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Abstract. The use of systems based on passive principles of action, in particular, safety systems based on coolant natural circulation becomes wider in the modern reactor plant designs. The purpose of applying the given systems is the design safety improvement with simultaneous maintaining the NPP competitiveness in comparison with the other energy sources. The report has been written on the basis of the published data. The review of passive systems based on natural circulation in the designs of new RPs with WWER-1000/392 and WWER-640/407 and the results of some experiments on investigation of physical effects and operation of the systems based on natural circulation are presented in the paper. In particular, the results of investigation of influence of non-condensable gases on steam condensation and heat removal by steam generators, the results of investigation of boron solution displacement during operation of quick boron injection system are presented in the report. The report includes the results of experimental investigation of the additional core flooding system  (HA-2) and heat exchangers of the passive heat removal system.

1. passive systems in WWER-1000/392 and WWER-640/407 reactor plants, which principle of action is based on natural circulation

The design of RP with WWER-1000/392 provides for the following systems based on natural circulation /1,2/.

· Passive quick boron injection system

· Passive core flooding system

· Passive system for maintaining low atmospheric pressure in the intershell space

· Steam generator passive residual heats removal system

· Passive corium catcher 

Passive quick boron injection system

Quick boron injection system was developed as an additional system for reactor scram. It consists of 4 subsystems with each being connected to the suction and pressure head of the corresponding reactor coolant pump (RCP). The valves connecting a concentrated boric acid solution tank with the RCP suction and pressure head open given the occurrence of the signal for reactor scram and the reactor power is higher than its value shall be after its actuation. The concentrated boron solution is forced to the circulation loops at the expense of pressure differential at RCP and then it gets into the reactor. The amount and concentration of boron solution are chosen such that safety criteria are met under design conditions for which a failure of emergency protection system is postulated. In case of loss of power to RCP set the pump pressure head during its coastdown is sufficient for boron solution supply and reactor scram. In this case the boron supply is provided in passive way.

Passive core flooding system

Passive core flooding system is designed for providing a long-term residual heats removal in case of LOCA accompanied by complete NPP loss of power. 

Passive core flooding system comprises two subsystems.

· Passive core flooding subsystem, HA-1 (hydraulic accumulators of the first stage)

· Passive core flooding subsystem, HA-2 (hydraulic accumulators of the second stage)

System HA-1 supplies boron solution to the primary circuit during the first stage of such an accident. It consists of four hydraulic accumulators being traditional for RP with WWER. They are under nitrogen pressure of 6 MPa and are connected to the upper and lower reactor chambers by special pipelines. With occurrence of the signal for starting this subsystem and when the primary pressure is less than nitrogen pressure in the hydraulic accumulators the boron solution enters the primary circuit.

Hydraulic accumulators (HA-2) are connected with the primary circuit by means of special valves. These valves remain closed at the expense of the primary circuit pressure, when the primary pressure decreases below 1,5 MPa they open. The hydrostatic pressure provides boron solution supply to the primary circuit. Hydraulic profiling provides step-by-step variation of water flow from hydraulic accumulators.

Passive system for maintaining low atmospheric pressure in the intershell space

This system represents a connection of the intermediate gap volume with the PHRS exhaust ducts which are always in hot state. Such design solution always permits independently of NPP energy source and operator actions to remove the internal envelope leaks with cleaning.

Steam generator passive heat removal system (PHRS)

It consists of four closed circuits of the secondary coolant natural circulation,  with one for each steam generator. In PHRS tube heat exchangers the condensation of steam extracted from steam generators takes place. The generated condensate flows back to the boiler water volume of steam generators under gravitation. The coolant in passive heat removal system is condensed and cooled at the expense of free air natural circulation.

Passive core (corium) catcher

The passive core catcher increases efficiency of the utmost safety barrier – confinement – to prevent radioactive material release from the primary circuit and reactor vessel in case of beyond design-basis accidents. The passive core catcher which provides receiving and subsequent cooling of liquid and hard corium fractions released from damaged reactor vessel is installed for this purpose in the concrete pit sub-reactor room under the reactor vessel bottom. This device comprises four functionally variable parts located (top-to-bottom) in the direction of corium movement from the reactor vessel to the concrete pit basement. They are lower plate, vent header, barrel with the filler, heat exchanger.

The lower plate is designed as a guiding structure in the form of funnel in which the corium from damaged reactor vessel flows into the equipment of passive core catcher in the concrete pit sub-reactor room.

The vent header is installed under the lower plate and is designed so that its components function as thermal shields protecting of all thermal insulating structures installed on the concrete cantilever and in the foundation of lower plate at the stage of corium outflow from the reactor vessel.

This allows to increase operating period of the specially installed thermal shields and to lower the intensity of their damage in the course of radiation heat exchange with corium and aerosol atmosphere in the concrete pit sub-reactor room.

The barrel with filler has a function of corium diluent and thermal absorber for surrounding peripheral structures of the passive core catcher. The optimum content of ferric, aluminium oxides and structural steel in sacrifice material allows to lower volumetric power density in the corium melt, release of gas and radionuclide masses into the confinement, melt temperature.

The period of corium direct cooling via heat exchanger due to evaporation of water flow supplied into the heat exchanger by gravity from the inspection well is started after corium chemical reaction with the filler and melting of barrel steel structures and comprised equipment. Heat exchanger passive make-up and corium direct cooling by the water supplied through concrete cantilever pipelines allows to avoid active measures within not less than 24 hours since the moment of reactor vessel damage with corium.

Design of RP with WWER-640/407 provides for the following systems based on natural circulation /1,2/

· Steam generator passive heat removal system

· Containment passive heat removal system

· Passive emergency core cooling system

Steam generator passive heat removal system

For WWER-640/В-407 reactor the steam generator passive heat removal system (SG-PHRS), which doesn’t require power supply, is intended for residual heat removal in the events without loss of coolant and for maintaining the emergency core cooling functions in case of LOCA. Reactor coolant system and passive heat removal equipment provide heat removal from the core after reactor shutdown through the steam generator to the demineralized water tanks outside the containment and then to the atmosphere by natural circulation. The reactor power that can be removed from the core by coolant natural circulation amounts approximately to 10 % of nominal value that guarantees a reliable removal of residual heat. Thus, in the events without loss of coolant the decay heat is removed by coolant natural circulation to the steam generator boiler water. The generated steam moves to the passive heat removal system where steam is condensed on the internal surface of the tubes which are cooled outside by water stored in the demineralized water tank outside the containment. The water in this tank is sufficient for long-term heat removal (at least, 24 hours) and it can be refilled from external sources, if necessary.

Containment passive heat removal system

Containment passive heat removal system (C-PHRS) of reactor V-407 removes heat from the containment in case of LOCA and it is intended for the following functions: (1) emergency isolation of service lines passing through the containment which are not required for preventing this accident; (2) steam condensation from the containment atmosphere; (3) confinement of radioactive products released into the containment; (4) binding of iodine released into the containment atmosphere. Steam from the containment atmosphere is condensed on the double containment internal steel wall cooled from the outside surface by water stored in the tank. Thus, the system operates due to natural circulation in the containment atmosphere and in the water inventory tank. The design basis of this system consists in condensing such amount of steam that is equivalent to decay heat within 24 hours after reactor shutdown without refilling the water inventory tank.

Passive emergency core cooling system

Emergency core cooling system of reactor V-407 comprises three subsystems started automatically: (1) hydraulic accumulators with nitrogen under pressure, which are traditional ECCS accumulators used in the present reactors of WWER-1000 type, (2) hydraulic accumulators open into the containment and being above the reactor and (3) equipment for deliberate emergency  depressurization of the primary circuit. All these subsystems are based on the principle of passive operation which provides for long-term removal of decay heat in case of coolant loss accident accompanied by loss of NPP power supply (that is, NPP power supply is not required for ECCS operation). At the first stage of the accident the primary pressure decreases because of loss of coolant and operation of passive heat removal system. Further cooldown and pressure decrease are carried out by means of steam generator PHRS and containment PHRS. When pressure differential between the primary circuit and the containment decreases to 0,6 MPa, the passive valves of the emergency depressurizing system open connecting the reactor inlet and outlet with the fuel pond space. When pressure differential of the reactor and the containment becomes below 0,3 MPa, the ECCS hydraulic accumulators start flooding the reactor. This sequence results in creation of so-called emergency pond, in which the reactor coolant system is submerged, and connection of this emergency pond with the spent fuel pond. The natural circulation over the circuit (reactor inlet chamber - core – reactor outlet chamber – depressurizing “hot” pipeline – fuel pond - depressurizing “cold” pipeline – reactor inlet chamber) provides long-term heat removal from the core in case of LOCA with superimposition of loss of all power sources. Water in the emergency pond and spent fuel pond reaches the saturation point approximately in 10 hours. The generated steam is condensed on the internal surface of the steel internal wall of the containment and the condensate flows back into the emergency pond. This configuration also guarantees heat removal from the reactor vessel bottom in order to confine corium inside the reactor in case of the postulated event with core melting.

2. Effect of non-condensable  gases on steam condensation and heat removal by steam generators

The important factor affecting the process of natural circulation and conditions of heat removal from RP is availability of non-condensable gases in the primary circuit of the reactor plant.

The non-condensable gases can get into the coolant system of the primary and secondary circuits differently. The sources of non-condensable gases can be a zirconium-steam reaction resulting in hydrogen generation, the process of water radiolysis and nitrogen dissolved in the borated water of hydraulic accumulators.

In accordance with regulatory and technical documentation [3] during design basis accidents the oxidation of not more than 1 % of zirconium being in the core is allowed. It gives about 100 m3 of hydrogen. The amount of gas generated as a result of radiolysis is equal to only few percent of this value. The amount of hydrogen dissolved in the hydraulic accumulators is about 200 kg for             WWER-1000.

The non-condensable gases can result in reduction of the primary-to-secondary heat removal in some design basis accidents, in particular during LOCA.

Safety systems intended for reactor boron solution make up are means for counteracting the accidents with loss of the primary coolant. With sufficiently large break the coolant energy is removed through the break and quick pressure decrease is provided. With small non-compensable leaks with loss of coolant the place of break can be uncovered, in this case steam begins outflowing from the break. When steam generation in RP exceeds the value of critical outflowing through the break, it results, accordingly, in pressure increase in the circuit during long-term loss of coolant. It can result in impossibility of making up the primary circuit, as high pressure emergency makeup pumps and hydraulic accumulators of the first stage obtain a certain operation threshold. Thus, for example, for RP with WWER-1000 the operation threshold of emergency boron injection system amounts to 8-11 MPa, and passive hydraulic accumulators have the operation threshold equal to 6 MPa. Under such conditions a possibility of heat removal through SG at the expense of steam condensation inside tubes is determinative. An increase in the primary pressure is restricted by the secondary pressure. Тhus, in performing actions directed for quick SG cooldown the primary pressure can be decreased below the ECCS operation threshold. 

Steam condensation was investigated as applied to vertical and horizontal SGs [4, 5], in this case the factors which can considerably reduce heat removal were investigated.

One of these factors is “counter-current flow limitation" (CCFL) and it is possible in steam generators of the vertical type.

The other factor resulting in reducing heat removal is availability of non-condensable gases. With loss of the primary coolant a part of non-condensable  gases is carried with the coolant from the primary circuit into leak and a part can be collected in the steam generator releasing  from steam as a result of its condensation. In case of leak from the pipeline cold part the gas in SG is not practically accumulated and is carried from SG into leak. In case of leak from the hot pipeline the steam generator can become a dead-end volume wherein the gas accumulation can take place. The gas starts accumulating on the cold collector and SG tubing outlet ends. With time the SG tubing can be completely filled with gases and so the steam condensation and heat removal by steam generator will practically end. However, such a scenario can’t be realized in practice as the amount of released non-condensable gases is not sufficient for this.

The effect of hydrogen on heat removal from the primary circuit was investigated on the two-tube model of steam generator. During these experiments the hydrogen supply was simulated by helium supply. The results of the experiments showed the extreme non-uniformity of gas distribution that, however, provides a higher average heat transfer coefficient in comparison with the uniformly mixed gas-vapour mixture.

Maximum value of hydrogen specified above, which can be released during zirconium-steam reaction occupies about 6 % of PGV-1000 tubing volume at pressure of 5 MPa. Diagram of temperature difference versus average volumetric gas concentration in the tubes of SG model is presented in            figure 1. As is obvious from the diagram the effect of the gas appears with its greatly large volumetric concentrations.
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FIG. 1. Temperature difference versus average volumetric helium in tubes of SG model

For investigating the effect of non-condensable gases within wider range of conditions there were carried out experiments using four-tube SG model. On this test bench there was a possibility to carry out tests both with natural coolant circulation and without it, with leak both from cold and hot pipeline of the circulation circuit. The results obtained using two-tube model were confirmed by four-tube model – the gas released during steam condensation is forced out to the tube outlet ends and outlet (cold) SG collector. The experiments showed that one-two tubes can be completely excluded from heat transfer. Investigations showed that in case of natural circulation the gas removal through the reactor air vent is the most effective. In the absence of natural circulation the gas removal through the SG outlet collector air vent is the most effective. There was investigated a problem of the effect of non-condensable gases at the stage of the accident when the primary pressure decreases to the value at which initiation of boron solution supply from hydraulic accumulators with nitrogen under pressure takes place. The results show that even in case when all the nitrogen dissolved in the borated water is accumulated in SG, its sufficient heat removal capability will remain on condition of its sufficient cooldown. Despite this in all the RP designs the organized removal of accumulated gases is provided for. 

At present special models [6] for investigating condensation and heat removing capabilities of steam generators including availability of non-condensable gases are under development.

3. investigation of RP V-392 additional core flooding system  

For investigating the additional core flooding system there was developed a full-scale plant with full-scale lay-out of pipelines [7]. This plant comprises two tanks simulating accumulators HA-2, which were connected with the help of surge lines by steam and water. Both accumulators were connected to the common collector with four discharge tubes, which provided a step-wise variation of flow rate. Two lower tanks simulating vapour space of inlet and outlet chambers are also connected with the help of surge lines by steam and water.

Figure 2 presents a flow rate characteristic of test bench HA-2, which is obtained with cold water and a design flow rate characteristic.
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FIG. 2. Flow rate characteristic of test bench HA-2 under cold conditions

The purpose of experiments carried out was to adjust the discharge lines and optimise their operation. During these experiments after some modernization of the test bench and with the use of only one upper tank there was obtained a flow rate characteristic with hot water which is presented in figure 3.
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FIG. 3. Flow rate characteristic with the use of one upper tank

From comparison of figures 2 and 3 it is clear that as a result the flow characteristic was close to the design characteristic. One can get to know these experiments in more detail  in [8, 9].

4. experimental investigation of SG passive heat removal system

Test bench with full-scale heat exchanging equipment for RP with WWER-1000 was built in OKB “Gidropress” in 1992. It represents an air path with actual dimensions of the height wherein the gates are installed upstream and downstream of the heat exchanger as well as a condensate-steam path. The SG simulator served as a source of the saturated steam during these experiments [10, 11]. The superheated steam was supplied to this simulator under the water level. The condensate generated in the heat exchanger could be removed through the discharge pipeline to the SG simulator with the closed natural circulation circuit. With the open natural circulation circuit the condensate was removed to the external systems. 

There were carried out tests of two types of heat exchanger which differ, in particular, in the diameter of heat exchanger tubes.

The PHRS power versus the ambient air temperature was determined with open air gates. In terms of the whole PHRS the power versus the ambient air temperature at nominal steam pressure equal to 6,3 MPa is shown in  figure 4.
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FIG. 4. Power versus ambient air temperature

In performing tests the time for heat exchanger model reaching the constant power after opening the air gates was determined. As the PHRS heat exchanger during normal operation is constantly connected to the steam generator by steam and condensate path the non-condensable gases can be accumulated in it. The effect of non-condensable gases on the process of heat exchange and the PHRS dynamic characteristics was checked. The results of tests showed a decrease in the condensate temperature regarding the saturation temperature in introducing the non-condensable gases into PHRS. The amount of the introduced gas exceeded by few orders the predicted value of the accumulated gases and under real conditions it is hardly possible to detect the gas accumulation in the system by a decrease in the condensate temperature. 

During the experiment there was determined the heat exchanger power as a function of a turning angle of air gates. The results show that for the plain gate the controlling capacity is restricted by a turning angle of 0-40( and a considerable nonlinearity of the control characteristic. The investigations carried out at low air temperatures, when steam ingress into the heat exchanger is limited and air gates are open, showed a very quick decrease in temperature and pressure in the heat exchanger that can result in condensate freezing.

5. Investigation of displacement of boric acid solution from QBIS accumulators

To improve safety in the present-day designs of the reactor plants with WWER-1000/392 and             WWER-1500/448 the quick boron injection systems intended for reactor change-over to the subcritical state with failure of reactor scram to take place are provided for. With the primary coolant displacement of boron solution from the accumulators the mixing of this coolant with boron solution is possible that will lead to decrease in operation efficiency of this system. The results of experiments for investigation of displacement of boron from QBIS accumulators are presented in [12, 13]. These experiment were carried out on the model with scale 1:4 and 1:4,5 by supplying hot water into the model filled with cold water. Thus, variation of boron solution concentration was simulated by variation of water temperature. During experiments the hot water flow rate was chosen from a law of similarity. 

There were performed two series of experiments with 50 mm diameter inlet nozzles into the boron accumulator model that corresponds in the chosen scale to the design rate of hot water supply into the accumulators and with 26 mm diameter with which the increased rates of water supply into the accumulator were provided. In both series the experiments were carried out with constant and variable flow rate of hot water through the model.

Figure 5 presents experimental points and empirical dependence of variation of relative water temperature at the outlet of the model with inlet nozzle of 50 mm diameter. 
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FIG. 5. Variation of relative temperature at the outlet of the model with inlet nozzle of 50 mm diameter with different water flow rates through the model

The obtained results showed that for all values of flow rate through the model the points obtained in the experiments lay on one curve. About 30-40 % of boric acid solution is displaced from the accumulator practically without mixing. Further, the beginning of decrease in boron concentration takes place. 

In the experiments with flow governor it was shown that in case of variable flow rate the results also lay on the empirical curve obtained by the results with constant flow rate of hot coolant.

Figure 6 shows a variation of relative water temperature at the outlet of the model with inlet nozzle of 26 mm diameter. The obtained results showed that within the range of flow rate variation from 2 to 16,4 m3/h the behaviour of relative temperature (relative boron concentration) corresponds to empirical curve obtained during measuring with the inlet nozzle of 50 mm diameter. With an increase in flow rate more than 16,7 m3/h a deviation of points from the empirical dependence was observed. It is explained by the fact that with an increase in the rate of hot water the rate of mixing increases. The results of investigation showed that for RP with WWER-1000/392 the time of displacement of boric acid solution from the accumulator will be 34,8 s.


[image: image6.png]



FIG. 6. Variation of relative temperature at the outlet of the model with inlet nozzle of 26 mm diameter with different water flow rates through the model

Regulating and technical documentation regulates a consideration of a single failure of safety system during thermal and hydraulic analyses of safety. In this connection a problem of effect of a failure of one channel of the quick boron injection system on the boron concentration and therefore on the RP power in the emergency sector (in the sector with the coolant coming from the loop with the failed QBIS) arises. The results of investigations show that the integral coefficient of coolant mixing between sectors in the reactor pressure chamber is not less than 0,1 [14] with operating RCPs. The integral coefficient of interloop mixing with adjacent loops amounts to 0,13 and 0,26 for two adjacent loops. Thus, it shall be expected that after several coolant cycles the boron concentration in different loops will be equalized and the reactor subcriticality will be provided reliably.

conclusion

By now with the use of different models with consideration of laws of similarity there has been carried out a large number of investigations of the processes connected with natural coolant circulation. They show an influence of physical effects on serviceability of systems based on natural circulation.

The bulk of work on justification of design parameters of the systems based on natural circulation on the full-scale test benches has been fulfilled.

The experiments have been carried out for justifying the design solutions on the large-scale test benches including the integral test benches simulating the joint operation of several systems based on passive principles.

In the new designs of RP with WWER the systems based on passive principles of action will be applied more wider. In the future even greater introducing of such systems into the RP designs shall be expected taking into account the positive results of investigations of the systems based on natural circulation. Investigation of the systems based on the natural circulation shall be continued including the large-scale test benches permitting to carry out the investigation of joint operation of RP systems in simulating the initiating events.
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