the cavity region below the RPV, which implies that nitrogen 
may not be of much use as a barrier to try to avoid a rapid reaction between oxygen and hydrogen in 
the secondary containment during a venting action. 

One methodology considered to face these kind of extreme events involves the combination of SAWA 
and venting strategies. Therefore, future work includes allowing venting from drywell to the reactor 
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building (secondary containment), to determine the risk of deflagration or explosion, so this study can 
help to investigate alternative procedures to mitigate consequences of these scenarios.  
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The Committee on the Safety of Nuclear Installations (CSNI) aims to assist OECD Nuclear Energy 
Agency (NEA) member countries in maintaining and further developing the scientific and technical 
knowledge base required to assess and improve the safety of nuclear reactors and fuel cycle facilities. 
The current presentation gives an overview of CSNI activities and projects relevant to hydrogen 
management in severe accidents, with an emphasis on work performed since 2011. 

As one of the CSNI’s eight Working Groups, the Working Group on the Analysis and Management of 
Accidents (WGAMA) is committed to advancing the understanding of the physio-chemical processes 
of accident phenomenology in current and advanced reactors. It addresses a broad spectrum of safety 
issues related to the reactor coolant system and the containment including safety and auxiliary systems 
for management of design-basis and severe accidents. Around 12 WGAMA reports, 3 NEA Joint 
Project reports, and one Senior Expert Group report, SAREF, which fully or partly deal with hydrogen 
issues have been published since 2011.  

The WGAMA status report on hydrogen management and related computer codes [1] provides a 
comprehensive overview the current knowledge base concerning hydrogen generation, distribution, 
combustion and mitigation. It gives an overview of national requirements in some NEA member 
countries, of research efforts from 1980 to 2014, and of available codes and their capabilities. A 
detailed description of containment designs and the corresponding hydrogen management strategies is 
also provided. Areas in need of further research efforts are identified, while at the same time it is stated 
that the report is an adequate basis for reviewing SAM strategies for hydrogen management. The 
benchmark report on an “alternative TMI-2 accident scenario” [2] gives an indication of the predictive 
capabilities of severe accident (SA) codes at the time, e.g., in terms of hydrogen generation. Typically 
acceptable agreement is obtained up to when core degradation starts, while further on, deviations of 
around +/- 20 % are found. During the reflooding phase, all codes failed to reproduce the significant 
hydrogen production found, e.g., in the QUENCH program. Similarly, the BSAF Joint Project [3] dealt 
with modelling of the accident scenarios in Fukushima-Daiichi, which is a more challenging 
benchmark exercise because of unknown boundary conditions, such as operator actions and water 
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injection. Here, a relatively large spread in hydrogen generation is obtained after loss of core geometry, 
mainly related to the uncertainties in core degradation, melt generation and relocation into the lower 
plenum. The International Standard Problem 49, ISP-49, [4] compared model predictions and 
experiments for hydrogen combustion, where the experiments were performed in the French 
ENACCEF and the German THAI facilities. It was concluded that lumped parameter codes 
demonstrate satisfactory predictions for the flame speed, but also that there are various combustion 
model deficiencies that influence the reliability of the simulations, and that there should be room for 
improvement of these models. 

It is clear that, in order to qualify codes that model hydrogen distribution and combustion, there is still 
need for more experiments. The NEA Joint Project [5] HYMERES-2 is focused on hydrogen 
distribution, i.e., on the influence of flow obstacles and sprays, mixing, and hydrogen layer erosion. 
The HYMERES experiments are carried out in the PANDA facility which is equipped with CFD 
(computational fluid dynamics) grade instrumentation and the results have been used for 
benchmarking CFD predictions of mixing and heat transfer. Another Joint Project, THAI-3 addresses 
the behavior of hydrogen, iodine and aerosols in the containment, with a focus on combustion and 
mitigation. Also the THAI project has involved activities where computer codes (lumped parameter 
and CFD) were benchmarked against experiments, thereby advancing the analytical modeling of 
stratification and mixing processes. 

A number of activities within WGAMA are indirectly relevant to hydrogen modelling and 
management. There is a very active group of researchers and code users working on the application of 
computational fluid dynamics (CFD) to nuclear reactor safety. Hydrogen spreading and combustion is 
an important area of application for such methods. The group has found that standard CFD methods 
and codes are capable of making useful predictions for single phase flow, e.g., of mixing phenomena. 
What is also required in order for such predictions to be useful for safety analysis is uncertainty 
quantification, verification and validation. These areas are the focus of the current work within the 
group which involves CFD grade experiments and a series of benchmarks. Another series of WGAMA 
reports deals with uncertainty quantification in system codes. A reflood scenario was the subject of a 
benchmark activity (BEMUSE) [6] and follow-on reports (PREMIUM) [7] dealing with uncertainty 
methods. 
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ABSTRACT 

In the light of Fukushima accident scenario, there has been a great deal of concern regarding the 
problem of hydrogen production and combustion in Light Water Reactor (LWR) severe accidents. 
Hydrogen combustion in Nuclear Power Plant (NPP) may threaten the integrity of the containment 
boundary represents the final barrier to release of radioactivity to the environment. In this paper the 
hydrogen distribution analysis of Chasma Nuclear Power Plant Unit-1 (C-l) containment has been 
performed for the retrofitting of Passive Auto-catalytic Recombiners (PARs) in light of Fukushima 
Response Action plans (FRAP) to mitigate hydrogen deflagration or detonation risk in severe 
accidents. The hydrogen distribution analysis with PARs and without PARs was to check the hydrogen 
management capability to keep hydrogen concentration within permissible regulatory limits. 
Hydrogen distribution analysis for large/small break Loss of Coolant Accident (LOCA) and total loss 
of feed-water coincident with the failure of Emergency Core Cooling system (ECCS) are performed 
using MELCOR code. The 300 MWe Pressurized Water Reactor (PWR) with large dry containment 
is divided into 53 control volumes to determine the number and location/elevation of PARs. The results 
show that a certain number of recombiners could remove effectively hydrogen to protect the 
containment integrity against hydrogen deflagration or detonation. If adequate preventive and 
mitigative strategies to cope with severe accidents are not implemented by using PARs and accident 
management procedures, then such sequences may lead to core melt and failure of the ultimate barrier, 
i.e. the reactor containment and release of radioactivity to the environment. 

Keywords: Hydrogen, LOCA, PARs, ECCS, Severe Accident, MELCOR, C-1, C-2 

1. INTRODUCTION 

In order to keep the NPP safe under all conditions, it should be proved that the consequences of all 
postulated accidents are limited in the scope permitted by Nuclear Safety Criteria under the actions of 
Engineered Safety Features (ESF).  

Hydrogen will be generated by the oxidation of zirconium and other metallic components during and 
following a degraded core or core melt scenarios. The hydrogen generation from the zirconium-steam 
reaction could be sufficiently rapid that it may not be possible to prevent the hydrogen concentration 
in the containment from exceeding the lower flammability limit. Deflagration or detonation may be 
initiated automatically by the accumulation of hydrogen and potential ignition source, thus the integrity 
of containment and the availability of equipment may be challenged by the temperature and pressure 
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load produced. The hydrogen control system (PARs) is designed to satisfy the requirement that the 
concentration of hydrogen in any part of the containment is below a level that supports combustion or 
detonation which could cause loss of containment integrity. For the design and assessment of 
mitigation measure, adequate prediction of local gas composition of the atmosphere is necessary. It 
also gives useful information about the potential challenge of local hydrogen accumulation in the 
containment, which will be used to reduce the hydrogen detonation risk and to design the capacity and 
arrangement of mitigation measure. 

Core melt in severe accidents occurs as a result of inadequate core cooling. The water level in the 
Reactor Pressure Vessel (RPV) drops and as the upper core region becomes un-covered, it will be 
cooled by steam which may not provide adequate cooling. This leads to heat up of the fuel rods and 
zircaloy cladding in the uncovered region of the core. The mass of hydrogen released into the 
containment during the first phase of severe accident is determined by the degree to which the cladding 
is oxidized and the availability of water to the core. Compared to possible in-vessel sources, hydrogen 
generation during the ex-vessel phase is a slow process. Therefore, hydrogen concentration may reach 
very high value near the break location (if exists) during the in-vessel generation phase, which appears 
to be the dominant challenge to hydrogen control. Due to the high gas temperature of more than 1000 
oC in case of RPV failure, which is well above the spontaneous ignition temperature (500 to 600 oC), 
hydrogen will be burnt immediately in reactor cavity, provided oxygen is available, independent of 
any mitigation means. 

In C-1, ten out of sixteen PARs will be installed at similar locations as that of C-2, while rest of six 
PARs will be located on different locations/elevations of containment hall as compared to C-2. 
Hydrogen control system is implemented with the consideration of containment layout and hydrogen 
distribution analysis. The containment was divided in smaller control volumes to get the appropriate 
results with the change of elevations. In this way, the hydrogen control system is verified that the 
hydrogen concentration in containment can be well controlled within 10% by volume as required by 
regulatory, while the threat to containment integrity by hydrogen deflagration or detonation can be 
effectively mitigated. Nodalization of the C-1 containment for hydrogen distribution analysis is shown 
in Figure1. The 53 control volumes (CV) simulation for the containment were selected for MELCOR 
computer code in order to compare and authenticate the results.  
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FIG.1. C-1 Containment nodalization for MELCOR. 

2. SEVERE ACCIDENT SCENARIOS 

To correctly design the hydrogen control measure, it is essential to specify bounding scenarios which 
give amount and rate of hydrogen release. Large and small break LOCA coincident with the failure of 
ECCS is described as scenarios in Chasma Nuclear Power Plant Unit-2 (C-2) FSAR Chapter 19.2 to 
manage the hydrogen mitigation system in C-1. Similarly the Loss of Feed-water accident coincident 
with the failure of ECCS with two of its possible cases: (A), one with normal safety valve operation, 
(B), other with stuck of safety valve. These severe accident scenarios were considered for C-1 
hydrogen distribution and mitigation analysis in this report and the results were compared. 

Three main scenarios have been selected for the analysis of both hydrogen distribution and control. 
These include: 

 Large break LOCA coincident with the failure of ECCS. 
 Small break LOCA coincident with the failure of ECCS. 
 Total loss of Feed-water coincident with failure of ECCS: 

 Case (A): With normal safety valve operation); 
 Case (B): With stuck of safety valve at open condition). 
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2.1. INITIAL CONDITIONS AND ASSUMPTIONS 

Initially, the plant is postulated to operate at full power. The main parameters are assumed to be the 
nominal value as shown in Table 1. The plant has been postulated to operate at full power.  

TABLE 1. C-1 PLANT PARAMETERS 

Parameters Units Value 
Thermal power MW 998.6 
Coolant average temperature oC 302.4 
Pressure of pressurizer MPa 15.298 
Pressure of SGs MPa 5.597 
RCS flow per loop m3/h 16776 
MFW flow kg/s 269 
Main steam flow kg/s 269 
Water mass used for SI of RWST t 1415 
Temperature of RWST oC 50 
Free volume of Containment m3 49000 

For these sequences, the following basic assumptions are made: 

 At 0.0 second, the transient begins; 

 Reactor trip is actuated by pressurizer low pressure signal; 

 Turbine trip after reactor trip; 

 Main coolant pumps are assumed to be stopped when reactor trip; 

 Main feedwater system is unavailable; 

 Accumulators are available; 

 Safety injection systems and safety injection recirculation systems are unavailable; 

 Containment spray system and containment spray recirculation system are unavailable; 

 Cavity flooding system is unavailable. 

3.  RESULTS AND DISCUSSION 

Hydrogen control system has been designed on the basis of the hydrogen distribution analysis results. 
Considering the hydrogen generation and the locations of the releases, the hydrogen control system 
has to cope with the local hydrogen aspect: to safely prevent local hydrogen from detonation. Secondly, 
to practically eliminate the risk of global hydrogen detonation, it should be ensured that the volume 
averaged hydrogen concentration in the whole containment will not exceed 10% at any time in dry air 
conditions.  The results were compared with C-2 FSAR to validate and authenticate the hydrogen 
distribution. According to the analysis results of the three scenarios, it is shown that about 16 
recombiners, with average capacity of 2.4 kg/h are adequate to control the global hydrogen 
concentration in relevant accident situations. All scenarios are discussed separately in detail in 
subsequent sections.  
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3.1. LARGE BREAK LOCA (LLOCA) 

The double ended rupture of the coolant pipe coincident with the failure of ECCS was analyzed to 
obtain the local hydrogen distribution in the containment. This scenario is characterized by its rapid 
blowdown of coolant from the SRC, which is a "wet" scenario (relatively high steam concentration). 
Hydrogen is generated very early, but released into a steam rich atmosphere. Break location in Steam 
Generator (SG) Room as well as in Pressurizer (PRZ) and Reactor Coolant Pump (RCP) Room is 
considered in LLOCA that taken as limiting case. The mass of hydrogen generated is presented in 
Figure 2. The total mass of hydrogen generated approaches 423.85 kg at approximately at 75,000 s.  

 

FIG. 2. Total mass of hydrogen generated in case of LLOCA. 

For LLOCA analysis, the hydrogen concentration in SG room when the break occurs in SG room with 
and without PARs is presented in Figure 3. From the beginning of the hydrogen release to the failure 
of reactor vessel, the hydrogen concentration pulses are presented in the figure 3 because of the molten 
core relocation. The peak hydrogen concentration in break compartments reaches about 7.8%, 6.5% 
and 10.0% (by volume) as shown in the figure 3, 6 & 7. This represents the highest hydrogen 
concentration in the break compartment in this sequence. After reactor vessel failure, the hydrogen 
source in containment is transferred from the break compartment to the reactor cavity. Then the 
hydrogen concentration is stably increasing due to the continuous MCCI. Since large flow area exists 
between the top of the loop compartments and the containment dome, hydrogen concentration in the 
containment dome appears to take the similar fluctuation as that in the break compartment. 

The comparison of hydrogen concentration with and without recombiners is given in figures from 3 to 
7 for SG Room, accumulator room and in the containment dome for different break locations. The in-
vessel phases which generate hydrogen rapidly are quite similar for the cases with and without 
recombiners due to high and non-uniform hydrogen release rate and relative low recombination 
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capability. But while the process goes to the ex-vessel phase, the hydrogen concentration remains 1% 
~ 1.5% with recombiners continuously decreases. 

 

FIG. 3. Hydrogen concentration in break compartment (LLOCA, SG-room break). 

 

FIG. 4. Hydrogen concentration in accumulator room (LLOCA, SG-room break). 
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FIG. 5. Hydrogen concentration in containment dome (LLOCA, SG-room break). 

 

FIG. 6. Hydrogen concentration in break compartment (LLOCA, PRZ-room break). 
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FIG. 7. Hydrogen concentration in break compartment (LLOCA, RCP-room break). 

3.2. SMALL BREAK LOCA (SLOCA) 

The small rupture in the coolant pipe in SG room coincident with the failure of ECCS was analyzed to 
obtain the local hydrogen distribution in the containment as mentioned in C-2 FSAR Chapter 19.2. 
The total mass of hydrogen generated approaches 423.85 kg at 95,000 s. 

 

FIG. 8. Total mass of hydrogen generated  in case of SLOCA. 
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For SLOCA analysis, the hydrogen concentrations in SG room, accumulator room and containment 
dome presented in Figure 9, 10 and 11 respectively are compared with C-2 FSAR to validate and 
authenticate the hydrogen distribution. The results are found in good agreement with C-2 FSAR. 

 

FIG. 9. Hydrogen concentration in break compartment (SLOCA, SG-room break). 

 

FIG. 10. Hydrogen concentration in accumulator (SLOCA, SG-room break). 
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FIG.11. Hydrogen concentration in containment dome (SLOCA, SG-room break). 

3.3. TOTAL LOSS OF FEEDWATER (TLOFW) CASE-A 

The total loss of feed-water in absence of auxiliary feed-water and ECCS was analyzed, considering 
normal operations of safety valves according to the RCS pressure without any malfunction or failure. 
Figure 12 shows the total mass of hydrogen production in case-A of the TLOFW scenario which is 
about 370 kg slighter lesser as compared to C-2 FSAR that is around 400 kg. The concentration in the 
containment dome area drops to the permissible limits with using the 16PARs as shown in figure 13. 

 

FIG. 12. Total mass of hydrogen produced in TLOFW-case A. 
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In figure 13 initial surge of hydrogen is from in-vessel steam clad interactions followed by the 
hydrogen production in the cavity by the long term process of MCCI. Initially hydrogen distributes 
through the PRT compartment to the containment annulus then spread to the containment dome. The 
results indicate the hydrogen concentration with PARs decreases to the 1% ~ 1.5% at the end of 
simulation using the proposed PAR scheme.  

 

FIG. 13. Hydrogen concentration in containment dome (TLOFW-Case A). 

3.4. TOTAL LOSS OF FEEDWATER (TLOFW) CASE-B 

The total loss of feed-water in absence of auxiliary feed-water and ECCS was analyzed, considering 
normal stuck of safety valve in open condition after the first time opening as mentioned in the FSAR 
of C-2.  

 

FIG. 14. Total mass of hydrogen produced in TLOFW-Case B. 
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FIG. 15. Hydrogen concentration in containment dome (TLOFW-Case B). 

4. CONCLUSIONS 

From the hydrogen hazard analysis of the three severe accident scenarios for C-1, it may be concluded 
that the global hydrogen concentration in the containment is well below 10% on the basis of mitigation 
measures. However, local hydrogen concentration may increase quickly due to rapid release of 
hydrogen in severe accidents The hydrogen generated within the containment will be consumed by 
hydrogen recombiners, and the total hydrogen concentration within the containment will be controlled 
outside the combustion zone during the entire accident process. There is no risk of hydrogen 
combustion or explosion and thus no threat to containment integrity. 
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1. INTRODUCTION 

Under severe accident conditions in nuclear power plants, large amounts of hydrogen can be generated 
and released into the reactor containments. Hydrogen can be produced from oxidation of the metallic 
components of the core and molten core-concrete interaction (MCCI) after failure of the reactor vessel 
and relocation of the corium consisting of the molten reactor core and internal structures to the reactor 
cavity. A large amount of carbon monoxide may also be produced during MCCI in addition to 
hydrogen and other gases. This could potentially lead to the formation of flammable mixtures of gases 
in reactor containments. Combustion of these mixtures could lead to pressure and temperature levels 
that may jeopardize the containment integrity. Hydrogen combustion can cause containment building 
failure by static or quasi-static pressure loads or dynamic pressure and impulse loads, equipment failure 
due to temperature or pressure effects, and missile generation. The type of combustion determines 
local and global mechanical and thermal loads on the containment. 

The activity related to the severe accidents at Institute for Nuclear Research (INR) was started several 
years ago. This concurred with the INR participation in the frame of the SARNET network project 
(Severe Accident Research Network of Excellence) in the 6th Research Framework Programme of the 
European Commission (FP6) [1]. The severe accident integral code ASTEC (Accident Source Term 
Evaluation Code) [2], commonly developed by the French Institut de Radioprotection et de Sûreté 
Nucléaire (IRSN) and the German Gesellschaft für Anlagen und Reaktorsicherheit mbH (GRS) and 
used in SARNET European network (FP6 and 7) [3, 4], integrates the whole knowledge generated in 
the joint research activities through new or improved physical models. One of the network goals was 
that ASTEC become the European reference code in severe accidents.  

This paper focuses on the use of ASTEC v2.0 computer code to describe the behaviour of the hydrogen 
within the containment of a generic CANDU 6 reactor during in a hypothetical severe accident.  

2. CODE 

ASTEC [2] calculates complete severe accident sequences in water-cooled reactors from the initiating 
event up to a possible release of fission products out of the containment, including the behaviour of 
safety systems and procedures used in the severe accident management. Most of the severe accident 
phenomena are covered, except steam explosion and mechanical response of the containment.  
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The code structure is modular, each of its modules simulating a reactor zone or a set of physical 
phenomena. Two different running modes are possible: stand-alone mode for running each module 
independently or coupled mode where all or a subset of the ASTEC modules are run sequentially 
within a macro-time step.  

For Pressurized Heavy Water Reactors (PHWR), most models were considered applicable. Concerning 
in-vessel core degradation phenomena, the V2.0 version of the ASTEC code is unable to represent 
horizontal core geometry of a PHWR reactor type. 

In this paper, the MEDICIS (Model of Erosion Due to Interaction of CorIum with base mat Substrate) 
and CPA (Containment Part of ASTEC) modules of ASTEC V2.0 (version v2.0r3p4) are used, in the 
stand-alone running mode, to calculate the hydrogen (and carbon monoxide) generation during the 
interaction of the molten core material with the concrete walls of the reactor vault and the evolution of 
the composition of containment atmosphere, temperature and pressure in containment. 

The CPA module [5] describes the thermal-hydraulic phenomena (including hydrogen and carbon 
monoxide combustion) and the aerosol and fission product behaviour inside the containment. This 
module consists of two main sub-modules: THY sub-module for thermal-hydraulics and AFP sub-
module for aerosols and fission products. It is based on a lumped parameter approach where the 
containment is divided into zones connected through junctions and surrounded by walls. Calculations 
can be performed for simple or multi-compartment containments with possible leakages to the 
environment or to other buildings, with specified openings to the environment. For gas combustion, 
four concurrent models are available in ASTEC V2.0: FRONT and DECOR models, fully integrated 
in the CPA module, and COVI and PROCO as separate modules. 

The MEDICIS [6, 7, 8] module simulates MCCI using a lumped parameter 0D approach with averaged 
melt/crust layers. This code assumes either well-mixed oxide/metal pool configuration or possible pool 
stratification into separate oxide and metal layers. In both cases, the crust that can grow up at the upper 
interface of the corium pool may be described in detail. Also, if there is a water pool above the corium, 
a debris bed can be formed due to the melt eruption mechanism. Starting with a homogeneous or a 
stratified configuration, the pool configuration may evolve versus time. It describes concrete ablation, 
corium oxidation and release of non-condensable gases into the containment. Most convective heat 
transfer correlations available in literature for the corium/concrete interface and the interface between 
corium layers are included. Its structure is flexible enough to allow optional models and correlations 
or an easy implementation of new models. The code describes either an axisymmetric concrete cavity 
or a slab-shaped cavity. MEDICIS uses a robust cavity erosion algorithm including the possibility to 
represent a multi-layered concrete base mat. The module is interfaced with the general physico-
chemistry package MDB (Material Data Bank) of ASTEC for element speciation in a mixture, 
thermodynamic data and thermo-physical properties. The corium/concrete interface structure is 
described by a model taking into account from the pool bulk to the concrete interface a convective 
zone, a conductive zone described as a mushy crust and a slag layer. In this approach, the interface 
temperature used for the convective transfers from the pool to the interface, called solidification 
temperature, is the threshold temperature at the point where the convective zone meets the conductive 
zone within the mushy zone. MEDICIS contains corium-quenching models (simplified models derived 
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from simple models of the US/NRC CORQUENCH code [9] or new detailed models [10]) including 
water ingression through the upper crust and corium eruption through the upper crust towards the 
overlying water pool, models to evaluate the release from the ex-vessel corium pool of concrete 
aerosols and the release of fission products during MCCI, etc. 

A tight coupling with ASTEC/CPA containment thermal-hydraulics module through a specific 
prediction–correction method is possible. 

3. ACCIDENT SCENARIO AND ASTEC CONTAINMENT MODELLING 

The hydrogen behaviour within the containment of a generic CANDU 600MWe reactor during a 
severe accident scenario is described using the ASTEC V2.0 code (version V2.0 r3p4). 

3.1. ACCIDENT SCENARIO 

The accident considered is a Station Black-Out (SBO) scenario with an assumed unavailability of 
several critical safety systems, which can lead to severe core damage. It was based on a scenario 
described in [11]. A SBO is a transient initiated by losing off-site AC power (Class IV) with a 
subsequent loss of all on-site standby (Class III) and emergency electric power supplies. The loss of 
Class IV and Class III power causes the loss of the pumps in the primary heat transport system, 
moderator cooling, end shield and reactor vault cooling, steam generator feed water, and re-circulating 
cooling water systems.  

Reactor shutdown is initiated immediately after accident initiation. The emergency core cooling 
system (ECCS) (including high, medium and low pressure injection), shutdown cooling system, 
moderator and shield cooling are not available. The primary heat transport system (PHTS) loop 
isolation is not credited. The main and auxiliary feed water are unavailable. The crash cool-down 
system is not credited. The steam generator main steam safety valves (MSSVs) are available, they 
open and close at their set points. The turbine main stop valves are closed after accident initiation. 
Liquid relief valves (LRVs) and pressurizer relief valves discharge the PHTS inventory into the 
containment. The containment dousing spray system and the local air coolers inside the reactor 
containment (LACs) are unavailable. No operator interventions are credited.   

3.2. THE CONTAINMENT MODEL 

The reactor containment is modelled by using the multi-compartment approach. A schematic of the 
CANDU6 reactor building [12] and the ASTEC/CPA model are shown in FIG.1.  
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FIG. 1. View of CANDU6 reactor containment ASTEC nodalization [12]. 

The model is based on 20 control volumes (zones). Each control volume includes a containment room 
or combinations of containment rooms. The internal structure divides the reactor building into two 
regions: “accessible area” to which operating and maintenance personnel has access during normal 
plant operation and “inaccessible area” which is not accessible during plant operation. The inaccessible 
area includes the reactor and the reactor vault, the heat transport and moderator systems, the fuelling 
machine operating areas, and the areas for auxiliaries. The boiler room and the stairway room are 
included in this area. The basement zone is part of this region. Three volumes are used for the 
moderator room, 1 for the reactor vault, 2 for the fuelling machine rooms, 1 for the boiler room and 
dome, 1 for the upper part of the dome, 1 for the dousing tank, 4 for the basement and 2 for the stairway 
room. The accessible area includes several rooms combined into one control volume and the 
maintenance lock rooms of the fuelling machine. 

For gas and liquid transports inside the containment, 40 junctions connecting zones are modelled. The 
flow paths between connected control volumes are constantly open or closed by doors or blow out 
panels that may open when a pressure difference is exceeded. One hundred heat structures are 
simulated to represent the prestressed concrete walls of the containment structure, reinforced concrete 
walls of the internal structure of the containment and reactor vault and other steel structures. 

For the removal of the hydrogen and/or carbon monoxide from the reactor containment, 27 passive 
autocatalytic recombiners (PAR) are modelled (2 large, 15 medium and 10 small) in the boiler room 
and dome, moderator room, fuelling machine rooms, stairway room, access area and basement. 

The behaviour of the catalytic recombiners inside the reactor containment is simulated using a 
simplified model available in ASTEC CPA based on an empirical correlation developed by AECL for 
the passive autocatalytic recombiners. The concentration of hydrogen and carbon monoxide for the 
recombination reaction activation is considered 2%, and the concentration below which the reaction is 
deactivated is 2% in this paper. The saturation threshold of the reaction is 8%. 
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The containment total free volume is about 48000m3.  

The containment is assumed to fail due to over pressurization at 500kPa absolute (a) as a result of a 
crack in the concrete wall with the leak diameter of 0.4m. 

3.3. THE CAVITY MODEL 

The reactor vault is a rectangular reinforced concrete compartment lined inside with a thin layer of 
steel, filled with light water (about 5.0 105 kg) that contains and supports the whole reactor assembly. 
The purpose of this is to provide a biological shield for personnel working above the reactor structure 
as well as a heat sink for the reactor. The floor area is of 53.3 m2 and the height of 13.4 m [13]. The 
reactor vault and end shield have combined vent lines, and two rupture disks are provided on the 
combined vent lines to relieve over-pressure caused by boiling of the vault water or failure of the cover 
gas system into the reactor building. 

Data for the reactor geometry, material composition and initial conditions used in the MEDICIS 
calculation are listed below: 

 Uranium dioxide mass in the reactor core: 98815 kg [11]; 

 Zircalloy mass in the core (including pressure tubes and calandria tubes): 38647 kg [11]; 

 It was assumed an axi-symmetric initial vault shape, cylindrical geometry with the radius of 
4.12 m (equivalent radius deduced from the floor area) and the height of 13.4 m; 

 Thickness of the lateral reactor vault walls: 1.22 m [13]; 

 Thickness of the upper vault wall: 2.08 m [13]; 

 Thickness of the vault floor: 2.3 m; 

 Initial corium mass: 148138 kg; 

 Initial corium temperature: 2673K; 

 Initial corium composition: (66.7/4.6/22.7/6.0 wt % UO2/ZrO2/Zr/stainless steel). It was 
assumed that 10% of the mass of the stainless steel vessel walls [13] is contained in the initial 
corium pool.  

It was assumed that the entire degraded core inventory relocated into the reactor vault at the time of 
the reactor vessel rupture. 

Corium spreading was assumed to take place on the whole vault floor area. 

Concrete characteristics: reinforced siliceous concrete.  

It was assumed an initial vault shape without round corner. The initial number of nodes is 180. The 
cavity is meshed from the central node to the last one that corresponds to top of the vault. The erosion 
is allowed in any direction. 
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For the estimation of residual power versus time, it was used an analytical function based on the El-
Wakil correlation [14]:  

.          (1) 

The value of the thermal reactor power used in this correlation is 2 064 MW [13]. 

The initial atmospheric conditions were derived from the CPA calculation. The initial temperature of 
upper walls receiving the power radiated from the corium pool was assumed to be equal to 400K. The 
temperature of upper vault structures is supposed to evolve versus time reaching 1500K after 3.5 days. 
The fraction of power radiated upwards to the ablation of the upper concrete walls of the reactor vault 
was set to 0.2. 

Concerning the concrete simulated, a siliceous concrete with 64.5% O2Si, 18% CaO, 3.7% Al2O3, 4% 
H2O, 9.8% CO2 weight fractions was considered [15, 16]. A mass fraction of iron bars embedded in 
the concrete of 6.5% was taken into account in MCCI calculations [15]. The ablation temperature of 
this concrete was assumed to be equal to 1550K, its ablation enthalpy variation set to 1.91 106 J/kg 
[16] and its density chosen near 2400 kg/m3. 

4. EVALUATION OF THE CONTAINMENT ATMOSPHERIC CONDITIONS 

During a SBO severe accident sequence at a CANDU reactor, hydrogen is generated as a result of the 
following processes:  Zirconium-steam reaction in the fuel channels and during debris oxidation in the 
suspended debris beds, reaction between Zirconium and steam in the reactor vault due to jet break-up 
of molten corium in the water pool, and chemical reactions during molten corium-concrete interaction 
after reactor vessel rupture leading to the accumulation of molten core material in the reactor vault. 

The calculations carried out with the MC4 and ISAAC codes [11, 17, 18] showed differences in the 
amount of hydrogen generated during the in-vessel degradation phase and in the timing of the events. 
These differences may be due to the difference between the models of core degradation of these codes. 

Since the ASTECv2.0 version does not include core degradation model adapted to CANDU reactor 
type, information from open literature are used [11, 17]. The mass and energy transfers of water, steam 
and hydrogen into the boiler room were derived from external sources and used in table forms as input 
in the containment module of ASTEC code. These gas and liquid sources are discharged from the 
reactor vessel through the relief ducts, from the reactor vault and from the degasser condenser. 
According to the MC4 estimations [11, 17], the total mass of hydrogen generated in the PHTS and 
reactor vessel before the failure of the reactor vessel and released into the containment atmosphere is 
220kg (FIG. 2). The failure due to creep of the reactor vessel, followed by the slump of the molten 
material in the reactor vault, occurs at 152749s after the reactor shutdown [11]. 

  283.0
0 095.0  tPtP
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FIG. 2. Hydrogen mass generated in the reactor vessel. 

For the ex-vessel phase, MEDICIS, the MCCI module of ASTECv2.0 (version v2.0r3p4), is used for 
the calculation of the containment conditions during the interactions between molten corium and 
concrete in the reactor vault. MEDICIS describes the concrete ablation, corium oxidation and release 
of non-condensable gases (H2, CO, CO2) into the containment. This code is used in the stand-alone 
running mode, and the sources of gases and the heat fluxes generated during the interaction are used 
as input for the CPA code calculations. 

4.1. ASTEC/MEDICIS MODELLING ASSUMPTIONS 

Main modelling assumptions and values of key physical parameters used in the MEDICIS calculations 
are presented hereinafter.  

The corium pool configuration was assumed homogeneous (a mixed oxide/metal layer) with an upper 
crust at the corium-water-pool (atmosphere) interface. The crust that can grow up at the upper corium 
pool interface is represented by a second layer, for which the temperature, the composition, the species 
fluxes coming in and going out, … , are calculated [6]. Also, a debris-bed (solidified particles) can be 
formed at the top surface of the corium pool due to the melt eruption mechanism. This accumulation 
of corium particles forms a layer (the third layer) above the detailed upper crust which is supposed to 
remain at water temperature. In case of dry-out due to reduction of water inventory, the dry-out debris 
will re-melt and incorporate in the upper crust. 

The corium pool/concrete interface structure model determines the thermal resistance and thus the 
local heat flux from the corium pool to the concrete. For this paper, standard modelling assumptions 
in MEDICIS were used.  
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The interface model used assumes the existence of a mushy zone at the interface between the liquid 
pool and the concrete consisting of a convective zone and a conductive zone. Heat is transported by 
gas bubbling across this pool mushy zone and then, as the solid fraction is high enough, by conduction 
to the concrete ablation interfaces [19]. The temperature of the boundary between pool conductive and 
convective zones is the solidification temperature.  

The conductive zone, which can appear at the interface between the corium layer and the concrete, is 
in thermal equilibrium, its thickness being determined in quasi-steady state from the heat flux 
continuity at its interfaces.  

A film of molten concrete (slag layer) is also assumed to exist between the concrete and the pool. In 
present paper, the value of the convective heat transfer coefficient in the slag layer along the concrete 
interface was assumed constant and equal to 1000 W/m2/K [19, 20, 21]. 

The pool solidification temperature was evaluated from solidus and liquidus temperature of the 
corium-concrete mixture as a function of time using the formula [6, 7, 21]  

        (2) 

with the interpolation parameter, . This corresponds to an interface temperature under the melt 

liquidus temperature. The solidification temperature also determines the interface temperature between 
the bulk pool and the upper crust at the upper pool interface. 

The heat exchange coefficient by convection between the corium layer and the concrete was evaluated 
from a correlation derived from the BALI experiments [22]. This is expressed as [6]: 

             (3) 

with the Nusselt number defined as: 

         (4) 

 is the gas bubble radius.  is the superficial gas rising velocity, μ is the corium dynamic viscosity, 

 the thermal conductivity, ρ the density, g the gravity and Pr the Prandtl number.  

Average conductivity of the lateral or bottom crust for the mixed oxide-metal layer was set to 3W/mK 
[21]. 

As there is water in the reactor vault at the vessel failure time, the corium quenching was taken into 
account. The corium cooling models of ASTEC/MEDICIS include the water boiling, water ingression 
through cracks in the upper crust and melt eruption mechanisms. In this paper, the water ingression 
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phenomenon was modelled by the Lipstein model. For the onset of this cooling mechanism,  the dry-
out heat flux must be grater than the total heat flux at the crust water interface. The dry-out heat flux 
depends on the mechanical properties of the crust. The melt erruption mechanism was modelled by a 
hydrodinamic model based on the Percola experiments (the Fountain model of the Percola program) 
[10]. The modelling assumptions are summed-up in the TABLE 1. 

The permeability of the upper crust was set to 3 10-11 [20, 23].  

The porosity of the debris bed was assumed to be 0.5 and the particle size a few mm.  

The MEDICIS calculations were pursued until axial or radial melt-through. 

The corium properties were determined from the Material Data Bank (MDB) library of ASTEC. 

TABLE 1. ASTEC/MEDICIS MODELLING ASSUMPTIONS 

Pool Configuration Homogeneus with a detalied treatment of a upper crust 
and a debris-bed above the upper crust 

Convective Heat Transfer Coeficient at All 
Corium Pool Interfaces  

Bali correlation  

Pool/Concrete Interface Structure Model based on the assumption of the presence of a 
mushy boundary layer with a crust that is forming at the 
solidification temperature along the pool/concrete 
interfaces + uniform slag layer. 

Convection Coeficient  Corium/ Slag Layer  1000W/ m2/K  
Solidification Temperature   liquidussolidussolidif TTT   1  cu  =0.3 

Porosity of the Debris Bed αdb=0.5 
Cooling models Boiling curve model (Berenson-Bromley correlation for 

the film boiling regime, Rohsenow for the nucleate 
boiling regime, and a transition regime in between 
them)-heat exchange between the upper crust and water                                
Lister model - water ingression: 

Constant in the Lister model c_dry= 5.5 
Percola model - corium erruption:  
             Drift flux parameter=1.5                                 

Hole Diameter = 0.6 10-02 m 
Hole density = 4 m-2 
Permeability of the upper crust =3 10-11 

Singular pressure drop coefficient=1.5 

4.2. ASTEC SIMULATION RESULTS 

The results of the ASTEC/MEDICIS calculations are displayed on the Figures 3 through 7.  

The uniform distribution of the heat transfer coefficient along all the pool/concrete interfaces leads to 
spatially nearly uniform ablation depths. FIG. 3 shows the time evolution of the erosion of the reactor 
vault concrete walls in the radial and axial directions. The lateral melt-through occurs at 339200 s from 
the onset of the molten corium-concrete interaction, the thickness of the lateral wall being 1.22 m. FIG. 
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4 illustrates the final shape of the ablated vault during the interaction between the molten corium and 
the concrete. 

  

FIG. 3 Lateral and axial ablation kinetics. FIG. 4. Final shape of the reactor vault. 

At the end of the calculations, which corresponds to the melt-through time of lateral walls, the maximal 
axial ablation depth (Zmin) is about 1.34 m and the total mass of the ablated concrete is 373700 kg. FIG. 
5 gives the ablated concrete mass as a function of time. 

 

FIG. 5. Cumulated mass of eroded concrete. 

The final thickness of the upper crust is near 0.28 m and the thickness of the oxide layer 1.53 m (FIG. 
6). FIG. 7 gives the mass flow rates of gases produced by MCCI and released in the reactor vault. The 
mass of hydrogen generated during the corium-concrete interaction in the reactor vault is about 807 
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kg at the melt-through time, and the mass of carbon monoxide is near 14700 kg. At the end of 
calculation, the amounts of CO2 and H2O released into the containment atmosphere during the 
interaction are about 10100 kg and 6150 kg respectively. 

The maximum generation rates are about 0.137 kg/s in the early stage of ex-vessel phase and about 
0.0125 kg/s later in the accident for the hydrogen (FIG. 7), and about 1.94 kg/s at the beginning of the 
ex-vessel phase and 0.176 kg/s in the late stage for the carbon monoxide. The results of the CPA 
calculation with these assumptions showed that the containment failure occurs after about 28 hours 
from the initiating event. FIG. 7 shows the pressure evolution in the containment. The simulation was 
carried out for 3 days following the initiating event. 

  

FIG. 6. Thickness of the corium layers (oxide, 
crust and debris-bed). 

FIG. 7. Mass flow rate of gases generated in 
MCCI. 

 

5. EVALUATION OF THE TIME EVOLUTION OF THE GAS MIXTURE 
FLAMMABILITY INSIDE THE CONTAINMENT 

The flammability of the containment gas mixture depends on its composition, temperature and 
pressure. In this paper, the flammability condition of the mixture is determined by placing the average 
gas mixture in each zone in the Shapiro ternary diagram. At each time, the atmospheric composition 
of the zone is represented by a point on the ternary (H2+CO)-air-(steam+CO2) diagram. FIG. 8 and 
FIG. 9 show the time evolution of the gas component concentrations and the concentration distribution 
of the atmospheric mixture on the ternary diagram in the moderator room. 
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FIG. 7. Total and partial pressures in the reactor containment. 

  

FIG. 8. Gas concentration in the moderator room. FIG. 9. Gas composition in the moderator room. 

FIG. 10 and FIG. 11 show the gas composition in the upper part of the dome and in the the stairway 
room respectively. 

The results of the hydrogen behavior analysis, based on the calculated conditions in the containment 
(pressure, temperature and gas composition), showed that, for the considered case, the gas mixture is 
not flammable. The composition of the gas mixture on the Shapiro diagram is outside the limits of 
combustion. This is due to the hydrogen leaks into environment through the breach in the containment 
wall and the hydrogen removal by PARs.   
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The exception is the reactor vault zone in which hydrogen and carbon monoxide accumulate in high 
concentrations during the interaction between corium and concrete. Because the hydrogen 
concentration exceeds 35 % vol. in the presence of carbon monoxide and high temperatures, it is 
possible that the deflagration to detonation transition to occur [24]. The concentrations of the 
combustible gases are also high in the vault adjacent region.  

  

FIG. 10. Gas composition in the upper part of the 
dome. 

FIG. 11. Gas composition in the room R017. 

6. APPLICATION OF CPA-FRONT COMBUSTION MODEL TO A CANDU 6 
CONTAINMENT 

An application example of the CPA-FRONT combustion model to a generic CANDU 6 containment 
is presented hereinafter. 

For this calculation, it was assumed that at 9 hours following the accident initiation, the electric power 
was restored and the containment spray system and the local air coolers were recovered only. 
Concerning the hydrogen production before the reactor vessel failure, a correction with 50% was taken 
into account. The PARs were not taken into account. It was assumed that there are sources of ignition 
in the containment. The hydrogen ignition is assumed to occur in the fueling machine room R107 zone.  

6.1 CPA-FRONT MODEL 

The FRONT combustion model [25, 26] within the CPA containment module of the ASTECv2.0 code 
calculates the flame front velocity resulting in the tracking of the propagation of the flame between 
different containment compartments. In FRONT, the flame propagation takes place within the 
junctions that connect the containment zones. The H2 combustion takes place in the zones. The burning 
rate inside the zones is determined by the flame front velocity calculated by FRONT. The calculation 



254 | P a g e  
 

of the hydrogen deflagration velocity is based on empirical correlations. The turbulent flame front 
velocity  is calculated with the Peters correlation [25]. This correlation is a function of the laminar 

flame front speed, the maximal eddy length in the junction, the laminar flame thickness  that follows 

from the molecular diffusion coefficient and, the turbulence intensity. The laminar flame front 

velocity is calculated with the Liu-McFarlane correlation [25], depending on the initial pressure, 

temperature and composition of the mixture. In the FRONT model, the turbulence intensity  is given 
by the following correlation based on Reynolds number [25]: 

                                                                                                                             (5) 

with and constants with values estimated on the basis of small scaled experiments.  is the gas 

velocity in the junction and  the Reynolds number. The flame front velocity that describes the 
propagation of the flame is calculated as the sum of the gas velocity in the junction , and the flame 

velocity in the junction :  

                                                                                                 (6) 

with σ the expansion factor. Combustion stops according to a correlation derived from THAI HD 
experiments with-out steam [26]: 

,                                                     (7) 

with /  the volumetric fraction of H2 where the combustion process start/ends. 

6.2 SIMULATION RESULTS 

The results of the calculation are presented on Figures 12 to 14. The simulation was carried out for 
150000 s.  The concentration histories for the gas components in the room R107 for the case without 
combustion are given in FIG. 12. 

For the combustion calculation, the burning profile in the control volumes during time was assumed 
to be linear. The calculation provides information about combustion propagation. This information 
includes the start of ignition or re-ignition in a zone and the end of burning in that zone, flammability 
condition in a zone and the propagation direction.   

FIG. 13 shows the time evolution of the gas component concentrations in the control volume FMR107. 
The ignition start in the FMR107 zone and the gas mixture burns until the extinction criterion is 
fulfilled. Re-ignition does not occur during the calculation time interval. The flame front propagates 
in upwards direction through the junction J03 to the adjacent zone SGR where the atmosphere is 
flammable at the propagation time and the combustion occurs. Then, the flame propagates vertically 
upwards and downwards through the junctions to the connected zones. From these zones, the flame 
propagates in horizontal and vertical direction in the containment.  
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FIG. 12. Gas concentration in the FMR107 zone. 

The concentration for the gas components in the SGR control volume is given in FIG. 14. 

The hydrogen deflagration causes a pressure increase during the combustion with a peak of about 1.5 
105Pa. The combustion effect on containment temperature is a variation during the combustion with a 
peak up to about 1000 K. 

  

FIG. 13. Gas concentration in the FMR107 zone. FIG. 14. Gas concentration in the SGR zone. 
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7. CONCLUSIONS 

This paper presents an analysis of the hydrogen behaviour during a severe accident initiated by a SBO 
at a generic CANDU 6 reactor with the help of ASTECv2.0 code. 

The MEDICIS (Model of Erosion Due to Interaction of CorIum with basemat Substrate) and CPA 
(Containment Part of ASTEC) modules of ASTEC (version V2.0r3p4) were used to determine the 
delay before the vertical melt through of the reactor vault floor or the penetration of the lateral walls,   
and to describe evolution of the composition of containment atmosphere, temperature and pressure in 
containment. Then, the time evolution of the containment atmosphere flammability in each volume 
was evaluated on the ternary diagram.  

For this paper, the containment was represented by a simplified model with a small number of control 
volumes. The distribution of hydrogen inside the containment was evaluated taking into account the 
effect of the mitigation and safety systems. To simulate the catalytic recombiners inside the reactor 
containment, a simplified model based on an empirical correlation developed by AECL for the passive 
autocatalytic recombiners (PAR) was used.   

The analysis of time evolution of containment atmosphere showed not flammable gas mixtures in the 
containment zones. Exceptions are the reactor vault and the adjacent region where the hydrogen and 
carbon monoxide reach high concentrations during the interaction between corium and concrete. In 
this case, the presence of high temperature could increase the likelihood of a deflagration to detonation 
transition.  

Also, the application of the flame front model to a CANDU 6 containment was given. 
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ABSTRACT 

Limits (concentration and geometrical) for effective flame acceleration is of vital importance for 
hydrogen safety of nuclear power plants. In prior empirical studies it was revealed a substantial 
difference in potential for effective flame acceleration for the “weak” combustible hydrogen-air 
mixtures, where unstable/quench and unstable/slow combustion regimes can exist and for the “strong” 
ones, where choked flames and quasi-detonations can occur.  

In order to reduce the uncertainties in empirical-based estimation of the flame acceleration 
concentration limits, an alternative, model-based framework is presented. It was assumed that 
fundamental concentration limits for deflagration flames are ultimate edges for empirical concentration 
limits for flame acceleration. Non-empirical engineering method for quantitative estimation of the 
concentration limits for plane deflagration flame is described. It was obtained, that theoretical 
estimation provides a more conservative estimation of lower concentration limit then the empirical 
one. Targets for the future the physical or computational experiments, focused on understanding of 
nature and further refining of the lower concentration limit for “deflagration-to-flame-ball” transition 
is proposed.    

Key words: Hydrogen Safety, Flame Acceleration, Concentration Limits, Uncertainties, Deflagration 
Flames, Flame Balls, Theoretical Models 

1. INTRODUCTION 

Limits (concentration and geometrical) for effective flame acceleration (FA) is of vital importance for 
hydrogen safety of nuclear power plants [[1]]. Even if no detonation transition occurs, the flame 
acceleration can be responsible for the generation of high pressure loads that threat to the reactor’s 
containment, which is the last barrier to radioactive products release.  

Exact knowledge and deep understanding of the flame acceleration phenomena and their 
characteristics (concentration and geometrical limits, physico-chemical mechanisms, factors favoring 
to its appearance, etc.) are important for the different nuclear safety and academic communities [[2]], 
for example,  
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— for establishing and supervising of the design and construction requirements for LWR 
nuclear plants, specifically for containment system [[3]],  

— for the evaluation and optimization of the hydrogen mitigation measures in the nuclear 
containment, such as passive catalytic recombiners (PARs) and ignitors [[4]], 

— for development and substantiation of the different hydrogen mitigation strategies [[5]].  

In studies [[6], [7]] it was revealed a substantial difference in potential for effective flame acceleration 
for the “weak” combustible hydrogen-air mixtures, where unstable/quench and unstable/slow 
combustion regimes can exist, and for the “strong” ones, where choked flames and quasi-detonations 
can occur.  

As result of analysis of the empirical data on FA in different test facilities, in works [[7]-[9]] there 
were introduced two hypotheses, concerning to characterization of effectiveness of flame acceleration 
for given geometrical configurations, scales and initial conditions (pressure and temperature) in 
hydrogen-air gas mixtures:  

- quantitative measure (metrics) for FA process characterization is a mixture expansion ratio 𝜎 =

𝜌 𝜌 =⁄ 𝑇 𝑇⁄  (ratio of mass densities of unburned reactants 𝜌  and combustion products 𝜌  or ratio 
of maximal flame temperature 𝑇  to initial temperature of mixture), 

- necessary condition (criterion) for FA realization is an exceedance of mixture expansion ratio 𝜎 over 
critical value 𝜎∗: 

𝜎 > 𝜎∗ = 3.75 ± 0.25  for stable flames in mixtures with 𝛽(𝐿𝑒 − 1) > −2,        (1) 

𝜎 > 𝜎∗(𝛽)   for unstable flames in mixtures with 𝛽(𝐿𝑒 − 1) < −2.    (2) 

Necessary for FA conditions (1) and (2) were formulated in terms of three hydrogen-air gas mixture 
properties (indices):  

— expansion ratio 𝜎 = 𝑇 𝑇⁄ ,  
— Zeldovich number  𝛽 = 𝐸 (𝑇 − 𝑇 ) (𝑅𝑇 )⁄ ,  
— Lewis number 𝐿𝑒.  

This triplet of indices was used to divide hydrogen-air gas mixtures into the “strong” mixtures (𝜎 > 𝜎∗) 
and the “weak” ones (𝜎 < 𝜎∗), depending on their ability to support effective flame acceleration for 
enough scale (flame propagation distance) and under favorable geometrical conditions.  

For practical usage, the proposed “sigma criteria” has been visualized as additional (to the flammability 
limits) “flame acceleration limits” at hydrogen-steam concentration diagram (Fig. 1). 

Empirical data, analyzed in [[9]], were not neither complete nor sufficient for accurate and exhaustive 
determination of the critical 𝜎∗-values for a wide range of hydrogen-air mixture compositions and their 
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initial parameters (pressure, temperature), which shall be considered during safety assessment of 
credible severe accident conditions at nuclear power plants.  

Some uncertainties connected with  

— unavailability experimental data (for rich mixtures (> 60 vol.%H2), for near-stoichiometric 
mixtures (0.7 < 𝜙 < 1), for high temperatures (>383 K)),  

— possible influence of additional parameters (the laminar flame Mach number), 
— absence of reliable data on laminar flame speed for some mixture compositions, 
— reliability and accuracy of quantitative estimations of effective energy 𝐸  from experimental 

data, 
— exact location of border between stable and unstable flames in terms of mixture composition 

in determination of 𝛽 and 𝐿𝑒 

have been described in [[9]].  

 

Fig.1. Concentration limits of flame acceleration for hydrogen-air-steam mixtures at T=375 K and p=1 atm. 
Ranges of uncertainties are shown by shadow areas. (reproduced Figure 10 from [[7]]). 

Empirical-based approach to FA characterization, proposed in [[7][9]], have been extended and 
refined in a few subsequent experimental studies.  

Correlation for dependence of critical 𝜎∗-value upon Zeldovich number 𝛽 was described in [[10]]. It 
was extracted from data covering wide range of mixtures: H2/air, H2/air/steam (from lean to rich) at 

normal and elevated initial temperatures (from 298650 K) and pressures (from 13 bar); and 
stoichiometric H2/O2 mixtures diluted with N2, Ar, He and CO2 at normal initial conditions.  
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An alternative (to [[10]]) correlation for 𝜎∗(𝛽) for hydrogen-air and hydrogen-methane-air mixtures 
was derived in [[11]].  

For both ([[10]] and [[11]]) empirical correlations their uncertainty ranges were estimated by authors 
as ±8% . This uncertainty range can be regarded as reasonable from engineering viewpoint and 
practice. However, besides uncertainties, connected with experimental data (stochasticity of measured 
variables, inaccuracy of measurement procedure or instruments, etc.), there are exist epistemic 
uncertainties, related with model for representing phenomenon under consideration, for representing 
model parameters or other theoretical-based uncertainties. In state-of-the art review [[12]] it was 
stressed, that 1) “the correlations (for 𝜎∗(𝛽)) show qualitatively that the critical expansion ratio for 
strong FA increases with dimensionless activation energy.  ... It should be noted that the difference in 
the critical condition between stable and unstable flames … may also include the Lewis number effect. 
This effect was not addressed in sufficient detail in [[10]], because of uncertainty in the model used 
for determination of 𝛽”. 

So, at present the model-related uncertainties are still remaining in quantitative evaluation of the 
critical 𝜎∗-values due to “lack of a theoretical foundation” (see p.7.2 in [2]). These model-related 
uncertainties (see Fig. 15 below) can compromise a credibility and accuracy of hydrogen safety 
assessments in different practical applications - containment design, computational assessment of 
explosion potential of the combustible hydrogen-air mixtures, etc.  

 

Fig. 15. Empirical taxomomy of the concentration limits for the basic premixed hydrogen-air combustion 
regimes under normal conditions (1 atm, 298 K). Uncertainties of concentration limits are shown by 

shadowed areas – yellow color for flammability limits, green color for “fast flames” limits. Reproduced from 
[[13]]. 

Moreover, empirical-based approach has limited capabilities to answer on other important practical 
and scientific questions, related with the FA concentration limits: 

— Why exists a gap between the flammability concentration limits and the FA concentration limits 
in premixed hydrogen-air gas mixtures ? 
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— What are the ultimate concentration limits to which the different experimental values, obtained 
in experiments with different experimental setups, test procedures, measurement criteria, can 
converge ? 

— What is a key difference between the flames in the ultra-lean (<10 vol.% H2) hydrogen-air 
mixtures in comparison with deflagration waves in the near-stoichiometric or rich mixtures ? 
What is a measurable flame parameter, which can be used for direct experimental evidence of 
mentioned difference ? 

 
In order to improve understanding of nature and to reduce quantitative range of the uncertainties in 
concentration limits for mixtures, where effective acceleration of flames is possible, an alternative (to 
empiric framework), model-based approach can be helpful.  

Goal of this work – to define a model-based framework, aimed at uncertainty reduction of the FA 
concentration limits in premixed hydrogen-air gas mixtures. 

2. TWO GENERIC CLASSES OF PREMIXED FLAMES MODELS 

2.1. PROPAGATING FRONTAL FLAMES AND CONFINED STATIONARY BALL-LIKE 
FLAMES: EARLIER PHENOMENOLOGICAL EVIDENCES  

In seminal work [[13]], where “flammability limits” concept and appropriate experimental criterion 
have been introduced, two principally different types of flames behavior have been described, but not 
reflected theoretically.  

In the near-stoichiometric and in the rich hydrogen-air mixtures, the flames, initiated by spark, 
propagated indefinitely as self-sustained reaction fronts with near plane stationary local structure. 
These fronts were initially near spherical, then expanded and occupied a whole (attainable) volume of 
combustion tube, filled with gas mixture.   

In the lean (called by Coward as “weak mixtures”) hydrogen-air mixtures, the observed flames have 
the following specific features  

— their shape resembled “small balls of flame” or “vortex of ring of flame” or “ring of flame”, or 
“cups”; 

— flame were confined in space and do not demonstrated tendency for “spreading out” into all 
available combustible gas mixture (in contrast to deflagration flames), especially near lower 
flammability limit (around 4.1 vol.% H2). This feature results in incomplete combustion of 
ultra-lean (<10 vol.% H2) gas mixtures;  

— ball-like flames have tendency to “broke into pieces” in some situations; 
— buoyant flame balls moved with small velocities and in the upward direction. Only at 9.4 vol.% 

H2 “a wide ring travelled downwards”. 

Later (during 1936-1948), phenomenon of the non-frontal flames in lean hydrogen-air mixtures was 

studied and visualized (Fig. 2) in a set of experimental works [[15][17]]. 
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Fig.2. Visualization of the characteristic shapes of the non-frontal flames in the ultra-lean hydrogen-air 
mixtures. Reproduced from [[15]]. 

In 19601970-th, interest in combustion of the lean hydrogen-air mixtures was renewed from 
aerospace applications viewpoint. Notion “bubble-like combustion” was used (for example, in Russian 

combustion research community) [[18][23]]. However, only visually observable phenomenological 
features were studied [[24]] without attempts to explore principal differences in frontal deflagration 
flames and flame ball flames. 

First targeted experiments, focused on accurate measurements of the flame balls’ characteristics and 
their lower concentration limit (around 3.2 vol.% H2), have been performed, at first, in free-fall in a 
drop tower at the NASA Lewis Research Center in Cleveland, Ohio [[25]] and, then, in the STS-83 
and STS-94 Space Shuttle missions under zero gravity conditions [[26]]. It was observed, that the 
studied flame balls can be stationary or self-drifting in hydrogen gradient concentration field. Flame 
balls do not propagate outwardly, but only merely float (in uniform concentration field) or drift (in 
spatially non-uniform concentration field) with preservation of stationary spherical reaction front 
radius or split into smaller balls.  

2.2. TWO GENERIC MODELS FOR PREMIXED HYDROGEN-AIR FLAMES 

From theoretical (analytical modeling or computational simulation) viewpoint, a diversity of premixed 

flame phenomena (within the known hydrogen-air flammability limits (4.175 vol.% H2)) can be 
derived from two basic theoretical models. 

The Zeldovich-Frank-Kamenetskii model [[27], [28]] of deflagration flames (also known as ZFK 
model) is a critical generic component of the different specific (subsidiary) models [[30]] for laminar 
(curved, cellular, etc.) and turbulent flames, which can propagate outwardly (to source of ignition) 
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indefinitely and occupy all available space, filled in by flammable gas mixture. It deals with self-
similar propagation of reaction fronts (locally plane) in open infinite space. 

The Zeldovich-Frank-Kamenetskii model [[31]] of stationary spherical flame (aka Flame Ball model) 
is ancestry for multiple models [[32]] for ball-like flames, which are confined in space, both under 
Earth gravity and zero gravity conditions.    

3. FUNDAMENTAL CONCENTRATION LIMITS FOR DEFLAGARATION 
FLAMES AS ULTIMATE EDGES FOR EMPIRICAL CONCENTRATION LIMITS 
FOR FLAME ACCELERATION  

3.1. THEORETICAL EVALUATION OF FUNDAMENTAL CONCETRATION LIMITS FOR 
PLANE DEFLAGRATION FLAMES 

Numerical values of fundamental concentration limits for plane deflagration propagation in premixed 
hydrogen-air mixtures, which have been evaluated using non-empirical computational methods are 
shown in Table 1.  

Table 1. FUNDAMENTAL CONCENTRATION LIMITS FOR PLANE DEFLAGRATION 
FLAMES IN HYDROGEN-AIR MIXTURES UNDER NORMAL INITIAL CONDITIONS (T   = 
298 K, P=1 atm), COMPUTED USING THERMODYNAMIC AND KINETIC DATA  

Reference Lower limit, 

equivalence ratio  

(vol.% H2)  

Upper limit, 

equivalence ratio 
(vol.% H2) 

Criterion 

[[33]] - 10.1 (80,9) Kinetic: flammability exponent 𝛼 = 1 
[[34]] 0.251 (9.5) - Kinetic-thermodynamic: 𝑇 = 𝑇  
[[35]] 0.247 (9.4) 8.697 (78.5) Kinetic-thermodynamic: 𝑇 = 𝑇  

In non-empirical computational estimations [[33]-[35]], term “fundamental limit” means an inherent 
physical-chemical property of a combustible mixture, independent of external influences, associated 
with or defined by experimental setup, measurement procedure or observation criterion.  

3.2. FUNDAMENTAL CONCENTRATION LIMITS FOR PLANE DEFLAGRATION FLAMES: 
THEORETICAL CRITERIA 

Two theoretical criteria have been used for non-empirical estimations of concentration limits for plane 
deflagration flames up to now. 

According to kinetic criterion [[33]], coefficient 𝛼, termed as flammability exponent, shall be equal to 
1 at limiting equivalence ratio 𝜙  : 

𝛼(𝜙 ) = 𝜕(𝑙𝑛𝑤 ) 𝜕(𝑙𝑛𝑤⁄ ) = 1.          (3) 
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It means, that within reaction front of the critical deflagration flames, a rate of leading chain branching 

reaction 𝑤  is equal to rate of main termination reaction 𝑤  (𝑤 ~𝑤
( )

).  

According to kinetic-thermodynamic criterion [[34], [35]], in the critical plane deflagration flames the 
maximal flame temperature 𝑇  is equal to crossover temperature 𝑇  (see equation (5) below) 

𝑇 = 𝑇 .             (4) 

Physical meaning of equation (4) can be interpreted ([35]) in the following way.  

Each hydrogen-air gas mixture in open space can be characterized by two intrinsic physico-chemical 
characteristics (indices) - kinetic index and thermodynamic index – along with the other well 
established indices (normal laminar flame velocity 𝑠 = (𝜙, 𝑇 , 𝑝 ), etc.). 

Thermodynamic characteristics (index) of hydrogen-air gas mixtures is the adiabatic isobaric complete 
combustion temperature 𝑇  (𝜙, 𝑇 , 𝑝 ), Fig. 3. It is characteristic of a heat generation capacity of 
mixture with given equivalence ratio (stoichiometry) under given initial temperature and pressure. As 
a consequence, it defines numerical value of expansion ratio 𝜎 = 𝑇 𝑇⁄ , which is characteristic for 
mixture with fixed stoichiometry. In other words, it defines a “strength” of “gasdynamic piston” at 
deflagration flame front. This “chemical piston” produces acoustic waves, emanating from chemical 
reaction front, and, eventually, results in baric impact of the laminar and turbulent flames (both slow 
and fast). 

 

Fig.3. Intrinsic thermodynamic characteristics of hydrogen-air gas mixtures. Adiabatic isobaric complete 
combustion temperature 𝑇 (𝜙) dependence upon concentration of hydrogen in hydrogen-air gas mixtures 

at normal conditions (1 atm, 298 K). 

Kinetic characteristics (index) is a crossover temperature 𝑇 (𝜙, 𝑝 ), Fig. 4. It is characteristics of a 
capacity of mixture to establish and to preserve chemical chain propagation for given stoichiometry 𝜙 
and initial pressure 𝑝 . Continuity of chemical chain propagation provides opportunity for persistent 
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chemical heat generation inside of reaction front for given heat losses from flame, which is defined by 
external conditions for flame propagation – gas mixture temperature and pressure, geometry and 
material of experimental vessel, etc..  

Quantitative value of crossover temperature 𝑇  is defined (in [[34], [35]]) from equation 

𝑘 = 𝑘 ∙ [𝑀]             (5) 

where  

𝑘  – rate of leading (for given temperature and pressure of hydrogen-air gas mixture) chain branching 
reaction in detailed mechanism of hydrogen-air combustion  

𝐻 + 𝑂 → 𝑂𝐻 + 𝑂;            (6) 

𝑘  – rate of dominating chain termination reaction  

𝐻 + 𝑂 +𝑀 → 𝐻𝑂 + 𝑀.           (7) 

  

Fig.4. Intrinsic kinetic characteristics of hydrogen-air gas mixtures. Crossover temperature 𝑇  dependence 
upon stoichiometry of hydrogen-air gas mixture at normal pressure (1 atm). 

It can be assumed, that in the deflagration flames, which propagate within fundamental concentration 
limits (Fig. 5), maximal flame temperature 𝑇  is higher than crossover temperature 𝑇 . In these cases, 
leading chemical chain is originating and propagating without constraints. It provides a permanent 
chemical heat generation inside of reaction zone, that feeds a sustainable propagation of deflagration 
flame. 

In critical flames, which propagate at lower or upper concentration limits, maximal flame temperature 
𝑇  is equal to crossover temperature 𝑇  (see criterion (4)). This situation is highly unstable from the 
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kinetic, energy balance and flame behavior viewpoints. Any disturbance, which reduce maximal flame 
temperature in reaction front, results in domination of the chemical chain termination over chain 
branching. Breaking of chemical chain propagation continuity, due to domination of the termination 
reactions over chain branching reactions, results in inability of persistent chemical heat generation. 
Eventually, this chain of the kinetic and energy supply effects results in extinguishing of deflagration 
flame as a self-sustaining mode of combustion.  

 

Fig.5. Relation of maximal flame temperature 𝑇  (blue color) and crossover temperature 𝑇  (red color) in 
plane deflagration flames (reproduced from [[35]]). 

3.3. SIMPLIFIED METHOD FOR QUANTITATIVE ESTIMATION OF THE FUNDAMENTAL 
CONCENTRATION LIMITS FOR PLANE DEFLAGRATION FLAMES 

In order to minimize computational cost of the non-empirical quantitative estimations of the 
fundamental concentration limits for the plane deflagration flames, a simplified (in comparison with 
comprehensive computational and analytical methods, described in [[34]])) engineering method has 
been proposed in [[35]].  

Procedure includes the following steps: 

— calculate dependence of adiabatic isobaric complete combustion temperature 𝑇 (𝜙) upon 
equivalence ratio 𝜙 (or hydrogen concentration) for given initial conditions (temperature 𝑇  
and pressure 𝑝 ); 

— calculate dependence of crossover temperature 𝑇 (𝜙) upon equivalence ratio 𝜙 (or hydrogen 
concentration) for given initial pressure 𝑝 ; 

— define fundamental concentration limits at the intersection points, where kinetic-
thermodynamic criterion (4) is satisfied 𝑇  (∅ ) = 𝑇  (∅ ). 

 
Graphical representation of the proposed procedure is shown in Fig. 6. Here the kinetic-
thermodynamic criterion (4) was applied for quantitative estimation of the fundamental concentration 
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limits for planar deflagration flames in dry hydrogen-air mixture at normal initial conditions (𝑝 =1 
atm, 𝑇 = 298 𝐾).  
The following estimations have been obtained for the fundamental concentration limits 

 lower fundamental concentration limit (LFCL) – 9.4 vol.%H2 (equivalence ratio – 0,247), 

 upper fundamental concentration limit (UFCL) – 78.5 vol.%H2 (equivalence ratio – 8,697). 
 

In [[34]] and [[35]] for quantitative assessment of flame temperature 𝑇 (𝜙)  there was used a 
dependence of the adiabatic isobaric complete combustion temperature 𝑇 (𝜙) upon equivalence 
ratio 𝜙. This assumption is credible for the plane deflagration flames only. 

 

Fig.6. Graphical representation of simplified method [[35]] for non-empirical evaluation of the fundamental 
concentration limits for plane deflagration flame propagation in dry hydrogen-air mixtures at normal initial 

conditions (1 atm, 298 K). 

It must be stressed, that quantitative assessment of the fundamental concentration limits have been 
performed using only kinetic calculation of  𝑇   and thermodynamic calculation of 𝑇 . 

Theoretical fundamental lower concentration limit for plane deflagration flames propagation (9.4 
vol.%H2), computed in [[34]] and [[35]] “from the first physico-chemical principles”,  has lower 
numerical value then empirical lower concentration limit, measured for flame acceleration (11 
vol.%H2) in paper [[7]].  

It can be regarded as  
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— ultimate value to which different empirical values, obtained in experiments with different 
experimental setups, test procedures, measurement criteria, will converge and  

— more conservative estimation for flame acceleration in hydrogen-air gas mixtures at normal 
initial conditions (1 atm, 298 K) in comparison with available now empirical limit, defined in 
[[7]]. 

 

Accurate determination of the ultimate lower concentration limit for flame acceleration can be made 
either in future experiments or in 3-dimensional computations. In both cases it will be necessary to 
perform a set of tests (real or computational), which shall be complained with the following 
requirements  

— increment 0.1 vol.% H2 in variation of hydrogen concentration at least,  
— control of humidity level in hydrogen-air mixtures. A high sensitivity of fundamental 

concentration limits upon initial steam concentration in hydrogen-air mixture was obtained in 
computations [[35]], based on the kinetic-thermodynamic criterion (4).    

 
3.4. THEORETICAL ASSESSMENT OF DEPENDENCE OF DEFLAGRATION-TO-FLAME-
BALL TRANSITION UPON INITIAL TEMPERATURE AT NORMAL PRESSURE  

Another important for hydrogen safety of nuclear power plants topic is estimation of a temperature 
dependence of the flame acceleration concentration limits. 

In Fig. 7 the three sets of data can be compared for hydrogen-air mixtures at normal initial pressure, 
but at varying initial temperature. Theoretical estimations ([[35]]) of the fundamental concentration 
limits for plane deflagration flames are shown by red color. Empirical data on concentration limits for 
the downward propagating deflagration flames are shown by – black color ([[39]]), blue ([[40]]), 
brown ([[41]]), magenta ([[42]]). Empirical data on flame acceleration concentration limits are shown 
by – orange stars ([[8]]) and cyan pentagons ([[11]]). 

As well as in previous part of this article, non-empirical estimations can be regarded as conservative 
“envelope” or “ultimate edge” (all experimental points in Fig. 7 are located inside of theoretical range 
for flame acceleration) for empirical data on flame acceleration concentration limits and on downward 
propagation concentration limits. After receiving of more detailed and extensive experimental data on 
temperature dependence of lower concentration limit for flame acceleration it will be possible to 
validate this hypothesis more thoroughly. 
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Fig.7. Temperature dependencies of the fundamental concentration limits [[35]] for plane deflagration flames 
(red color) and empirical concentration limits for downward deflagration flames (black, blue, brown, 

magenta) and for flame acceleration (orange, cyan) in hydrogen-air mixtures at normal initial pressure (1 
atm). 

4. DEPENDENCE OF MAXIMAL FLAME TEMPERATURE UPON HYDROGEN 
CONCENTRATION: PRINCIPALLY DIFFERENT BEHAVIOR FOR 
DEFLAGRATION FLAMES AND FLAME BALLS 

In spite of a long term tradition in experimental and theoretical studies of the flame balls, briefly 
described in part 2.1 and 2.2 of this paper, a clear understanding that frontal deflagration flames and 
flame balls are the two principally different combustion regimes, is still absent in hydrogen safety 
professional community. It is known [[14]], that ultra-lean hydrogen-air combustion is incomplete 
(Fig. 8). This feature – incompleteness of combustion in the non-spreading in space, buoyant flame 
balls - results into under-adiabatic effect for pressure rise (Fig. 9) in the ultra-lean hydrogen-air gas 
mixtures. Notion “under-adiabatic” means, that total pressure increase in experiments in closed vessels 
(Siwek sphere or else) is well below to expected pressure increase in adiabatic isochoric complete 
combustion. 
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Fig.8. Degree of incompleteness of combustion in ultra-lean hydrogen-air gas mixtures (reproduced from 
[[14]]). 

 

Fig.9. Under-adiabatic effect in the ultra-lean hydrogen-air gas mixtures (reproduced from [[38]]). 

Substantial deviations (from expected combustion completeness (Fig. 8) and from pressure increase 
(Fig. 9) started to be visible within a narrow concentration range – between 8 and 10 vol. % H2.  

On the base of theoretical analysis  ([[35]]) of the fundamental concentration limits,  it is possible to 
formulate a goal for the future physical or computational experiments, aimed at exploring a direct 
evidence, that deflagration flames and flame ball-like flames have different physical nature and, hence, 
exhibit different macroscopic behavior during gradual variation of the hydrogen concentration in initial 
gas mixture. 
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During a gradual decrement of hydrogen concentration in the hydrogen-air mixtures (it can be named 
as a Deflagration-to-Flame Ball-Transition or shortly - DFBT) maximal flame temperature can follow 
(can be symbatic to) two different asymptotic curves (Fig. 10): 

𝑇 (𝜙)~ 𝑇 (𝜙)  in concentration range [3.35 – 9.4] vol.%H2      (8) 

𝑇 (𝜙)~ 𝑇 (𝜙)  in concentration range [9.4 – 78.5] vol.%H2      (9) 

 

Fig. 10.Two different types of maximal flame temperature dependence upon hydrogen concentration in 
hydrogen-air mixtures (reproduce from [[35]]). 

Due to large difference in sensitivity of functions 𝑇 (𝜙) and 𝑇 (𝜙) to variation of 𝜙, an inflexion 
point at 𝑇 (𝜙) curve is expected at concentration near 9.4 vol.%H2.  

Accurate experimental study of temperature dependency of maximal flame temperature upon hydrogen 
concentration within whole flammability limits range, especially in Deflagration-to-Flame Ball-
Transition range ([8 - 12] vol.%), will be helpful for development of theoretical taxonomy for the 
premixed hydrogen-air gaseous combustion (Fig. 11).  

Further refining of understanding of deflagration-to-flame ball transition (DFBT) or, equivalently, the 
ultimate lower concentration limit for deflagration flames require an explicit consideration of the 
model-based uncertainties, which were not covered in simplified version of kinetic-thermodynamic 
criterion, used in [[34]] and [[35]]:    

— buoyancy of combustion products (under the Earth gravity conditions) and its influence of 
flame structure, parameters and stability, 

— non-planar structure of the cellular deflagration flames in lean and ultra-lean hydrogen-air 
mixtures, 

— dynamic effects in pulsating deflagrations flames in rich hydrogen-air mixtures,  
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— effect of preferential diffusion of hydrogen, 
— thermal diffusion (Soret) effect. 

 

 

Fig.11. Theoretical taxomomy of the concentration limits for the basic premixed laminar hydrogen-air 
combustion regimes under normal conditions (1 atm, 298 K). Reproduced from [[13]]. 

Detailed technical requirements for the experimental or for high fidelity computational studies of the 
deflagration-to-flame-ball transition at the Earth and zero gravity conditions will be described in a 
separate article. 

5. CONCLUSIONS 

In order to reduce the uncertainties in empirical-based estimation of the flame acceleration 
concentration limits, an alternative, model-based framework is presented.  

It was hypothesized that fundamental concentration limits for deflagration flames can be interpreted 
as ultimate edges for empirical concentration limits for flame acceleration.  

Non-empirical engineering method for quantitative, computationally in-expensive estimation of the 
concentration limits for plane deflagration flame is described.  

It was found, that theoretical estimation provides a more conservative estimation of lower 
concentration limit then the empirical one.  

Target for the future physical or computational experiments, focused on understanding of nature and 
further refining of the lower concentration limit for “deflagration-to-flame-ball transition is proposed.    
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SOME ASPECTS OF HYDROGEN SAFETY ASSESSMENT FOR RUSSIA’S 
VVER TYPE REACTORS 

I. Kirillov, N. Kharitonova and R. Sharafutdinov 

Scientific and Engineering Centre for Nuclear and Radiation Safety(SEC NRS), Russian Federation, 
kharitonova@secnrs.ru 

1. INTRODUCTION 

1.1. RUSSIAN REGULATORY APPROACH TO ASSESSMENT OF HYDROGEN EXPLOSION 
SAFETY  

Hydrogen explosion safety is one of the key elements in ensuring the safety for all nuclear facilities, 
where uncontrolled generation or leakage of hydrogen is possible in an anticipated operational 
occurrences or accident conditions.  Russian Federal Rules and Regulations in the field of nuclear 
energy establish a number of requirements to hydrogen safety at nuclear power plants (NPP) and to 
systems required for hydrogen control. The basic safety requirements are reflected in the current 
regulatory documents that establish general requirements for hydrogen explosion safety: 

 “General Safety Rules of Nuclear Power Plants” (NP-001-15) [1]; 

 “Rules for Provision of Hydrogen Explosion Protection at Nuclear Power Plants”  (NP-040-
02) [2]. 

As defined in NP-001-15 [1], hydrogen explosion protection at a nuclear power plant implies technical 
and administrative measures that shall be taken to prevent hydrogenous mixture detonation in reactor 
components located in a space enclosed by reactor containment, and to mitigate impact of hydrogenous 
mixture combustion on reactor containment and on other safety-related plant systems and components 
under normal and abnormal operation of a nuclear power plant, and in accidents.  

The rules [1] establish the basic principles of explosion protection and requirements for explosion 
safety, implemented in the design and operation to prevent and mitigate design and beyond design 
basis accidents, accompanied by the explosion of hydrogen-containing mixtures. According to NP-
040-02 [2], hydrogen explosion protection at a nuclear power plant is judged to be ensured if: 

a) generation of explosive hydrogenous mixture in systems, components and premises located 
inside the containment is prevented under normal plant operation; 

b) detonation and deflagration of hydrogenous mixture in premises located inside the containment 
is ruled out in design-basis accidents; 

c) during severe accidents, detonation of hydrogen-containing gas mixtures is ruled out, while 
deflagration may take place provided that the confining safety systems perform as designed 
(first of all, it is necessary to avoid global combustion challenging the containment integrity). 
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1.2. RUSSIAN REGULATORY APPROACH TO CERTIFICATION OF COMPUTER 
PROGRAMS FOR THE ASSESSMENT OF HYDROGEN EXPLOSION SAFETY  

The Russian Federal Norms and Rules in the field of the use of atomic energy contain requirements 
that the computer codes used for justification of the safety of nuclear facilities and (or) activities in the 
field of the use of atomic energy, including the justification of hydrogen explosion safety, must be 
certified 3 . The subject of code certification is the recognition of the possibility of its use for 
computational modeling of processes affecting the safety of nuclear facilities. Certification of the 
computer codes is carried out in accordance with the procedure established by Regulator 
(Rostechnadzor).  

Report on Computer Program Verification is considered as the basic document, which demonstrates 
the declared characteristics of software (availability to perform mathematic simulation of different 
modes, processes and/or conditions of nuclear facilities with the reasonable accuracy). This report is 
submitted to the Council in the package of documents accompanying the application for a software 
certification. This report includes the following sections: purpose and scope, description of calculation 
schemes and geometric models, justification of the calculation technique, verification matrix, 
d`escription of computational and analytical tests, description of experimental installations and 
presentation of experimental data. The Expert Council (hereinafter to be referred to as the - the 
Council) as well as its subpanels for different thematic areas is established under the aegis of 
Rostechnadzor to carry out of review and certification of software. The Council and its subpanels 
include specialists which are recommended by the industrial enterprises, institutions of the Russian 
Academy of Sciences, the higher education institutions and SEC NRS. The representatives from more 
than fifty organizations are involved into the Council and its subpanel’s activities. In correspondence 
with the assignment of Rostechnadzor since 1991 the Council activity management has been 
performed by SEC NRS. With positive conclusions of expertise for computer program on the basis of 
recommendations of the Council, a certification passport (certificate) of the relevant software is 
issued, in the appendix to which its purpose, scope, brief description, information on calculation error 
and others are indicated. 

2. CERTIFIED COMPUTER PROGRAMS USED FOR ASSESSMENT OF 
HYDROGEN SAFETY ON VVER UNITS 

2.1. CERTIFIED COMPUTER PROGRAMS FOR MODELING OF THERMAL PHYSICAL 
PARAMETERS AND COMPONENT COMPOSITION OF THE STEAM GAS MIXTURES IN A 
VVER CONTAINMENT  

As of June 2018, in the part of assessing the hydrogen explosion safety in the containment during the 
accidents, certificates were issued for two computer programs intended for containment modeling of 

 
3 On May 23, 2018, the Federal Law No. 118-FZ "On Amending Article 26 of the Federal Law (No. 170-FZ) "On the Use 
of Atomic Energy" was signed. 
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VVER units: KUPOL-M (Certificate No. 397 - organization-developer - IPPE) and ANGAR 
(Certificate No. 296 - organization-developer “Atomenergoprojekt”). 

KUPOL-M code is intended for calculation of thermal physical parameters in a system of 
interconnected premises inside containment. The following values are calculated: the time variation of 
gas-steam mixtures pressure in each room and pressure differences between rooms, the change in time 
of the temperature of the gas-steam mixtures in each room, the non-stationary temperature distribution 
in the building structures and equipment located in each room, as well as the time variation of the 
concentrations of the components of the gas-steam mixtures in each calculated volume (node). In the 
KUPOL-M code, a mathematical model of heat and mass transfer in nodes is implemented that 
simulates a system of interconnected premises, which is a system of ordinary differential equations for 
the conservation of momentum, energy and gas mixture components recorded for each of nodes. The 
universal gas law is adopted as the equation of state. The heat exchange model with walls and 
equipment is based on the one-dimensional heat equation for the wall, on the heat and mass transfer 
analogy for calculating the surface vapor condensation and on the empirical dependences for the heat 
transfer coefficients. The simulation of hydrogen removal system during the accidents is carried out 
using empirical models of passive catalytic hydrogen recombiners (PARs) based on PARs 
characteristics, confirmed in the technical specifications by the PAR manufacturer. 

ANGAR code is intended for design simulation of changes in thermo physical parameters and 
component composition of the gas-steam mixtures in a system of interconnected premises under 
containment for different plant operation conditions.  The following parameters are calculated: 

 total pressure and average temperature of the gas-steam mixtures in each calculated volume 
(node) of the modeled object; 

 differential pressure between nodes; 

 partial pressure and mass / volumetric concentrations of steam and non-condensable gases 
included in the gas phase of the medium (O2, N2, CO, CO2, He, H2, Xe). 

2.2. CERTIFIED COMPUTER PROGRAMS FOR MODELING OF COMBUSTION REGIMES IN 
A VVER’s CONTAINMENT 

With regard to the modeling of hydrogen combustion regimes, the certification passports are released 
for two computer codes: LIMITS (Certificate No. 382- organization-developer All-Russian Scientific 
Research Institute of Experimental Physics) and FIRECON (Certificate No.381- organization-
developer All-Russian Scientific Research Institute of Experimental Physics). 

Computer code LIMITS is intended for calculation of combustion modes of premixed hydrogen-air 
mixtures with water steam. The different combustion regimes are determined on the basis of the 
calculation of the corresponding limits for the concentrations of hydrogen and steam for given values 
of pressure and temperature (concentration limits). The combustion in laminar and turbulent modes is 
simulated, as well as detonation of hydrogen-steam-air mixtures formed during beyond design basis 
accidents, including SA. The computer code does not count the process of ignition of a mixture. The 
code calculates the combustion of pre-mixed homogeneous hydrogen gas mixtures in closed volumes. 
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Computer code FIRECON is intended for numerical modeling of slow and fast combustion, as well as 
detonation of hydrogen-containing mixtures in the containment. As a result of calculations, 
conservative time dependences of pressure and pressure pulses are determined at various points on the 
walls of the premises. 

3. VERACITY OF NUMERICAL MODELING OF STRATIFIED HYDROGEN-
AIR-STEAM GAS MIXTURES UNDER SEVERE ACCIDENT CONDITIONS 

The combination of two factors - the large dimensions of premises inside the VVER containment and 
the high buoyancy of hydrogen in the steam-gas mixture - contributes to the manifestation of the effects 
of stratification (spatial inhomogeneity of gas mixtures) and significantly complicates the numerical 
simulation of the propagation and combustion of hydrogen-air-steam gas mixtures under severe 
accidents conditions.  

At present, in Russia, only lumped-parameter codes (LP codes) are certified and used for numerical 
modeling and analysis of hydrogen safety issues for VVER units (KUPOL M and ANGAR). LP codes 
are based on a simplifying assumption about the homogeneous distribution of masses and energy in 
the calculated volume (node). This conceptual assumption allows to take into account the balance of 
mass and energy on the spatial scales of the individual calculated volume as a whole. However, this 
assumption and the absence of models for the molecular and turbulent mass and energy transfer in LP 
codes make it difficult (if ever possible) to simulate accurately local changes in the chemical 
composition, temperature and pressure associated with the transient formation, motion, and 
combustion of stratified hydrogen-air-steam gas mixtures at smaller scales, characteristic, for example, 
for PARs or individual jets and plumes of hydrogen within a separate calculated volume (node). This 
feature of LP codes makes it difficult to use them to justify the exact locations of equipment elements 
(PARs of hydrogen removal system and sensors of the hydrogen monitoring system in containment). 

The computer programs for gas-dynamic computational fluid flow calculations (the so-called Reactive 
Computational Fluid Dynamics (RCFD) codes) in principle make it possible to simulate the medium- 
and small-scale features of stratified flows, taking into account the effects of viscosity, thermal 
conductivity and diffusion in the propagation of hydrogen and combustion (in volume or on the catalyst 
surface). The Russian nuclear industry has initiated the development and/or customization of software 
for gas-dynamic modeling of volumetric and catalytic combustion of hydrogen-air-steam gas mixtures 
(reactive CFD / RCFD-codes) and supporting thermodynamic and kinetic data bases for a realistic 
assessment of the propagation and combustion of hydrogen in the containment. 

Verification and validation of CFD codes for the justification of hydrogen explosion safety is currently 
difficult due to the following issues:  

 the lack of validated physic-chemical and numerical models of volumetric combustion of ultra-
lean (with a concentration of hydrogen in a mixture of less than 10% by volume) hydrogen-
air-steam gas mixtures;  
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 the lack of representative experimental data for the development and validation of detailed 
numerical models of PAR by transients, namely: 

1) starting characteristics under different conditions of interaction of jets and 
plumes with PAR and  

2) ignition limits of a combustible hydrogen-air mixture for PAR based on porous catalyst 
carriers;  

 the lack of the generally agreed and accepted protocols and verification and validation matrices 
for CFD simulations for stratified hydrogen-air-steam gas mixtures; 

 the absence of recommended guidelines for the numerical simulation of different combustion 
regimes (deflagration, detonation, the transition from deflagration to detonation- DDT) with 
quantitatively with justified ranges of uncertainties; 

 the absence of a reasonably comprehensive methodology for quantitative assessment of the two 
main types of numerical simulation uncertainties:  

1) the epistemic uncertainties, including the uncertainties of the physicochemical combustion 
models (volumetric and catalytic), of their numerical realizations in scientific or 
commercial CFD codes, of the experimental data errors that are used for verification and 
validation of combustion models,  

2) the aleatoric uncertainties, associated with intrinsic stochasticity of the processes under 
simulation, i.e. during instabilities development at reaction front of flame or during 
deflagration-to-detonation transition. 

To increase the veracity (conformity to experimental facts and accuracy) of numerical simulations of 
the stratified hydrogen-air-steam gas mixtures behavior (distribution, combustion) under severe 
accident conditions more experimental, simulation and analytical research works are needed. 

4. PRELIMINARY REVIEW OF EXISTING CRITERIA AND INDICATORS, 
WHICH CAN BE USEFUL FOR QUANTITATIVE EVALUATION OF LEVEL 
EXPLOSION SAFETY IN STRATIFIED HYDROGEN-AIR GAS MIXTURES 

4.1. ACCEPTED CRITERIA OF HYDROGEN EXPLOSION SAFETY ASSESSMENT 

Currently Russia widely use the so-called Shapiro-Moffette diagram (Fig.1), first published in Ref. [3] 
in 1957, to analyse and argue the hydrogen explosion safety. This triangular diagram (with its three 
axes standing for hydrogen, air and steam concentrations) shows the concentration limits within which 
a blended hydrogen-air-steam gas mixture may burn in one of the two combustion modes known at 
that time – deflagration or detonation. Ref. [3] was among the first attempts to structure the physical 
and chemical data obtained from the assessments of hydrogen flammability in air and steam mixtures 
in case of a loss-of-coolant accident, in order to identify the potential impact of combustion-induced 
elevated pressure on reactor containment. Later, the Shapiro-Moffette diagram was updated in respect 
of both applicability and methodology [4-7]. However, in all these studies, special measures were 
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taken to provide spatial homogeneity of the premixed gas mixture before its ignition and ensuing 
combustion. That is, various combustion modes (‘bubble burning’, deflagration, detonation, 
accelerated flames, etc.) were investigated using a spatially homogeneous, initially premixed gas 
mixture [4-7]. For that reason, the current empirical methodologies used to characterize gas mixture 
explosion hazard, have been rigorously substantiated only for the spatially homogeneous, initially 
blended and quiescent gas mixtures. 

 

FIG. 1. A triaxial diagram (hydrogen concentration – air concentration – steam concentration) visualizing 
concentration flammability limits of a blended hydrogen-air-steam gas mixture under various initial temperature 

and pressure [3] 

The explosion safety requirements in rules [2] set clear goals for hydrogen safety systems (“rule out 
detonation”, “rule out deflagration”), but do not establish either specific quantitative criteria to verify 
the accomplishment of the declared goals or ways to achieve them. 

As shown in Ref. [8], it is essential to consider two particular features of hydrogen-air-steam mixture 
generation at a nuclear facility, to enable adequate provision of hydrogen safety at these installations: 
significant hydrogen-containing gas mixture stratification in case of hydrogen discharge into a closed 
space, and the dynamic nature (time dependence) of the 3-D hydrogen concentration field of the 
hydrogen-air-steam mixture inside a closed volume. 

Stratification (from Latin ‘stratum’ — layer, and ‘facio’ — doing) of hydrogen-air gas mixtures – as a 
physical and chemical phenomenon – shows up as spatial non-homogeneity of chemical composition 
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(in particular, percentage (mole) or weight hydrogen content in gas mixture). Stratification of 
hydrogen-containing gas mixtures may be caused by mixing processes (molecular or turbulent), 
convective motion under the impact of temperature / pressure gradient, or by gravity. 

4.2. SYSTEM OF FIRE AND EXPLOSION SAFETY INDICATORS AND CRITERIA FOR 
SPATIALLY HOMOGENEOUS GAS MIXTURES 

Appraisal of hydrogen explosion hazard and justification of relevant prevention measures rely on basic 
indicators describing the fire and explosion hazard of hydrogen-containing mixtures, whose list and 
applicability for characterizing the fire and explosion hazard of particular facility are specified in the 
national standard GOST 12.1.044-89 [9]. 

Classical approach to appraisal of fire and explosion hazard of flammable mixtures [3] relies on known 
concentration limits of mixture combustion wave propagation at any distance from ignition source. 
Classical approach treats fire and explosion hazard as an intrinsic feature of flammable mixture 
(nominal indicator measured or calculated during validation procedure, or a fundamental feature 
independent of test facility, of appraisal procedure and of criterion, and inherent to gas mixture). A 
fundamental distinction of classical approach (for example, to set concentration limits for various gas 
mixture combustion modes) is the need to measure the limits under conditions when the premixed 
mixture is quiescent prior to ignition and is spatially uniform – it is characterized by a single chemical 
compositon indicator (averaged over experimental volume concentration of limiting component (or 
stoichiometric ratio).   

According to Ref. [9], the concentration limits (lower / upper) of flame propagation (ignition) refer to 
the minimum / maximum content of flammable material in homogenous mixture in oxidizing 
environment, under which flame may propagate within the mixture at any distance from the ignition 
source. The flame propagation concentration limits are included in standards and are used to categorize 
premises in terms of the fire hazard and /or explosion hazard; to calculate the explosion-proof gas 
concentration inside process components and pipelines, and to calculate the acceptable limits of 
explosion-proof hydrogen concentration.  

Table 1 contains two sets of the fire and explosion safety criteria and indicators. One set of criteria and 
indicators, which can be marked as a basic, is specified in Ref. [9] and widely accepted in industrial 
safety and fire applications. Second ones (which can be marked as specific ones, it is written in italics 
in Table 1) was derived and is using, predominantly, for hydrogen safety applications at nuclear power 
plants [10].  

The fire and explosion safety level of premixed, spatially uniform hydrogen-containing mixtures is 
characterized by three groups of basic indicators: indicators describing mixture reactivity 
(flammability) and geometrical and energy indicators. Therefore, as follows from Table 1, the 
concentration combustion limits identified using the Shapiro-Moffette diagram are the significant, 
though not the only one, indicator of the gas mixture explosion hazard.  
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TABLE 1. HYDROGEN COMBUSTION HAZARD CRITERIA AND INDICATORS FOR 
HOMOGENOUSLY BLENDED HYDROGEN-AIR MIXTURES, ACCORDING TO [9] AND [10] 

Indicators Threshold values Feasibility criterion Comments 
Indicators of mixture flammability 
Mixture composition 
(hydrogen 
concentration at the 
time 𝑡 - С (𝑡)) 

Lower concentration 
limit  - С ; 
Upper concentration 
limit - С  

Slow flame propagation  
 С <  С (t) < С ; 
Fast flame propagation 
 С <  С (𝑡) < С  ; 
Detonation propagation 
 С <  С (𝑡) < С ; 
Mixture ignition by passive 
catalytic recombiner 

 С <  С (𝑡) < С  

For fixed values of initial 
temperature 𝑇 , initial 
pressure 𝑃 , and admixtures 
concentration (e.g., vapour) 
of gas mixture 

Minimum oxygen 
content (oxidizer) - 
С (𝑡) 

С  Sustaining combustion 
С (𝑡) > С  

For fixed values of initial 
temperature 𝑇 , initial 
pressure 𝑃  and impurities 
concentration (e.g., vapour) 
of gas mixture 

Heat expansion of 
combustion products 
in flame (ratio of 
combustion products 
temperature in flame 
to initial mixture 
temperature) – 
 𝜎(𝑡) = 𝑇 /𝑇  

𝜎∗ (𝛽, 𝐿𝑒) Flame acceleration - 𝜎(𝑡) >
 𝜎∗ (𝛽, 𝐿𝑒)  

For fixed congestion level 
(BR) and numerical values 
𝛽 = 𝐸 (𝑇 − 𝑇 )/(𝑅 ∙ 𝑇 ) 
– Zeldovich number, and 𝐿𝑒 
– Lewis number 

Energy-related indicators 
Energy of external 
ignition source 
(detonation 
initiation) -  

𝜖  (𝑡) 

Minimum energy of 
ignition (flame) - 𝜖 ; 
 
Minimum energy of 
detonation initiation - 
𝜖  

Initiation by external flame 
source 
 𝜖 (𝑡) >  𝜖 ; 
 
Detonation wave 

𝜖 (𝑡) >  𝜖  

For fixed initial parameters 
of flammable 
homogeneously blended 
mixture (temperature  𝑇 , 
pressure 𝑃 , impurities 
content) and turbulence 
level in mixture 

Gas mixture 
temperature - 𝑇(𝑡)  

Auto-ignition 
temperature - 𝑇  

Mixture auto-ignition 𝑇(𝑡) >

𝑇  
 

Geometrical indicators  
Typical scale 
(dimensions) of 
flammable gas 
mixture -  

𝐿(𝑡)  

Critical diameters (size, 
gaps) –          d  
 

𝑑  
 

𝑑  
 
 

𝑑  

Flame propagation in a space 
of a typical size - L(t) >

 d ; 
Detonation propagation in 
pipe / slot 
 – 𝐿(𝑡) >  𝑑  ; 
sustainable detonation when 
going into an open space - 
𝐿(𝑡) >  𝑑  ; 
sustainable detonation when 
going into a half-closed space 
-      𝐿(𝑡) >  𝑑 ; 
transition to detonation or 
detonation development -      
𝐿(𝑡) >  7 ∙ 𝜆 

For fixed initial parameters 
of flammable 
homogeneously blended 
mixture (temperature  𝑇 , 
pressure 𝑃 , impurities 
content); lateral and 
longitudinal geometrical 
dimensions of pipe / slot / 
premises where combustion 
wave propagation takes 
place,  
for the fixed size of 
detonation cell  
  λ =  λ(T , P ,

С , С , С  ) 
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Analysis of potential combustion behaviour relying solely on mixture concentration limits does not 
enable assessment of flame acceleration effects, flame transition to detonation or detonation-like 
modes (i.e. combustion modes producing local pressure waves featuring amplitudes and pulses 
commensurate with those of detonation waves). This approach does not consider scaling effects, 
influence of congestion etc. on detonation formation; hence, it is, probably, incapable of providing a 
realistic assessment of the explosion hazard of a hydrogen-air-steam mixture. 

Specific indicators and relevant criteria (scaling effect, criteria for combustion transition to detonation, 
concentration limits of catalytic ignition etc.) were investigated in the framework of international and 
national programmes addressing the hydrogen safety at nuclear power plants (e.g., IAEA [10]). 

All above explosion hazard indicators and criteria (Table 1) were investigated and independently 
verified in experiments in which spatial homogeneity of gas mixture chemical composition was 
achieved prior to the experiment and was controlled using dedicated technical and procedural means. 
In other words, analyses and evaluations of hydrogen-air mixture explosion safety conducted using the 
indicators and criteria given in Table 1, rest upon two assumptions: 

1) Initial mixture is premixed and has spatially homogeneous chemical composition (local 
hydrogen concentration is similar in all points and can be described by the same value (average 
for investigated volume); 

2) Properties of a flammable unreacted mixture do not change with time. 

Limitations of these assumptions in describing actual hydrogen-air-steam gas mixture behaviour are 
demonstrated in Section 4.3. 

4.3. FINDINGS OF EXPERIMENTAL STUDIES ON STRATIFICATION OF HYDROGEN-AIR-
STEAM GAS MIXTURES UNDER HYDROGEN ESCAPE INTO A CLOSED SPACE 

Mechanisms, fluid dynamics and kinetics of generation of explosive hydrogen-air-steam mixtures in 
case of hydrogen or helium (as safe light gas) escape into a closed non-aerated volume were 
investigated in 2009-2016 in the framework of the experimental programme undertaken by Kurchatov 
Institute [11].  

The key experimental findings of [11] point to the following:  

 the stratification level (non-homogeneity of hydrogen concentration field) is the largest in the 
experiments with smaller gas mass flow rate and lower rate of discharge; 

 there was weak dependence of stratification level in tested facilities on discharge direction (up, 
down, horizontal). 

Review of the experimental results [11] shows that: 

1) any hydrogen discharge into a closed volume is a) an intrinsically transient process, which b) 
evolves with high degree of spatial inhomogeneity – first as a jet, and then as a plume; 
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2) provision of spatially homogeneous distribution of concentrations in closed space can be attain 
only at the end of transient. The time of this transient is limited by two typical velocities:  sound 
velocity in case of a jet discharge (about hundreds of meters per second), and in the event of 
plume discharge, by typical velocity of hydrogen concentration field motion (about several 
centimetres per second) due to buoyancy; 

3) throughout the transient in a closed volume, there are stratification areas in which local flame 
propagation or detonation is possible;  

4) integral stratification parameter τ  is not a direct attribute of explosion hazard. Its application 

is essential and justified only to identify vulnerable (to explosion impact) areas inside the 
containment, to pre-rank rooms or spatial domains prone to gas mixture generation that would 
be capable of sustaining whatever combustion behaviour of a hydrogen-air-steam gas mixture, 
and to identify crucial time for operator intervention or initiation of severe accident 
management hardware and/or mitigation systems for hydrogen burning.  

5. QUANTITATIVE CHARACTERISTICS OF STRATIFIED HYDROGEN-AIR-
STEAM GAS MIXTURES IN CLOSED SPACE 

Table 2 gives a preliminary (and not exhaustive) list of potential quantitative (measured or calculated) 
indicators, suggested by different authors for analytical or computational characterization of stratified 
hydrogen-air-steam gas mixture and of combustion modes ([12], [13]).  

Applicability and effectiveness of indicators describing a stratified hydrogen-air-steam gas mixture 
will be analysed in detail in another paper. This report highlights just the most important finding: the 
set of experiments [13], which was run to compare conditions of combustion transition to detonation 
in closed channels with 1-D hydrogen stratification and in spatially homogeneous gas mixtures, has 
demonstrated that: 

 known flame acceleration criteria derived for spatially homogeneous mixtures do not allow for 
non-homogeneity effect and do not ensure conservatism of explosion hazard assessment; 

 concentration gradients lead to considerable flame acceleration in unobstructed channels; 

 in obstructed channels, concentration gradients may both accelerate or slow down transition to 
detonation, depending on average hydrogen concentration. 

On the base of analysis of the basic and specific indicators, describing explosion hazard of premixed 
hydrogen-air-steam gas mixture, it can be concluded that: 

 hydrogen safety assessment, based on flammability concentration limits (Shapiro-Moffette 
diagram) only, does not allow adequate consideration of the geometrical and scale factors on 
combustion severity; 

 at present, all existing measurable indicators and criteria of the explosion hazard have been set 
only for initially pre-mixed hydrogen-air-steam mixtures with spatially homogeneous chemical 
composition. 
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TABLE 2. QUANTITATIVE INDICATORS SUGGESTED IN REF. [11], [12], [13] TO ASSESS 
THE EXPLOSION HAZARD OF STRATIFIED HYDROGEN-AIR MIXTURES 

Indicator Formula Comments 

𝑐 (t)  – average (over room volume) 

hydrogen concentration 
𝑐 (t)= =

∑ с (𝑡) ∙ 𝑉

𝑉
 

at time t 

𝜒(𝑡)  – integral indicator (index) of 
hydrogen concentration field non-
homogeneity 

𝜒(𝑡)

=
1

𝑐

∑ ∙  с (𝑡) − 𝑐 (𝑡) 𝑉 (𝑡)

𝑉
 

standard (mean root 
square) deviation of 
concentration 

δ  (𝑟,t)  – local indicator (index) of 

hydrogen concentration field non-
homogeneity  

δ  (𝑟,t)= ∇сН (𝑟,t) сН (𝑟,t) local dimensionless 
gradient of hydrogen 
concentration 

 τ (𝑡)  – ratio of volume capable of 

ignition and sustaining of burning to 
total volume of closed space into which 
hydrogen is discharged 

 

τ (t) = 
𝑉 (𝑡)

𝑉
=

∑ 𝑉 (𝑡)( )

𝑉
 

integral characteristic 
of ignition 
probability 

𝒫(t) – index of hydrogen deflagration 
combustion 𝒫(t) =

∑ (𝑃 (с (𝑡)/(𝑃 ) ∙ 𝑉

𝑉
 

average (over room 
volume) 
dimensionless 
pressure of 
hypothetical 
adiabatic total 
combustion 

𝑀(t)  – dimensionless indicator of 
concentration gradient-averaged flame 
rate variation under fixed obstruction 
level *  

𝑀(t) =

1
(𝑆 ∙ 𝜎) ,

−
1

(𝑆 ∙ 𝜎)

1
(𝑆 ∙ 𝜎)

 

𝑆 ∙ 𝜎 = 𝑢 + 𝑆  – 
flame rate 
considering heat 
expansion of 
combustion products 

𝐸(t) – relative variation of detonation 
transition length in homogeneous and 
stratified mixtures  

𝐸(t) =
𝑅𝑈𝐷 − 𝑅𝑈𝐷

𝑅𝑈𝐷
 

 

*Obstruction level implies portion of channel (tube) flow area free for combustion wave propagation (deflagration, 
accelerated combustion, detonation). 

6. CONCLUSION 

Analysis has been made to investigate the applicability of the classical hydrogen safety assurance 
concept which is based on the assumption of spatial homogeneity in a pre-mixed hydrogen-air-steam 
gas mixture, and uses hydrogen concentration value (measured or calculated in a fixed point) as basic 
indicator describing the level of fire and explosion hazard. 

The analysis has revealed limitations in the use of concentration criteria (concentration-based 
combustion limits of hydrogen-air-steam gas mixtures) for quantitative evaluation of explosion safety 
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level in case of accidents at nuclear facilities. It is pointed out that concentration limits (reflected in 
the Shapiro-Moffette diagram) may be used only as one of potential local explosion safety criteria.  

Potential additional indicators have been considered for assessment of the explosion hazard level of 
stratified hydrogen-air-steam gas mixtures. 

It has been shown that the analysis of the nature and history of combustion wave propagation 
(deflagration, acceleration, detonation) should consider geometrical criteria that make allowance for 
obstructions inside the space where combustion propagation is possible. The referenced findings from 
published papers point to a non-conservative nature of the criteria currently used to assess deflagration 
transition to detonation, that were obtained for spatially homogeneous gas mixtures. 

To enable a realistic assessment of the explosion safety of the stratified hydrogen-air mixtures, it would 
be reasonable to search and study additional indicators, which specific for stratified mixtures. For 
example, - local geometrical limits for flame propagation inside the flammable part of the gas mixture, 
concentration limits for deflagration flame acceleration, as well as integral criteria evaluating the 
feasibility of deflagration transition to detonation-like combustion modes in inhomogeneous gas 
mixtures.  
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ABSTRACT 

Stratification is an intrinsic feature of combustible hydrogen-air gas mixture formation and evolution 
under severe accident conditions. The paper focuses on quantitative characterization of a flammable 
hydrogen-air cloud, which can appear in accident conditions in a nuclear power plant. Two basic 
limiting regimes (“jet” and “plume”) of hydrogen jet-ceiling interaction and the intermediate ones were 
reproduced by changing the pipe diameter (from 8 to 98 mm) for the fixed mass flow rate of helium 
(as surrogate gas). The analysis of the recorded experimental correlations revealed that asymptotic 
behavior of hydrogen concentration layer adjacent to the ceiling in the far-field region is substantially 
different for the two limiting regimes. The mass of flammable envelope for the “plume” regime is 
much higher than for the “jet” regime. This experimental database can be used to validate the CFD 
codes, aimed at fine 3D simulation of stratified hydrogen-air mixture evolution. 

Keywords: Hydrogen Safety Assessment, Stratification, Jets, Plumes, Experimental Data 

1. INTRODUCTION 

Basic patterns of hydrogen-air mixing in the confined enclosures (unventilated or ventilated enclosures 
in atomic power stations, individual garages or repair shops), where width, length and height of 
enclosure are comparable with each other, have been extensively studied in recent years [1] - [6].  

Specific features and engineering correlations for formation of the flammable hydrogen-air envelopes 
during interaction of the hydrogen flow with ceiling is under-investigated now.  

Report is focused on results of experiments, performed in Kurchatov Institute, for quantitative 
characterization of flammable hydrogen-air clouds, which can appear under accident conditions in 
nuclear power plants due to interaction of rising up hydrogen flow with ceiling of containment.  

Goals of experiments were – 1) to study specific features of different regimes of hydrogen flow 
interaction with ceiling, 2) to form an experimental database for validation of the high-resolution CFD 
codes. 
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2. EXPERIMENTS 

2.1. DESCRIPTION OF EXPERIMENTAL SETUP    

In order to experimentally study an interaction of the hydrogen jets and plumes with horizontal ceiling, 
a model semi-confined enclosure ("surrogate parking place") have been erected inside of Hydrogen 
Energy and Plasma Technology Institute's building at Kurchatov Institute site to minimize the 
meteorological effects. The experimental setup dimensions were - height 2,07 m , width 4,04 m, length 
4,04 m (see Fig. 1 below). The released  helium rose under the ceiling, flowed along it in all directions 
from the release axis, reached the edges of the ceiling and rose up into the surrounding space of the 
experimental hall. 

 

FIG. 1. Experimental setup for hydrogen flow-ceiling interaction studies at NRC “Kurchatov institute”. 

Helium was used as a suitable surrogate (see details in [1]) for hydrogen distribution studies. Digital 
ModBus serial network of calibrated gas sensors of TCG-3880 type (fast-acting gas thermal 
conductivity sensors) were used for recoding of spatial and temporal characteristics of helium 
concentration field evolution. One data point   for the whole matrix of 20 sensors was being read by 
network controller in every 0.5 second.  
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FIG. 2. Allocation of sensors in measurement plane. 

2.2. GAS RELEASE CONDITIONS 

Eleven test runs have been performed for studying of the two basic limiting regimes (“jet” - labelled 
by J#  in Table 1) and “plume” (labelled by P#) of hydrogen jet-ceiling interaction and the intermediate. 
For the fixed mass flow rate 2,84 g/s ( 16 l/s volume flow rate) two parameters have been varied   - 1) 
gas pipe diameter (from 8 to 98 mm) and 2) distance from ceiling to gas release point. Table 1 presents 
the most typical experiments for jet and plume flow. 

TABLE 1. REPRESENTATIVE GAS RELEASE CONDITIONS FOR "JET" (J#)- AND "PLUME" 
(P#)-LIKE REGIMES 

Test 
# 

Release 
diameter, 

cm 

Flow rate - 
mass (g/sec) 
or vol (L/seс) 

Gas 
velocity 
(m/sec) 

Release 
duration, sec 

H – distance from 
ceiling to release 

point, cm 

Lj[7]-plume 
formation 

distance (сm) 

P1 9,8 2,84 (16) 2,13 16 160 22 

P2 9,8 2,84 (16) 2,13 16 55 22 

J1 0,8 2,84 (16) 318 16 160 940 

J2 0,8 2,84 (16) 318 16 55 940 
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3. EXPERIMENTAL RESULTS 

On the base of analysis of the recorded experimental data, it can be possible to delineate three 
characteristic regions in buoyant jet interaction with ceiling: 

 undisturbed core of gas release, which in near-field area coincide with free jet (or plume) core, 
 "impingent" or "stagnation" region, where gas velocity of buoyant jet is changing its direction 

from vertical to horizontal ones, 
 "near-ceiling" gas layer, which is expanding along ceiling with time.  

 

FIG. 3. Helium concentration at gas release axis (plume regime P1). 

Hereafter experimental data for abovementioned three characteristics regions will be shown for two 
reference cases - "jet" (J1, J2) and "plume" (P1, P2) interaction with ceiling. Helium concentration are 
shown hereafter as vol.%. 

3.1. HELIUM CONCENTRATION DECAY ALONG GAS RELEASE AXIS 

In order to anchore to the previous results on free jet and plumes, the helium concentration decay were 
measured along gas release axis. For jet release the expected correlations (concentration с(z)  ̴ 1/z ̴  and 
jet width zzb 2)(  )  have been confirmed. 
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FIG. 4. Helium concentration at gas release axis (jet regime J1). 

Axial (along gas release axis) helium concentration decays depending on the distance from the release 
point  for plume and jet modes are shown at Figure 5. 

 

FIG. 5. Axial helium concentration decays for jet and plume release modes J1 and P1. 

3.2. HELIUM CONCENTRATIONS AT IMPINGEMENT POINT (FLOW AXIS - CEILING 
INTERSECTION)  

For the same flow rate (16 normal liters per second) gas concentrations at impingement point (see 
allocation of sensor # 21 at Figure 2) were substantially different - in jet mode - 5,6 vol.%, in plume 
mode - 13,4 vol.%. 
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Ratio, evaluated from experimental data, is equal to:  

  4.2exp jet
h

plume
h CC              (1) 

This value is different from theoretical estimation, obtained using formulas for free jet and plume in 
open space [[2], [7]], namely (using the values from Table 1):     

      2.3160940 3232
 HLCС jet

jtheor
jet

h
plume

h        (2) 

Substantial difference in experimental and theoretical estimations testifying that formulas, obtained 
for free jet and plume in open space, are not applicable for description of concentration field near 
ceiling. 

3.3. RADIAL CONCENTRATION DECAY BEHAVIORS 

Behaviour of the radial decay of under-ceiling concentration in fixed horizontal plane 
(z=const=2,045m) is also drastically different for the jet and plume regimes.  

For plume regime, the radial decay of concentration can be approximated by empirical correlation: 

25.01~)( rrС plume               (3) 

 

Fig.6. Radial decay of concentration for plume regime (test P2).  

For jet regime, the radial decay of concentration can be approximated by another empirical correlation 
(shown by red curve at Figure 7). 
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C(r) ~ 1 r⁄  rrС jet 1~)(                        

   (4) 

It should be stressed, that correlation (4) can be used for experimental data approximation (blue curve 
at Figure 7) at sufficiently large distance from gas release axis. 

 

FIG. 7. Radial decay of concentration for jet regime (test J1). 

 

3.4. SPECIFIC FEATURES OF GAS CONCENTRATION LAYER ADJACENT TO CEILING IN 
FAR FIELD REGION  

3.4.1. Vertical structure of near-ceiling gas concentration layer 

Vertical structure of gas concentration layer is identical for both release regimes. With good accuracy 
(2 % ), dependence of gas concentration upon distance from ceiling can be approximated by gaussian 
curve (Fig. 8 and Fig. 9). 
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FIG.8. Helium concentration dependence upon distance from ceiling in plume regime(P1) at 37 cm from axis 
(blue - experimental data, red - gaussian approximation). 

 

FIG.9. Helium concentration dependence upon distance from ceiling in jet regime(J1) at 37 cm from axis 
(blue - experimental data, red - gaussian approximation). 

Taking into account the revealed gaussian correlation, it will be naturally to introduce a characteristic 
"thickness" hncl of near-ceiling gas layer: 

( )

( )
= e e

hС

С

ncl


)(

)0(
           

    (5) 
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as a distance from ceiling, at which concentration of gas reduces into “e” times. 

3.4.2. Radial dependency of near-ceiling gas concentration layer thickness  

In each experimental run a quasi-stationary state was attained for the "near-ceiling" gas layer. 
Experimental correlations for near-ceiling gas layer thickness upon distance from rising up jet axis are 
shown in Fig. 10. 

 

FIG.10. Radial dependence of near-ceiling gas concentration thickness in plume regime(P1). 

 

FIG. 11. Radial dependence of near-ceiling gas concentration thickness in jet regime(J1). 

Radial dependence of near-ceiling gas layer thickness in plume regime can be approximated (with 2% 
accuracy) by a linear function. Low velocities of plume front results in weak air entrainment. This is, 
in turn, results in weaker (in comparison with jet case) radial decay of gas concentration (see FIG.6). 
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Radial dependence of near-ceiling gas layer thickness in jet regime is a quickly changing function of 
distance from axis and can be fitted by linear approximation with the slope angle  β ≈120 -  near the 
same as the aperture angle α (see Fig.12) of the jet itself  from release point.  

 

FIG.12. Characteristic forms of jet and plume in process of interaction with ceiling.  

The principle difference of characteristic forms of jet and plume at interaction with ceiling is shown 
in Fig.12. In case of plume the characteristic thickness of under-ceiling layer practically is not 
increased as the distance from the axis increases (β~0), which creates a large area with an explosive 
concentration in a narrow under-ceiling layer. In case of jet the thickness of under-ceiling layer grows 
quickly (β≈α), and an explosive concentration is mainly located only in the narrow torch of jet not 
spreading under ceiling. The described effect is also facilitated by a several times greater absolute 
concentration of light gas at the top point on the axis in plume regime rather than in jet regime with 
the same initial gas flow rate at the release point (see Section 3.2). 

3.5. FLAMMABLE VOLUME VISUALIZATION 

In Fig. 13 and Fig. 14 the visualization of flammable (gas concentration higher then 4 vol.%) volumes  

in case of plume and jet is shown. Due to the slow (as ~ 1 r ,⁄   in comparison with r1~ ~ 1 r⁄   in 

jet case) radial decay of light gas concentration in under-ceiling layer for plume case the substantially 
larger flammable region is provided than in jet regime with the same initial flow rate.  
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FIG. 13. Flammable envelope visualization for plume-ceiling interaction. Region with concentration >4% is  
in red color. 

 

FIG. 14. Flammable envelope visualization for jet-ceiling interaction. Region with concentration >4% is in 
red color. 
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4. CONCLUSIONS 

Flammable envelope during buoyant jet-ceiling interaction comprises three regions: - 1) core of 
undisturbed jet, 2) stagnation region, 3) near-ceiling gas layer.  

Experimental correlations have been obtained for the radial and vertical structures of the near-ceiling 
gas layer. For the plume regime, the radial decay of concentration in the fixed horizontal plane 

(z=const) can be approximated by - 𝐶(𝑟) ~ 1 𝑟 ,⁄ . For the jet regime, the radial decay of 

concentration can be approximated by - 𝐶(𝑟) ~ 1 𝑟⁄ . 

For the same flow rate jet and plume regimes have substantially different structures (vertical and radial) 
and very different flammable volumes in the near-ceiling gas layer.  

Due to the revealed peculiarities of the near-ceiling gas layer structure, total volume (and mass) of 
flammable envelop in the plume regime is much higher then in the jet regime. This fact should be 
taken into account during hydrogen safety assessment and during design of hydrogen control/ 
removal/mitigation systems. 

This experimental database can be used to validate the high-resolution CFD codes. 
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1. INTRODUCTION 

Calculations that have been performed so far for VVER-1000 NPPs with respect to beyond design, or 
severe accidents, including strength calculations, demonstrated that the reactor containment shall 
withstand quasi-static loads caused by pressure and temperature increase inside the containment. 
However, a severe accident scenario including the detonation of hydrogen containing mixture is 
probable under severe accident conditions and unavailable hydrogen concentration decrease and 
monitoring systems. In this context, there is a possibility of containment damage followed by release 
of radioactivity beyond the containment boundary to the environment. 

Within the framework of developing Severe Accident Management Guidelines for the Spent Fuel Pool 
(SFP), progression of severe accident involving long-term station blackout conditions (SBO) and loss 
of heat removal from Khmelnitsky 1 and 2 SFPs was analyzed by using SFP model in computer code 
MELCOR 1.8.5.   

2. MAIN PART 

2.1. BRIEF DESCRIPTION OF MELCOR COMPUTER CODE 

MELCOR has been developed at Sandia National Laboratories for the U.S. Nuclear Regulatory 
Commission and is a fully integrated computer code that models the whole spectrum of conditions in 
place during the progression of severe accidents in light water reactor nuclear power plants from the 
moment when an initiating event occurs until the final state is achieved.  

MELCOR is a continuously developing programme, and the process of its verification and validation 
is currently ongoing. Within the framework of IAEA regional projects RER/9/004 and RER/9/020, 
MELCOR has been accepted for the use at VVER-440 and VVER-1000 NPPs. 

MELCOR’s distinctive feature is its unified framework that provides for modelling beyond design 
basis conditions and a broad spectrum of specific processes typical for severe accidents, including core 
degradation; fission product release and transport behaviour; hydrogen production, transport, and 
combustion; thermal-hydraulic response in the reactor cavity; heat structure behaviour, etc. 
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MELCOR has a modular structure, which includes about twenty different “packages” that model 
individual groups of physical processes and are integrated by a unified mechanism for mutual data 
flow transfer. For example, Control Volume Hydrodynamics package (CVH) calculates thermal 
hydraulic transients in the control volumes of NPP primary and secondary components or reactor 
containment rooms.    

Depending on the specific character of tasks to be solved, some packages can be “disabled” (e.g. when 
analyzing thermal hydraulic processes in the reactor containment that do not lead to fission product 
release, the radionuclide package intended for analysis of radionuclide behaviour is “disabled”). As 
far as the code has a modular structure, disabling of such packages does not affect correct operation of 
other modules; however, it allows reducing the transient calculation time.  

When modelling thermal hydraulic processes, the simulated objects are presented as coupled 
calculation elements of “control volumes” with lumped parameters, which is similar to other codes 
(CONTAIN, RELAP5, ATHLET, etc.). Control volumes are connected with “flow paths”, along 
which the media moves. Within the control volume, processes of energy and mass exchange between 
its components (water, steam, non-condensable gases, etc) are calculated taking into account all 
inflows and outflows of energy and mass from/to outside. At every time step, equations for 
conservation of scalar quantities (mass and energy) are solved for each control volume; and equations 
for vector quantities (momentum) are solved for each flow path. Then energy and mass integral balance 
is verified, as well as conditions for convergence of obtained solution. Within interfacing packages 
(e.g., Heat Structure package), other processes are calculated and additional boundary conditions are 
set for solving the basic system of equations. 

2.2. MODEL DESCRIPTION 

Description of Khmelnitsky 1&2 model consists of the following main parts: 

 Containment model; 

 Spent Fuel Pool model; 

 Description of the core package data. 

2.2.1. Description of Containment model 

2.2.1.1. General description 

Nodalization diagram of Khmelnitsky 1&2 Containments is presented in FIG. 1. Here the Containment 
is represented by 21 control volumes connected by 45 flow paths. 

In order to consider hydrostatic pressure gradient and simulate natural convection processes, the 
Reactor Hall is divided into four control volumes. The control volume CV320 includes the reactor 
dome; and control volumes CV317, 318, and 319 include its cylindrical part. Moreover, control 
volumes CV317, 318 simulate the near-wall (non-sprayed) area, and CV319 simulates its central 
cylindrical part. 
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FIG. 1. Khmelnitsky 1&2 Containment model. 

2.2.1.2. Assumptions and approaches accepted for Containment modelling 

When flow paths were modelled, water overflows from upper to lower rooms were taken into account. 

In order to enable off-line analysis of in-containment processes there is a possibility for independent 
modelling of heat structures in the primary/secondary circuit and containment. In order to simulate 
mixing of medium in dead-end control volumes, two opposite flow paths are modelled. 

In order to have correct water recirculation between CVs 319 and 314, the type of flow path FL344 
was changed for “pool first”, i.e. giving priority to fluid pass. Such modification will help to avoid 
physically unavailable water layer in СV319, as soon as СVs 314 /417 are filled with steam and gas 
mixture with the speed close to 0 m/s. 

2.2.2. Description of SFP model 

2.2.2.1. General description 

SFP compartment ТG21B01 was selected as a section modelled by COR package. Nodalization 
diagrams of TG21B01 compartments at Khmelnitsky 1&2 are given in FIG. 2 and FIG. 3. Considered 
compartment is modelled as consisting of nine control volumes and 15 flow paths. 

CV419 control volume models the volume under the lower support plate of SFP storage racks. CV411-
416 volumes model SFP section where fuel assemblies are located. CV410 control volume models 
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SFP section between the pool walls and storage rack as well as water in clearances between storage 
rack cells. CV417 control volume models SFP part located over storage rack cells; each of them can 
house one spent fuel assembly. 

SFP control volumes are connected by FL460 – 473 flow paths. Flow path FL474 connects SFP with 
control volume CV314 in the Reactor Hall (SFP upper part which is common to all compartments). 
Flow path FL571 models overflow from SFP. Flow path FL575 is set to model SFP leak. 

2.2.1.2. Assumptions and approaches accepted for SFP modelling 

Heat structures, which model walls, floors, and ceilings, included structures of two types: horizontal 
(floors) and vertical (combination of walls and ceilings). Bottom elevation of heat structures has been 
taken as bottom elevation of control volume they belong to. Primary/secondary and containment 
systems have been modelled in the scope required for analysis of selected initiating events. 
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FIG. 2. Nodalization diagram of TG21B01 compartment at Khmelnitsky 1. 

2.2.1.3. Description of molten core - concrete interaction package  

The existing model of SFP cavity was updated in order to model molten core – concrete interaction 
processes which are in place in SFP compartment ТG21B01 (containing spent fuel racks with the 
highest decay heat assemblies) after relocation of melted nuclear fuel to the floor in GA401 room. 

Flow path diagram for rooms where the CAVITY package control volumes are modelled is shown in 
FIG.4. 
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FIG. 3. Nodalization diagram of TG21B01 compartment at Khmelnitsky 2 

 

FIG. 4. CAVITY model for molten core - concrete interaction in SFP 
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Relocation of melted nuclear fuel to the floor in GA401 room enables control volume CV419, in which 
CAVITY-1 is modelled. After SFP cavity is melted through in axial direction, the model involves 
relocation of melted nuclear fuel to control volume CV306. 

2.2.3 Description of core package data 

COR package is used to divide SFP compartment model into elevations shown in FIG. 5 and FIG. 6. 

 

FIG. 5. Distribution of SFP elevations by COR package for Khmelnitsky 1 

 

FIG. 6. Distribution of SFP elevations by COR package for Khmelnitsky 2 

A realistic approach to analysis of initiating events defines the following starting conditions: 

 Storage racks of TG21B01 compartments at Khmelnitsky 1 & 2 contain 254 and 312 spent fuel 
assemblies respectively, including recently offloaded fuel assemblies (decay time - 40 days), 
and spent fuel assemblies offloaded from the reactor core in different years; 
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 Total decay power in TG21B01 compartments at Khmelnitsky 1 & 2 is 1,8096 MW and 
1,8934 MW respectively, with consideration of recently offloaded fuel assemblies (decay time 
- 40 days). 

The initial temperature of the SFP water is assumed to be 50 °C. The SFP level is assumed to be the 
minimum permissible level for storage of fuel assemblies, i.e. 8.1 m from the SFP bottom. These values 
were adopted conservatively in order to consider the worst case scenario for a severe accident. Due to 
the MELCOR code specificity, the SFP volume, similarly to the reactor core volume, is represented 
by two-dimensional approximation. At the same time, the heated part of the rack is represented as a 
number of coaxial zones (rings) with approximately cylindrical geometry. Heated ring-shaped parts 
are surrounded by an external non-heated part, for which the downward direction of the coolant under 
natural circulation conditions is typical. The heated parts starting from the geometric centre are 
numbered from 411 to 416. The number of fuel assemblies in the SFP model corresponds to the actual 
number of the cells for spent nuclear fuel in compartment TG21B01 at KhNPP-1 and KhNPP-2. 

To consider the most unfavourable situation, “fresher” fuel assemblies in the model are loaded closer 
to the SFP centre (moderately conservative assumption), see Figures 7 and 8. The obtained data on 
power distribution along the SFP rings are input data for the COR package - radial power distribution. 
The power shape along the SFA height is conservatively accepted as corresponding to the power shape 
of the reactor core by the end of the fuel campaign, with a maximum value at the top. This leads to a 
more rapid fuel heat-up after the fuel assemblies start to uncover. 

 

FIG. 7. FA radial breakdown in KhNPP-1 SFP model 
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FIG. 8. FA radial breakdown in KhNPP-2 SFP model 

The model incorporates the masses of all SFP and FA structural materials with consideration of their 
distribution along the height of the model. The SFP floor is the SFP bottom, the ‘failure’ of which (loss 
of bearing capacity and tightness) is postulated when the temperature exceeds 1273 °C (a default 
temperature value for the MELCOR code). The floor failure is followed by the interaction between the 
molten materials and the concrete. 

2.3. CALCULATION OF KHNPP 1&2 SPENT FUEL POOL SEVERE ACCIDENTS IN THE 
EVENT OF A LONG-TERM TOTAL BLACKOUT AND SFP HEAT SINK FAILURE 

The accident in question was calculated to obtain information on the dynamics of the SFP dewatering, 
time for spent fuel heat-up and destruction, quantity and dynamics of the hydrogen generated, etc. 

For consideration of the worst impact of Containment parameters on the course of the SFP accident, 
the Containment pressure was set at 5 kgf/cm2, and temperature in the Containment premises was set 
at 150 °C. Such parameters can be a consequence of a simultaneous severe accident of the reactor 
facility. 

TABLE 1 shows the sequence of events caused by the initiating event in question. 
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TABLE 1. SEQUENCE OF EVENTS FOR THE INITIATING EVENT “NPP UNIT BLACKOUT 
FOLLOWED BY TERMINATION OF THE HEAT SINK FROM THE SFP WITH INCREASED 
POWER OF SPENT FUEL ASSEMBLIES” 

Time, s 
Event Description 

KhNPP-1 KhNPP-2 

0 0 
NPP Unit blackout, DG start-up 
failure, SFP cooling pumps trip 

Initiating event 

2000    (0,55 
h) 

2000   (0,55 
h) 

Water loss due to the overflow 
Water level reaches elevation 28,83 m  (level 
8,13 m) 

43000 
(11,94 h) 

39500 
(10,97 h) 

Water temperature increase up to 150 
°С 

Saturation temperature depending on the 
pressure under the Containment 

43000 
(11,94 h) 

39500 
(10,97 h) 

Containment damage 
Sudden drop of pressure under the 
Containment (postulated event) 

60000 (16,67 
h) 

73500 (20,41 
h) 

Start of the FA column uncovering  
Water level is below elevation 26,01 m 
(KhNPP-1), elevation 25,57 m (KhNPP-2)  

165500 (1,91 
days) 

162500   
(1,88 days) 

Start of hydrogen release 
Start of zirconium-steam reaction. Hydrogen 
generation up to 1395,9 kg (KhNPP-1), 
1966,3 kg (KhNPP-2) 

205000 (2,37 
days) 

193300 (2,24 
days) 

Full uncovering of the FA column in a 
SFP compartment 

Water level is below the FA active part, 
elevation 21,44 m (KhNPP-1), elevation 
22,02 m (KhNPP-2)  

270500  (3,13 
days) 

249820 (2,89 
days) 

Start of destruction of fuel rod 
claddings in a SFP compartment 

FA destruction starts in the central radial 
segment 

278000 (3,22 
days) 

286400 
(3,31days) 

SFP full dewatering 
Water level decreases to elevation 20,7 m 
(level 0 m) 

287400 (3,33 
days) 

295370 (3,42 
days) Start of hydrogen release after the 

interaction between the molten 
materials and concrete in Cavity-1 

Reaction between the debris and concrete in 
Cavity-1 is followed by hydrogen 
generation: ~ 1117,2 kg (KhNPP-1), 1553 kg 
(KhNPP-2) 

500000 с 
(5,79 days) 

500000 (5,79 
days) 

Computation finalization 

Interaction between the molten materials and 
concrete in Cavity-1. Hydrogen generation up 
to 2513,1 kg (KhNPP-1), 3519,3 kg (KhNPP-
2) 
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After the intensive initial stage of interaction between the molten materials and concrete at 287,400 
sec and zirconium depletion, the decrease of hydrogen generation starts due to transition to oxidation 
of the iron contained both in fragments of SFP racks and in concrete reinforcement. The rate of 
hydrogen release is limited by the water content in the concrete. At 500,000 sec, the depth of concrete 
damage in Cavity-1 reaches 1.74 m (KhNPP-1) and 2.76 m (KhNPP-2) respectively. The change in 
the ratio of the hydrogen-air-steam mixture during the computation time for this emergency scenario 
is shown in Figure 9 and Figure 10. According to the graph on the Shapiro-Moffetti diagram, the 
condition for Containment hydrogen burning is not satisfied. The Containment has atmospheric 
pressure. 

 
FIG. 9. Steam-gas mixture in Containment-1. 

 
FIG. 10. Steam-gas mixture in Containment-2. 
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The main results of KhNPP-1 emergency transient computations are shown in the form of graphs in 
Figures 11 to 15. 

 

FIG. 11. Total mass of hydrogen generated in a SFP compartment due to steel and zirconium oxidation 

 

FIG. 12. SFP hydrogen generated after interaction between the molten materials and concrete in Cavity 1 
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FIG. 13. Mole fraction of hydrogen (Х.4) in the Containment 

 

FIG. 14. Steam temperature in the Containment atmosphere 
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FIG. 15. Containment medium pressure with initial pressure 5 kgf/cm2 

The main results of KhNPP-2 emergency transient computations are shown in the form of graphs in 
Figures 16 to 21. 

 

FIG. 16. Total mass of hydrogen generated in a SFP compartment due to steel and zirconium oxidation 
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FIG. 17. SFP hydrogen generated after interaction between the molten materials and concrete in Cavity 1 

 

FIG. 18. Mole fraction of hydrogen (Х.4) in the Containment 
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FIG. 19. Steam temperature in the Containment atmosphere 

 

FIG. 20. Containment medium pressure with initial pressure 5 kgf/cm2 
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FIG. 21. Integrated mass of the recombined hydrogen in the Passive Autocatalytic Hydrogen Recombiner 

3. CONCLUSION 

SFP computational model for computer code MELCOR 1.8.5 is designed to perform realistic 
computational analyses of beyond-design, or severe accidents for development of SAMGs (Severe 
Accident Management Guidelines). 

Use of code MELCOR 1.8.5 allowed obtaining information on the course of the emergency transient, 
time of the fuel heat-up and destruction, amount and increase of the hydrogen generated, etc. 

The model developed is physically correct and reflects adequately the phenomenology of emergency 
processes occurring in the SFP and Containment. According to the results obtained, the code itself can 
be used as one of the main tools for computation-based justification of strategies for managing severe 
accidents and developing SAMGs for nuclear power plants. 
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ABSTRACT 

Molten corium flow behavior induced by decay heat located at the lower head is investigated 
experimentally and numerically. The corium flow behavior is important in order to confirm the in-
vessel or ex-vessel retention strategy of Light water reactor for Severe Accident Management 
Procedure (SAMP). The flow behavior induced by internal heat source or decay heat is known as 
complicated flow which is simplified in Lab scale by a cubic cavity. Two electrode plates are immersed 
in the fluid body and placed on the opposing side wall. They are connected to an AC power source for 
internal volumetric heat source in the cavity. This cavity has dimension of 100mm×100mm×100mm 
with a top plate is kept at 20°C, and all other walls are under adiabatic condition. The working fluid is 
a glycerin-water solution with electrolyte. The side wall of cavity can be changed from adiabatic and 
isothermal condition. Two-dimensional velocity distribution is visualized by Particle Image 
Velocimetry (PIV) and one-dimensional continuous velocity profiles are observed by Ultrasonic 
Velocity Profiler (UVP). UVP method is well applicable for time-dependent velocity, especially for 
unstable and opaque flow measurement. As a result, cooling condition of electrode plates has a strong 
effect on the flow behavior that the vortex area occurred in the upper part of cavity. On the other hand, 
in the adiabatic condition, unstable flow appeared in whole cavity. These characteristics is also used 
to confirm a Computational Fluid Dynamic named GSMAC-Finite Element Method that combined 
three fields: Flow field, Thermal field and electromagnetic field. 

Keywords: Corium Flow, Internal Heat Generation, UVP, PIV, FEM 

1. INTRODUCTION  

A severe accident (SA) is occurred by the unappropriated safety design of reactor in response to the 
nuclear accident or the human factor as know Three-Mile Island Nuclear Power Plant in 1979 [1]. This 
accident is followed by the melting partly or totally the fuel and its component in the reactor core. The 
most dangerous of this accident is that release the fission products from the fuel to the reactor building 
and the atmosphere when the reactor vessel and containment fail respectively. The phenomena during 
a SA are extremely complicated such as the flow behavior of molten debris located at the lower head, 
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thermal hydraulic load for reactor vessel, hydrogen generation, steam explosion, etc [2]. Thus, the 
progression of a SA is not difficult to predict adequately by using numerical method but also for 
conducting the experimental apparatus. In order to develop an appropriate SAMP which is applicable 
for the given reactor design, we have to understand the SA scenario which start with the degradation 
of the reactor core, melt formation, relocation of material in lower head, melt pool behavior, the 
interaction of molten corium with water, the quantity of hydrogen generation.  

The CFD (Computational Fluid Dynamic) code is widely used to predict the melt pool behavior which 
could also couple with a containment code for hydrogen generation prediction in the reactor building. 
However, the CFD code need to be verified and validated for simulation of corium flow behavior 
which induced by decay heat known as internal heat source. The experimental data of corium flow is 
then provided to the containment code for hydrogen generation and distribution in reactor building 
such as COCOSYS [3] which is licensed by GRS, Germany. Therefore, the experimental data is needed 
for not only CFD validation but also for measurement system. The corium flow behavior in the lower 
head is known as opaqueness. Thus, UVP technique, known as non-contact and applicable for opaque 
fluid, is applied to give spatiotemporal velocity information. Then, the long-term flow behavior is 
observed. However, UVP only gives a 1-D velocity profile. Thus PIV, with 2-D velocity visualization, 
is also utilized. These two techniques complement to each other. Furthermore, these experimental 
results are very useful for confirmation of CFD code as GSMAC-FEM [7] in this case.  

Accordingly, our objective of research project is firstly building up an experimental apparatus and 
measurement system for molten corium flow induced by internal heat source. The verification and 
validation (V&V) of CFD code named as GSMAC-FEM [7] (owing the source code) is then performed 
by using experimental data. Finally, the computation results would be the input information for 
containment code for hydrogen investigation. In this paper, we focus on the experimental investigation 
of flow behavior and introduction of V&V of CFD code  

 

FIG. 1. Natural convection flows within the corium layers (oxide, metal) due to volumetric decay heat [1]. 

Regarding to the experimental apparatus, the crust is generated on the top of cavity and is cooled by 
supplying the water from ECCS system during the SA scenarios. Therefore, in our experiment, the top 
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layer of cavity is also cooled and kept as constant temperature. Additionally, In-vessel retention 
approach, the side wall of the cavity is also cooled in order to mitigate and prevent the reactor vessel. 
Consequently, these boundary conditions are modeled similarly in our experiment which is conducted 
at room temperature (20 °C). The flow behavior at this condition is investigated experimentally and 
numerically. 

2. EXPERIMENTAL APPARATUS AND METHOD  

2.1. PHYSICAL PROPERTIES OF WORKING FLUID (GLYCEROL-WATER SOLUTION)  

For building up an experimental apparatus which used molten corium as working fluid is difficult for 
investigation of flow behavior in Lab scale. Thus, a suitable working fluid which has the low melting 
point at Laboratory scale as glycerol-water solution with lithium chlorine (LiCl) should be used instead 
molten debris. Accordingly, the important parameter impacted to natural convection is modeled in the 
same order, for instance, internal Rayleigh’s number (~109) and high Prandtl. Consequently, glycerol 
has satisfied our demand with low viscosity. Flow behavior within enclosed cubic cavity has examined 
experimentally and numerically. The non-dimensional numbers, a modified Rayleigh number – Rai, 
is used to quantify the flow behavior induced by an internal heat source.  

TABLE 1. PHYSICAL PROPERTIES OF WORKING FLUID [6]. 

Density  ρ = 1210.8 (kg∙m-3)  

Dynamic viscosity [6]  μ = -6×10-7 T3 + 0.0001T2 – 0.0067 T + 0.1563 (Pa∙s)  

Kinematic viscosity  ν = μ/ρ = 5.05×10-5 (m2∙s-1) (at 293K)  

Volume expansion ratio  β = 4.18×10-4 (K-1 )  
Thermal conductivity  k = 0.33 (W∙m-1∙K-1)  

Specific heat  Cp = 2804(J∙kg-1∙K-1)  

Thermal diffusivity α=k/ρCp=9.6×10-8 (m2∙s-1) 

2.2. INTERNAL RAYLEIGH NUMBER  

The natural convection heat transfer involving internal heat generation is represented by Rai (modified 
Rayleigh number in case of internal heat source), which quantifies the internal heat source and hence 
the strength of the buoyancy force. Rai is germane to free or natural convection problems with internal 
heat sources and defined as:  

𝑅𝑎 =         (1) 

where, L is characteristic length, g is the gravity, 𝛽 is the thermal expansion coefficient, 𝜅 is the thermal 
conductivity, α is the thermal diffusivity and ν is the kinematic viscosity of the fluid. The internal heat 
is generated by applying an electric current to the fluid at a rate H per unit time and per unit volume. 
An alternating electric current with frequency of 60 Hz is given to a pair electrodes made by carbon. 
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Volumetric heat source is derived by H=EI/V, where E and I are effective voltage and current, and V 
is the volume of the fluid.  

2.3. EXPERIMENT SET UP  

The dimension of cubic cavity is 100 mm × 100 mm × 100 mm. The test section is located in the 
middle plane between two electrodes shown in Figure 3. Two carbon electrode plates are immersed on 
opposing side wall of fluid domain and they are connected with a constant AC voltage (65V). The 
working fluid is glycerin-water solution (with a weight percentage of 80wt % glycerin and 19.5wt % 
water) with LiCl (0.5wt %) as the electrolyte. Nylon powder (̅d=80μm; ρ = 1020 kg/m3) is dispersed 
in the working fluid as reflector particles for UVP and PIV measurement (Figure 2). A heat sink made 
of copper was placed on the top surface and its temperature was maintained constant (20 °C) by a 
water circulator. The other walls were made of acrylic resin of 20 mm thickness, where the walls of 
the acrylic resin was considered as adiabatic condition. The condition of electrode side wall could be 
changed, one was isothermal condition using copper heat sinks and water circulator. A polyimide film 
(Kapton sheet) of high electric resistance was used to insulate electrically the electrode plates and fluid 
from the copper heat sink. This changeable electrodes condition allowed to investigate effect of cooling 
condition of electrode plates on the flow behavior. 

 

1, 2. Cooling system; 3. AC power supplier; 4. Personal Computer; 5. UVP monitor; 6. UVP transducer; 7. CCD camera; 
8. Laser sheet; 9. Laser unit; 10. Thermocouple (K-type); 11. Data logger; 12. Testing section. 

FIG. 2. Experimental apparatus [4].  

The measurement lines of the flow velocity were set along the vertical direction of the test section, and 
the vertical component of the flow velocity in vertical direction was measured. The equipment for the 
velocity measurement is UVP-Duo (Met-Flow S.A), and the basic frequency of the transducer is 4 
MHz. The diameter of the ultrasonic beam emitted from this transducer is about 5mm and it expands 
of 8mm for along of 100mm. In order to understand two-dimension of flow behavior, a laser sheet 
(Dantec Tech.) with 4mm of thickness is set along the test section, a CCD camera (Eveiro-JVC) is 
used to record the moving of particles. From these data, two-dimensional velocity distribution is 
visualized. The natural convection process is impacted by the difference temperature, one point 
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measurement of temperature profile is set at the center of cavity using K-type thermocouple. The initial 
temperature is set at room temperature (20°C). 

 

FIG. 3. Sketch of cavity in which flow behavior induced by internal heat source.  

2.4. PRINCIPLE OF ULTRASONIC VELOCITY PROFILER (UVP) METHOD  

The UVP method [5] is based on echo signal analysis of ultrasonic pulses reflected by particles 
suspended in the fluid of each position in the measurement axis and deriving instantaneous velocity.  

The principle of the ultrasonic Doppler method is based on the echography of ultrasound. The 
ultrasonic pulse is emitted from a transducer and reflected by solid particles suspended in fluids and 
received with the same transducer. For deriving instantaneous velocity profile, position information is 
given by a time lapse between pulse emission and reception of the echo. The velocity information can 
be obtained from an instantaneous frequency of the echo at each time instant. By analyzing the echo 
signal such that the instantaneous frequencies at various instants after the emission is computed, the 
instantaneous velocity profile can be measured. The transducer for the ultrasonic measurements is 
attached on the outside of the bottom wall, and the ultrasonic waves pass through the acrylic.  

The transducer emits a pulse and receives the echo signal reflected from the particle suspended in the 
liquid. The information about position in each channel is extracted from the time delay Tprf or pulse 
repletion frequency fprf as:  

x = 𝑐         (2) 

where, c is a sound speed in the liquid.  
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At the same time, instantaneous local velocity, vuvp(x) velocity is derived from Doppler shift frequency 
(fD) at this time as:  

vuvp =         (3) 

where, f0 is the basic ultrasonic frequency.  

2.5. PRINCIPLE OF UVP FOR FLOW MEASUREMENT  

Figure 4 shows the principle of vertical velocity measurement using UVP method. In cubic cavity, if 
the downward flow was observed in the entire measurement line of UVP method, the instantaneous 
velocity distribution by UVP method shows a negative value in this way. On the other hand, if the 
upward flow was observed in the entire measurement line of UVP method, the instantaneous velocity 
distribution by UVP method shows a positive value in this way. The magnitude and sign of velocity 
was displayed in color scale; negative velocity and positive velocity were displayed in blue-green color 
and yellow-red color, respectively. 

 

FIG. 4. Vertical velocity profile measured by UVP method.  

3. RESULTS AND DISCUSSION  

3.1. SPATIO-TEMPORAL VELOCITY PROFILE BY USING UVP TECHNIQUE  

3.1.1. Vertical flow velocity  

Figure 5 shows the velocity profile at position y=25mm using the UVP method in case of electrode 
cooling condition. The measurement line is shown in detail in Figure 4. The vertical axis represents 
the distance from the transducer and the horizontal axis means the time elapsed from beginning of the 
measurement. Spatiotemporal velocity profile was measured for 1150 s. The flow velocity component 
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in the vertical direction displayed with color from yellow to red (0<velocity<5) indicates the velocity 
moving away from the transducer (upward in the Figure 5), and from green to blue (-5<velocity<0) is 
the velocity moving toward the transducer (downward in the figure) and black color indicates velocity 
is almost zero. In the bottom of cavity, from 0-6mm, the flow on the bottom of cavity is lower than the 
velocity resolution resulting in the flow in this region is indicated as zero. The range of the measured 
vertical velocity is ±2mm/s in this case. 

 

FIG. 5. (Color) Measured instantaneous vertical flow velocities at Rai=2.6×109. The position of transducers 
y=25 mm.  

3.1.2. Two-dimensional Flow visualization in an experiment using glycerol of 80wt%  

Figure 6 (a) depicts the velocity distribution of the PIV method in case where the electrode plates were 
cooled at constant temperature. The vertical component of the velocity profile at the position y=25 mm 
(as indicated in Figure 5) of PIV method was extracted to be compared with those of the UVP method. 
The averaged velocity obtained by the UVP method for 10 s shown in Figure 5 was used to compare 
with those of the PIV method.  

Figure 6 (b) shows the comparison of the vertical velocity profiles between the UVP and PIV methods. 
The error was less than 5% which was acceptable in our measurement. The result means that there was 
good agreement between the results of the UVP and PIV method on the flow measurement. 
Accordingly, it is revealed that the UVP method is applicable to measure the unstable corium flow. 
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(a) Two-dimension of flow visualization  (b) Comparision of vertical velocity profile 

FIG. 6. Velocity visualization by PIV method and comparison of vetical component of velocity profile. 

3.1.3 Effect of cooling condition of electrode plates on the flow behavior 

In order to investigate the effect of cooling condition of side wall for modelling the cooling condition 
of reactor vessel during SA. The spatiotemporal variation of the chaotic flow was measured using the 
UVP method. The boundary conditions of the electrode plate were changed from adiabatic condition 
to constant temperature condition by equipment of heat sink at the vicinity of the electrodes. The flow 
was measured at the same position (y=50 mm) in the test section as shown in Figure 3 for both cases. 
Due to the chaotic flow, the long-term (one hour) flow behavior was measured. The vertical component 
of velocity profile is displayed in color graph as shown in Figure 7 in which the spatiotemporal 
variation of flow field was observed. 

The spatio-temporal velocity profile measured by the UVP method for two conditions: without 
electrode cooling and with electrode cooling, are shown in Figure 7 (a) and (b), respectively. The 
continuously existing chaotic flow was observed in both cases. However, in case of adiabatic condition 
without electrode cooling (a), the downward flow from the top surface reached the bottom of cavity. 
Thus, the flow behavior became more unstable. In contrast, when the side walls are cooled with 
electrode cooling (b), the downward flow reached only around the middle of cavity. Accordingly, 
unstable flow occurred in the upper part of cavity close to the top surface. 
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(a) Without electrode cooling 

 

(b) With electrode cooling 

FIG. 7. (Color) Instantaneous vertical flow velocities measured by UVP method for: (a) without electrode 
cooling condition at Rai=2.5×109 and (b) electrode cooling condition at Rai=8.18×108.  

3.2. SIMULATION RESULTS  

Figure 8 depicts the snapshot of the flow behavior in time-dependence of both cases with and without 
electrode cooling conditions. The downward flows from the top surface was limited in the upper part 
when electrode was cooled at a constant temperature. Meanwhile, the flow was unstable in whole 
cavity when electrode was under adiabatic condition. In order to observe the long-term flow behavior 
using numerical analysis, the vertical component of velocity profile was also plotted in color plot. The 
velocity was calculated at the same position of experimental configuration (y=50 mm). As a result, 
GSMAC could reproduce the chaotic flow behavior in the cubic cavity with internal heat source. 
Calculation results also show the difference between the flow behavior with electrode cooling 
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condition and that without electrode cooling condition like to the experimental results shown in Figure 
7. 

 

(a) At time=4000s (b) At time=5000s 

 

(c) At time=4000s (d) At time=5000s 

FIG. 8. Simulated flow behavior in time-dependence with two boundary condition for side wall: (a), (b) for 
adiabatic and (c), (d) for isothermal condition, respectively.  
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4. CONCLUSIONS  

The chaotic flow induced by internal heat source is observed in experimental apparatus. The 
appropriate measurement system is also applied by using UVP technique. The effect of cooling 
condition of electrode plates on the flow behavior in a cubic cavity was investigated experimentally 
using the measurement of velocity profile using the UVP method. The spatiotemporal velocity profile 
was measured by the UVP method. Under cooling condition of side wall, the unstable flows appeared 
in the upper part as multi-vortices, meanwhile the lower part had steady upward flow. This 
characteristic is useful when observing and conducting the investigation of opaque fluid as molten 
corium flow. Accordingly, the cooling effect of electrode plates influenced the flow behavior, 
especially in the upper part.  

A CFD code, GSMAC-FEM, has been primarily simulated the flow induced by internal heat source 
known as decay heat by solving the coupled model of Flow field, Thermal field and Electromagnetic 
field. The simulation results of flow behavior shown reasonable agreement with experimental data 
using model fluid.  
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