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1. Introduction

The Russian safety standards require to consider the beyond-design-basis accidents as the events and scenarios forming a certain part of the design basis. The designer’s targets are the estimated frequency of the limiting radioactivity release less than 10-7 per reactor-year, and the estimated frequency of severe core damage less than 10-5 per reactor-year. Such regulatory approach results in development of special engineered safety features for effective prevention and mitigation of severe accidents. 

The reactor plant WWER-1000/392 design is developed on the basis of standard reactor plant WWER-1000/320 being in operation at nuclear power plants in Russia, Ukraine, Czech Republic and Bulgaria. The reactor plant WWER-1000/392 is located in the double reinforced concrete containment that prevents release of the radioactive products into environment and protects the reactor plant from the external impacts (the design makes provision for protection against earthquake up to magnitude 8 as per scale MSK-64, air shock wave with pressure on the front up to 30 kPa, and aircraft crash). The first-of-a-kind WWER-1000/392 unit is supposed to be commissioned at the site of Novovoronezh nuclear power plant (NV NPP-2). 

In NV NPP-2, an evolutionary approach to design is applied, i.e. the equipment and processes proved to be operable at existing NPP are mainly used. At the same time, application of the advanced equipment and additional passive safety systems is directed to achievement of the higher safety level. Examples of improvements directed to safety enhancement are:
-advanced reactor WWER-1000;
-passive residual heat removal system (SPOT);
-passive core flooding system (HA-2);
-passive quick boron injection system;
-RCP with the seals excluding leaks from them during long-term loss of power supply;
-passive system to maintain rarefaction in the space between primary and secondary containments.

This paper considers the role of the key WWER-1000/392 passive systems (SPOT and HA-2) dedicated to prevent severe accidents resulting from the BDBA scenarios (station blackout and LOCA with active ECCS failed) essentially contributing to core damage frequency for existing WWER-1000/320 plants.

2. HA-2 and SPOT systems

The safety function “fuel cooling during transients and accidents” is ensured by provision of sufficient coolant inventory, by coolant injection, sufficient heat transfer, by circulation of the coolant, and by provision of the ultimate heat sink. Depending on the type of transient/accident, a subset of these functions or all of them may be required. Various passive systems and components are proposed for WWER-1000/392 reactor concept to fulfill these functions.

The passive system for reactor flooding during loss of coolant accidents in WWER-1000/V-392 design comprises two groups of hydroaccumulators as it is shown in Figure 1. First group (so called HA-1 system) consists of four traditional emergency core cooling system accumulators being used at the operating WWER-1000 reactors; these accumulators are pressurized to about 6 MPa by nitrogen and connected in pairs to the upper plenum and downcomer through the special nozzles in the reactor pressure vessel. Second stage accumulators (HA-2 system) are the tanks (with boric acid solution of concentration 16 g/kg) connected to the reactor coolant system through the check valves and special spring-type valves. These valves are kept closed by the primary pressure; when the primary pressure drops below 1.5 MPa, the spring opens the valve. Such configuration and valve design ensures continuity of hydrostatic head irrespective of the primary pressure change during an accident. Installation of hydraulic profiling of the outlet route ensures a step-wise limitation of the water flow rate from the tank when the water level in the tank is decreasing. The water inventory in the second stage accumulators (about 1000 t) ensures the long term core cooling in case of a LOCA even if all active ECCS mechanisms are inoperable.

Passive residual heat removal system from the core via steam generators to the atmosphere (so called SPOT system) plays an important role in the core melt frequency reduction. Heat removal capacity of SPOT system under the worst external conditions amounts approximately 3% of nominal reactor power. The heat removal at the initial stage of the accident is performed due to partial water evaporation from the secondary side via steam generator relief valves to the atmosphere.

The SPOT system for WWER-1000/392 design (see Figure 2) consists of four groups (corresponding to the number of reactor coolant system loops) of closed natural circulation circuits. Steam extracted from the steam generator condenses in the ribbed tubular air-cooled heat exchanger, and the condensate flows by gravity to the steam generator. During normal operation the SPOT system is in standby mode, and all the SPOT circuits are in the warmed-up state. In case of plant blackout, the SPOT state changes from the standby to the operating condition. In addition to its main purpose (core decay heat removal in case of complete loss of a.c. power), the SPOT system can maintain the hot standby parameters of the reactor plant; for this purpose the SPOT has a special controller. The system is thermally insulated, so the heat losses in standby conditions are less than 0.1% of reactor rated power. Natural circulation in the SPOT system is provided by the corresponding layout of the steam generator, heat exchanger and draught air duct.

The steam circuit pipeline runs from fresh steam line to collector that distributes the steam by smaller tubes to four heat exchangers. The condensate from each heat exchanger is supplied by tubes to the collector and then by pipeline to the steam generator. Two isolation valves are installed at heat exchanging module inlet and outlet to isolate it in case of damage or maintenance. Small diameter pipelines with valves installed on them are provided for removal of air from heat exchanger when filling them with water during hydro-test and for periodical removal of non-condensables under standby conditions. Cooling air is taken from the atmosphere outside the reactor building. The air takes the heat from the steam and goes to the draught air ducts, which have the common outlet collector-deflector. Inlet and outlet gates and controller are installed on the airside of each heat-exchanging module. The gates open to switch on the heat-exchanging module to operation. The controller can be used to change the airflow rate to ensure additional SPOT system functions (for example, to maintain the reactor plant in the hot standby conditions or to cool it down).

3. Methodology of analysis

The following typical beyond-design accidents that essentially determine the design basis of the above passive systems are considered in this paper:

- station blackout, i.e. loss of off-site and on-site a.c. power with failure of all emergency diesel generartors;

- large break LOCA (double-ended cold leg break of 850 mm diameter) with station blackout.

These sequences essentially contribute to core melt frequency and limiting radioactive release frequency for operating WWER-1000/320 plants.
To demonstrate the effect of HA-2 and SPOT systems under the above BDBA conditions, the analysis of these sequences with and without operation of HA-2 and SPOT systems was performed. The analysis was of realistic type, i.e.:

-initial plant conditions correspond to the normal operation at rated power without account for possible deviations and uncertainties in parameters, set-point values, etc.;
-core characteristics (reactivity coefficients, power peaking factors, etc.) are assumed in accordance with neutron-physical calculations without account for the calculation uncertainties and errors;
-failures of the equipment (other than assumed in the scenarios under consideration) and operator errors are not taken into account.

The domestic DINAMIKA-97 and TECH-M-97 codes developed by OKB “Gidropress” and certified by Russian regulatory body were used for the analysis. Besides, some supporting calculations have been performed by new domestic code KORSAR-V1 and by western codes RELAP5/Mod3.2 and ATHLET-1.2A.

4. BDBA sequences without HA-2 and SPOT operation

4.1 Station blackout
Figures 3 - 6 show the calculation results of accident with station blackout without account for operation of new passive systems HA-2 and SPOT. As a result of initiating event all RCP are disconnected, the turbine generator stop valves are closed, the PRZ systems are de-energized, the makeup-letdown system and BRU-K are disconnected, feed water supply to SG is stopped. In addition failure of the diesel-generators results in failure of all active safety systems to operate.

After reactor scram (by the fact of disconnection of three and more RCP) the reactor power decreases to decay heat level. After termination of RCP coast-down, the natural circulation of primary coolant is established. With this, heat removal from the primary circuit is provided due to secondary side dumping devices (BRU-A and SG SV) operation that leads to decrease of water inventory in SG. Corresponding decrease of heat removal from the primary circuit leads to increase of the primary pressure resulting in periodical opening of the PRZ SV and loss of primary coolant. Decrease in upper plenum level below the outlet reactor nozzle results in loss of natural circulation. Ongoing decrease of the reactor coolant level results in core top uncovering and in heating-up of the fuel rod claddings leading to severe core damage. Table below presents the chronological sequence of some important events occurred during this accident. 

Table of chronological sequence of events

	Event
	Time, s

	
	DINAMIKA
	RELAP5
	ATHLET
	KORSAR

	PRZ SV first opening
	1920
	2550
	2240
	1590

	Level in upper plenum appears
	4830
	6600
	5900
	5380

	SG empty
	7500
	6400
	6200
	6270

	Loss of natural circulation in RCS
	6000
	7200
	6600
	7000

	PCT reaches 1200(С
	8280
	9500
	8680
	8500


The above results show that the accident scenario predicted by the different codes is, as a whole, practically the same. Violation of maximum design limit on fuel rod damage occurs already in 2-2.5 h after accident initiation.
4.2. Large break LOCA

Figures 7, 8 show the calculation results for the accident with double-ended break of the main coolant pipeline at the reactor inlet with station blackout without account for operation of HA-2 system. These results have been obtained using TECH-M-97 code.

When the primary pressure decreases to 5.88 MPa, the traditional ECCS hydroaccumulators (HA-1) are put into operation to restrict the reactor emptying and to refill the lower reactor plenum. Primary coolant inventory increases due to HA-1 operation thereby ensuring the core cooling within some period of time. Then water level decrease in the reactor results in deterioration of core heat removal and its subsequent heating-up of the fuel after 100 s. By 285 s since accident initiation the maximum cladding temperature exceeds 1200 оС (according to Russian safety regulations, this value is an indicator of severe core damage).

The same calculation was performed using RELAP5/MOD3.2 code. The calculation results are given in Figures 9, 10. As one can see, the transient scenario is practically similar to that obtained by TECH-M-97 code. Heating-up of the fuel rod cladding begins at 100 s and the maximum clad temperature exceeds 1200 оС at 280 s. 

5. BDBA sequences with HA-2 and SPOT operation

5.1 Station blackout
Figures 11 - 14 show the calculation results of accident with station blackout with account for SPOT operation. 
Accident scenario at the first stage is similar to that considered in Section 4.1 above. However, as a result of SPOT operation, a portion of heat from the primary circuit is removed into environment, and the rest - is removed due to BRU-A operations. After corresponding decrease of decay heat the steam dump devices of the secondary circuit are closed and loss of water from SG stops. Heat removal from the primary circuit is provided due to close-circuit operation of the SPOT (steam condensation in the heat-exchange modules, and condensate returns back into the SG). The RP parameters (primary pressure and temperature) begin to decrease, adequate core cooling is ensured at all the times.

Thus, the calculation results show that SPOT operation prevents any core damage during the beyond design-basis accident under consideration.
5.2 Large break LOCA 

Figures 15 - 18 show the calculation results for this accident obtained by TECH-M-97 computer code. It was assumed for the SPOT operation that the operator switches it in cooldown mode in 1800 s and from this moment the steam generators start cooling down. Duration of a stage of SG cooldown amounts to 4800 s. After temperature in the secondary circuit decreases below the primary circuit temperature, the steam generators start to operate under the condition of steam condensation in the primary circuit with condensate reflux into the loops.
The makeup from HA-2 keeps the water inventory in the primary circuit at about 50 tons, and it ensures the adequate cooling of the fuel. Thus the most part of coolant inventory is concentrated within the reactor. After HA-2 transition for the last step of supply (at 30000 s) there is decrease in the primary coolant inventory (approximately to 32000 kg), however, no core heating-up is observed.
The same scenario was also analyzed by RELAP5/MOD3.2 code. The calculation results are as a whole in good agreement with TECH-M-97 results and have demonstrated that adequate core cooling is provided throughout the time under consideration.
6. Conclusions

The analysis of station blackout accident without operation of SPOT system has shown the exceeding of the maximum design limit of fuel rod damage already in 2-2.5 h after initiating event. Operation of SPOT system prevents any core damage during the BDBA under consideration. 

The analysis of LBLOCA with active ECCS failed without operation of HA-2 system has shown the exceeding of the maximum design limit of fuel rod damage in a few minutes after initiation of accident. Operation of HA-2 system prevents core damage above DBA acceptance criteria during this BDBA. 
The analysis has demonstrated that operation of new passive safety systems (SPOT and HA-2) in the considered BDBAs ensures the effective core cooling within required period of time.

New passive safety systems HA-2 and SPOT allowed significant improving of the plant safety. In particular, the estimated core melt frequency for WWER-1000/392 design is about three orders of magnitude less than for the operating power units of WWER-1000/320 design.
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1 - HA-1 accumulator;

2 - HA-2 accumulator (2 per train); 3 - reactor
Figure 1. Flow diagram of HA-1 and HA-2

(1 train of 4)
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1 - reactor; 2 - reactor coolant pump;
3 - steam generator; 4 - air heat exchanger
Figure 2. Flow diagram of SPOT (1 train of 4)
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Figure 3. Station blackout without SPOT
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Figure 4. Station blackout without SPOT
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Figure 5. Station blackout without SPOT
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Figure 6. Station blackout without SPOT
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Figure 7. Large break LOCA without HA-2

(TECH-M)
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Figure 8. Large break LOCA without HA-2

(TECH-M)
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Figure 9. Large break LOCA without HA-2

(RELAP5)
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Figure 10. Large break LOCA without HA-2

(RELAP5)
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Figure 11. Station blackout with SPOT
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Figure 12. Station blackout with SPOT
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Figure 13. Station blackout with SPOT
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Figure 14. Station blackout with SPOT
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Figure 15. Large break LOCA with HA-2 and SPOT (TECH-M)
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Figure 16. Large break LOCA with HA-2 and SPOT (TECH-M)
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Figure 17. Large break LOCA with HA-2 and SPOT (TECH-M)


	[image: image18.emf]0


1


0


8


0


0


2


1


6


0


0


3


2


4


0


0


4


3


2


0


0


5


4


0


0


0


6


4


8


0


0


7


5


6


0


0


8


6


4


0


0


 


t


 


s


0


2


0


0


4


0


0


6


0


0


8


0


0


1


0


0


0


 


T


 


o


C




0 10800 21600 32400 43200 54000 64800 75600 86400

 t 

s

0

200

400

600

800

1000

 T 

o

C


Peak cladding temperature

Figure 18. Large break LOCA with HA-2 and SPOT (TECH-M)
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