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EU-ERCOSAM PROJECT Scaling from Nuclear Power Plant to experiments

In case of a severe accident in a light water nuclear reactor, hydrogen would be produced during reactor core degradation and released into the reactor building. The stratification of the released hydrogen in the reactor containment could lead to local pockets of gas mixtures of high hydrogen concentration and, in case of combustion, to high pressure loads which might challenge the containment structural integrity. The objectives of ERCOSAM and SAMARA projects, co-funded by the European Union and the Russia, are to investigate hydrogen concentration build-up and break-up due to safety components operations, as sprays, coolers and Passive Auto-catalytic Recombiners (PARs). For this purpose, various experiments addressing accident scenarios scaled down from existing plant calculations to different thermal-hydraulics facilities (TOSQAN, MISTRA, PANDA, SPOT) are considered. This paper describes the work performed in framework of the workpackage WP1 of the ERCOSAM project and presents the adopted methodology to scale down the real plant calculations results, provided by the projects partners, to the experimental facilities.

INTRODUCTION

During severe accidents (SA) in a nuclear power plant, hydrogen can be produced from exothermal oxidation of fuel cladding or fuel assembly canisters, other hot metallic components, and molten core concrete interaction (MCCI) after failure of the reactor pressure vessel and melt relocation to the reactor pit if an in-vessel retention strategy is not considered. A large amount of carbon monoxide may also be produced during MCCI in addition to hydrogen and other gases. The hydrogen released into the containment via a reactor cooling system (RCS) break or through the pressurizer safety valves or during coriumconcrete interaction is transported by convection loops arising essentially from the released hot steam/gas or initiated by condensation of steam on cold walls. Depending on the level of mixing in the containment atmosphere, the distribution of hydrogen can be homogeneous or stratified. If considerable hydrogen stratification exists, local concentration of hydrogen and carbon monoxide 2 may become a safety concern because pockets of high hydrogen and carbon monoxide concentrations may lead to flame acceleration (FA) or deflagration to detonation transition (DDT) if the combustible mixture is ignited. Moreover, the hydrogen distribution may be affected by engineering safety systems as spray or coolers which are widely used in many reactors to limit the containment pressure and to provide heat removal by steam condensation on water droplets or cold surfaces. These measures may homogenize the hydrogen distribution in the containment due to enhanced mixing, but they can also significantly reduce the steam concentration, which may lead to more sensitive gas mixture compositions. The objectives of ERCOSAM project are two folds: one is to establish whether in a test sequence representative of a severe accident in LWR, well chosen from existing plant calculations, a hydrogen stratification can be established during part of the transient starting from the initiation of the loss of coolant accident (LOCA) blowdown until the end of bulk hydrogen release from the reactor vessel into the containment, and the second is how this stratification can be broken up by the operation of safety systems as sprays, coolers and Passive Auto-catalytic Recombiners (PARs). For this purpose, the approach followed in this project starts by analysing the simulation results of representative severe accident scenarios on different nuclear power plants. The simulation results are then scaled down to define initial and boundary conditions for experiments to be performed in facilities of different scales. The experimental results thus obtained are then extrapolated to real scale applications. This paper presents the work performed in framework of work package WP1 of the ERCOSAM project, dealing with the analysis of the available real plant calculations, the selection of sequences representative of severe accident likely to lead to hydrogen stratification and the scaling down methodology.

Thus, the first part will be dedicated to the analysis of the scenarios provided by the project partners. These scenarios are analyzed to select relevant data leading to relatively high hydrogen concentrations. In the second part, a generic NPP containment is then build based on the reactor containment characteristics provided by the partners. In the last part, the selected scenarios are simulated based on the generic containment to provide representative initial and boundary conditions for experiments and the impact of mitigation means is investigated.

Scenarios analysis

More than 350 severe accident scenarios corresponding to four different reactors have been provided by the project partners. 

PSI scenarios

Three LOCA scenarios with different break diameters without mitigation calculated with MELCOR 1.8.5 code.

IBRAE scenarios

One small break LOCA calculated for coarse and fine nodalizations without and with recombiners with SOCRAT/KUPOL code.

To select the relevant scenarios potentially leading to hydrogen stratification, the following criteria were adopted:

The first criterion consists in selecting scenarios leading to high PAICC (pressure generated by a complete adiabatic and isochoric combustion).

The second criterion adopts the classification introduced in ).

In addition to the mentioned criteria, the mass-topower ratio ( P M / ) and the mass-to-volume ratio ( V M / ) are compared for each scenario. For the sake of "similarity", the selected scenarios representing each reactor configuration have close values of ( V M / ) and ( P M / ) ratios. These scenarios represent group of accident scenarios that would have similar accident kinetics and generate similar loads, so resulting in a similar event progression

Definition and scaling of the generic containment

The generic containment is defined to correspond to a fictive reactor of 1000 MWth with regard to the scenarios data associated to their corresponding NPP configurations. Then, to determine the volume of the generic containment, the volume-to-power ratio ( P V / ) and the volume-to-structures surface ratio ( S V / ) are compared for each NPP in Table 1. Accordingly, a chosen average value of the ( )

P V /
ratio equal to 20 gives a containment volume of 20000 3 m .

The general specifications of the generic containment are defined on the basis of PWR 1300 reactor. The reactor building is double concrete walls and the structures are modeled with three materials: steel for metallic structures, prestressed concrete for the internal wall of the containment and reinforced concrete for the raft and the other walls of the containment.

The geometry, nodalization and structures of the generic containment are deduced by scaling down data from PWR 1300. So, the generic containment is discretized with 17 compartments as shown in Figure 1.

Figure 1 Generic containment nodalization with 17 compartments

Gas and liquid transfers between the containment compartments are modeled with 45 atmospheric and 29 liquid junctions.

Scaling down procedure

To get a general scaling of the containment, the controlling processes such as mass and energy transfer taking place between compartment volumes through atmospheric and liquid junctions and also on walls and components structure, have to be considered. For this purpose, the scaling approach is time preserving in order to ensure proper scaling of the masses, mass flow rates and enthalpy flow rates. This means that the generic and the real scenario time scales are identical.

For preserving the rate of change of the containment pressure, the scaling parameter is the ratio between the generic "G" and the real "R" containment volumes

R G V V / 3 = λ . So we consider that, 1 / = R G t t and R G V V / 3 = λ . This leads for 1 / = R G h h to , / / 3 λ = = R G R G Q Q M M & & & &
where h the specific enthalpy, M & the mass flow rate and Q & the enthalpy flow rate. The structures surfaces w S are scaled with 3 λ to preserve the free volume to structure surfaces ratio S V / , between the generic and the real containments, which is involved in mass and heat exchanges.

Mass flow rates and enthalpy flow rates for released hydrogen, steam and water are scaled with the volume ratio 3 λ . Here 3 λ is determined for each scenario by using the associated real NPP volume. ( )

10974 , 1 57769 , 0 2 298       - = T P f dt dm tot H υ
, where f(υ) is a polynomial piecewise function, of hydrogen molar fraction, 2 H m is the hydrogen mass in the containment, tot P the total pressure and T the gas temperature in the containment. The recombination rate, in the generic containment is obtained by scaling with the volumetric ratio 3 λ . The distribution of the recombiners therein is similar to that in PWR 1300 configuration.

Scaling spray system

The plants are equipped with spray systems in order to reduce the pressure and to wash-out fission products and iodine in the containment in the case of severe accident. Spray system typically consists of two trains, each with two pumps and valves to control the flow of water to the containment spray system. The spray systems operate in two phases: a direct spray phase in which borated water is sucked up from the refueling water storage tank RWST, and injected to several spray headers in the top of the containment, and a recirculation phase in which the injected water is collected in the sump and injected again in the top of the dome. The spray system of the generic containment is similar to the PWR 1300 one and is automatically activated when the containment pressure exceeds the threshold value of 2.6 bars. Thus, for scaling down the spray system, the RWST volume, pumps and heat exchangers characteristics (flow rates, sections, elevations …) are reduced with respect to the geometric scaling ( 3 λ , 2 λ and λ ). The droplet characteristics are kept identical to those in PWR 1300.

Validation of the scaling procedure on a reference scenario

In order to validate the proposed scaling procedure, a LOCA scenario corresponding to an intermediate diameter of 4" is considered. The break is located on the cold leg of the primary loop2 at low release elevation. The considered mass flow and enthalpy flow rates of hydrogen and steam are presented in Figure 2a and2b.

Figure 2a Mass flow rate of steam and hydrogen

Figure 2b Enthalpy flow rate of steam and hydrogen

To evaluate the validity of the scaling down procedure, both global and local variables have obtained on the real and generic cases have been compared. Thus, total pressure (Figure 3), the gas temperature (Figure 4) and the hydrogen and steam volume fractions (Figure 5a and Figure 5b) in three compartments of different heights which are the pressurized relief tank (PRT 2.68 m ), the loop 2 (11 m ) and the dome (28.6 m ) have been compared. Very good agreement is obtained between the reference and generic calculations for each compartment and during the whole scenario. Hence, the scaling procedure adopted can be considered as validated. After the validation of the adopted scaling down procedure on an intermediate break LOCA scenario, an intensive analysis of the selected scenarios was performed. Hereafter, an example of the performed analysis is described.

Analysis of a small break LOCA scenario on the generic containment

The considered scenario corresponds to a small break LOCA of 1.5" diameter [4]. This scenario is chosen because it presents interesting features such as fast release kinetics and high hydrogen concentrations. Figure 6 shows the corresponding scaled mass flow rates of injected steam and hydrogen. To overcome these limitations, the dome zone was subdivided into 9 new zones within four horizontal layers and the break location was considered in the dome area. Within the new nodalization, the gas stratification was observed as shown in Figures 8a and8b.

Figure 8a Time evolution of volume fraction of hydrogen in different compartments for generic containment calculations

Figure 8b Time evolution of volume fraction of steam in different compartments for generic containment calculations

Once the stratification established, the effect induced by PARs and Spray operation was investigated.

PARs effect

To analyze the effect of recombiners on gas composition in the containment, the previous scenario was simulated taking into account recombiners located in different compartments of the containment.

Results showed that PARs reduce drastically the amounts of hydrogen in the containment by recombination. Regarding the gas composition, the local concentrations of hydrogen and steam in the dome compartments are shown in Figures 9.

As the scenario progresses, the hydrogen concentration (Figure 9 a) considerably decreases in the dome compared to the case without recombiner (Figure 8a). The steam volume fraction is therefore larger as the steam mass is increased by recombination (see Figure 9b). , large concentration differences are observed between the dome compartments. In the lower compartments there

is not yet hydrogen, concentration is almost zero. As the scenario progresses in time, at s t 30057 =

, the concentration gradients are more uniform and the concentration distribution is nearly linear.

At the end of the sequence, hydrogen distribution tends slowly to homogenization since the concentration gradients are fairly reduced. In the case with PARs (Figure 10b), the first feature to be noticed is the homogenization of the hydrogen distribution in the low location compartments for elevation less than 11 m where the hydrogen concentration is almost constant. At s t 10025 = , the vertical distribution of hydrogen concentration is not modified which means that recombination is not operating yet. Except in the topmost compartment "C9 level 4" where the hydrogen concentration is still high, smaller values of the concentration are observed in the compartments below. The hydrogen distribution tends to homogenization as the scenario progresses in time especially at the end of the sequence.

Spray system effect

Spray system of the generic containment is activated as soon as the containment pressure reaches 2.6 bar. As can be seen from Figure 11, the activation of the spray system leads to quasiinstantaneous pressure drop to stabilize afterwards to a constant value about1.2 bar. The pressure drop is due to steam condensation on water droplets. The pressure decrease is accompanied with significant fall of temperature compared to the same scenario without spray, as shown in Figure 12. The spray down activation leads to homogenization of hydrogen concentration in the whole containment except in the upper zone of the dome. Large disparity is noticed on the hydrogen concentration (about 15%) between the upper compartment and the other compartments of the containment (see Figure 13). In Figure 14, the steam volume fraction is significantly reduced by condensation on spray droplets. Except the upper compartment, homogenization of concentration distribution takes place in all compartments of the containment for both hydrogen and steam.

Conclusion

In The scaling down procedure, for the generic containment geometry and nodalization, is based on the ratio between the generic and the PWR 1300 containment volumes. For source terms, the scaling relies on a time preserving approach between generic and real scenarios. The mass and enthalpy flow rates are scaled using the volume ratio corresponding to each containment volume.

Validation of the generic containment scaling down from real plant is performed through new calculations of the selected scenarios with the corresponding scaled source terms on the generic containment. Comparisons of the generic calculations results with the reference plants ones show that generic calculations provide the expected behavior in terms of predicted pressure and temperature in the containment and also of global and local steam and hydrogen quantities such as mass and concentrations.

Particular attention is given to the hydrogen build up concentration. In order to achieve conditions that allow predicting hydrogen "stratification" with lumped-parameter ASTEC CPA code, new nodalization of the dome is proposed and hydrogen-steam gases are supposed to be injected at high level position. In that way, significant gradient of hydrogen and steam concentration can be observed in the containment with respect to the vertical position.

The impact of mitigation means, PARs and spray system, on the generic containment thermalhydraulics, in particular on the hydrogen distribution, are investigated. The PARs recombination rates and distribution as well as the spray system characteristics have been adapted to the generic containment similarly to 11 the PWR 1300 configuration. The presence of PARs allows reducing considerably the incontainment hydrogen mass and modifies the hydrogen distribution with tendency to homogenization as the sequences progress in time. Regarding the spray system, results show that its activation leads to significant pressure drop in the containment as expected and except the topmost compartment homogenization of hydrogen and steam concentration is established in the whole containment.

The scaling for the cooler was not performed for the generic containment, because the reference design does not include this component. For the experiments, the cooling power was determined using a volumetric scaling law and the operating conditions of the coolers in a CANDU reactor [13]. The procedure adopted was used in the WP2 to scale down the results from the generic containment to facilities scale to define initial and boundary conditions. Thus, the initial proposal for initial and boundary conditions for the reference scenario was made within WP1. In WP2, the "modified scenario" was defined, with some changes in configurations, initial conditions and parameters for injections and operation of the components.

  [9], based on total mass and mass flow rate of hydrogen released in the containment. Thus, scenarios of interest are characterized by high hydrogen total mass (
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 5a Figure 3 Comparison of containment pressure
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 6 Figure 6 Mass flow rate of steam and hydrogen released in the containment
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 7a Figure 7a: Time evolution of the hydrogen volume fraction in three different compartments

Figure 9a

 9a Figure 9a Time evolution of volume fraction of hydrogen in different compartments of the dome for generic containment calculations

Figure 10a

 10a Figure 10a Vertical distribution of hydrogen volume fraction in the containment without PAR at three different times during and after hydrogen release
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 14 Figure 11 Comparison of the containment pressure with and without spray system

Table 1 : Real plants characteristics

 1 

	The

3

Table 2 : Scaling of generic containment

 2 

		Scaling
	Quantity	rule
	Zone volume Zone area	3 λ 2 λ
	Structure	
	wall surface	3 λ
	Junction	
	lengths,	
	wall thickness	λ

Table 3 : Scaling of to scenarios source terms

 3 

		Scaling
	Quantity	rule
	Time	1
	Mass flow rate	3 λ
	Specific	
	enthalpy	1

  The existing NPPs characteristics have been used to define the containment of a generic NPP of 1000 MWth . The generic containment nodalization has been determined by scaling down from PWR 1300 configuration.

	criteria.
	this work, several plant calculations of severe
	accident sequences provided by ERCOSAM
	project partners have been analyzed. The
	collected scenarios calculations represent four
	different NPP configurations: 356 scenarios from
	level 2 PSA PWR 900 and PWR 1300 (IRSN), 3
	LOCA scenarios from W-PWR 1130 calculations
	(PSI) and 1 SBLOCA scenario from VVER-1000
	(IBRAE). Selection of representative severe
	accident scenario among the given calculations
	results has been carried. The strategy adopted for
	relevant scenario selection relies on the hydrogen
	risk in terms of hydrogen mass and mass flow
	rate release and on the flammability limits
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