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Abstract

Proposed is an innovative decision –cores on base coated particle for power water reactor (PWR-PB) with particle-bedded fuel implementing the core with lateral flow fuel assemblies. The concept is shown to provide: perfect confinement of fission products within the limits of fuel coating boundaries in practically any design basis and severe accidents, extremely low level of heat energy and potential chemical energy in the core, high degree of self-control in reactivity accidents. 

Russian Research Center “Kurchatov institute”, VNIIIAM have carry out a research, which confirms the ability of CP to keep radioactivity in normal and the conditions imitating   of serious accidents.

 Developed are schematic diagram and conceptual design schemes for fuel element, fuel assembly, core and safety systemsю The features proposed for further development are targeted to provide the simplicity of design and operation, high degree of passive safety and economic efficiency of an NPP with PWR-PB. Performed are computational evaluations of PWR-PB thermal-hydraulic and neutron characteristics, coated particle fuel strength characteristics and accident performance. 
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1. Introduction

Aim of this innovations  
is create fuel assembly for nuclear power plants, which excludes fission products release  during any serious accidents and any terrorist actions. 

A high   terroristical  activity against technical objects and nuclear power plants is  typical for the 21 century. The events on 11 September 2001 in the USA demonstrated how is could be done. 

The reason for vulnerability of nuclear power plants is usage of uranium fuel element covered by zirconium alloy. Zirconium alloy is very good for balancing neutrons inside core, but it looses its strength  at any accidental regimes at high temperatures, and fission products releases. 

The ceramic cladding technologies have been developed in nuclear engineering. These claddings effectively keep accumulated activity at temperature of about 1600(C. Such technology was applied in gas cooled high-temperature reactors. It is interesting to consider the synthesis of high-temperature reactor technology   and technology of  PWR (VVER) .

Application of coated particles (CP) for PWR, BWR will make possible to design really effective system for retaining fission products in any conditions of severe accidents. The general engineering background for this design is as follows.[1,2]

First, multi-layer coatings of pyrolytic graphite (PyC) and silicon carbide remain and even slightly enhance the strength on temperature rising above 1600oC. At such temperature heat is removed at the expense of natural convection processes, heat conduction and radiation with no active devices used.

Second, the CP, having rather small size (of 1-2 mm) and cooled directly with water coolant-moderator, ensure rapid (0.01-0.04 s) compensation of practically any positive reactivity at the expense of temperature and density effects of reactivity of water coolant-moderator.

  It helps to keep radioactivity in CP at any accidents and any terroristic actions. 

Thus, application of CP in PWR type reactors as well as in BWR makes possible to develop the actual safety inherent system on the deterministic level.

Therefore, there is an aspiration to approach NPP safety to the level, when the fission product leakage is not possible, i.e. to make an “all-forgiving“ reactor design (error of staff, designers and etc.).

May be unification of CP fuel assembly and conventional fuel assembly as to their dimensions, attachment components, hydraulic and neutron-physical parameters.

.

2. General  base

All existing types of reactors wherein zirconium alloys (PWR, BWR, CANDU, RBMK) or steel (BN-600, PHENIX, AGR) are used as fuel element cladding material were not designed for effective retaining of accumulated fission products within fuel elements under severe accident conditions. That was the main reason to provide the containment thereat made of prestressed iron-concrete. That was the main reason to provide the containment thereat made of prestressed iron-concrete. The fuel itself, the fuel element cladding, in most cases made of zirconium alloys, the coolant circuit material and the containment of iron-concrete are assigned to be the barriers. For PWR-type reactors the design basis accident with breakdown of the maximum diameter pipeline results in temperature rise of zirconium alloy cladding beyond 1000oC. The major part of fuel elements having zirconium alloy cladding loses its leak tightness at this temperature and high activity releases into the space in the containment. Thus, with respect to one initiating event, i.e. pipeline breakdown, 3 out of 4 barriers became ineffective just at once. There remains the only barrier, the containment. Discussions about the multiple barriers and defense-in-depth appear to be the word-wasting practice! Application of CP for PWR, BWR will make possible to design really effective system for retaining fission products in any conditions of severe accidents. The general engineering background for this design is as follows.

First, multi-layer coatings of pyrolytic graphite (PyC) and silicon carbide remain and even slightly enhance the strength on temperature rising above 1600oC. At such temperature heat is removed at the expense of natural convection processes, heat conduction and radiation with no active devices used.

Second, the CP, having rather small size (of 1-3 mm) and cooled directly with water coolant-moderator, ensure rapid compensation of practically any positive reactivity at the expense of temperature and density effects of reactivity of water coolant-moderator.

Thus, application of CP in VVER (PWR) type reactors as well as in BWR makes possible to develop the actual safety inherent system on the deterministic level.[1]

3. Engineering base

The engineering design base is intended is fellow:

-direct cooling of free pebble bed CP by water coolant in the fuel assembly with cross coolant flow;

-the CP outside coating of silicon carbide being corrosion resistant to water coolant (water chemistry of VVER and PWR) having parameters of 16.0 MPa and 3500C during long term operation within the reactor, for example, of not less 30 000 hours;

-the outside coating of SiC, resistant under severe accident conditions, as well, for example, in air-steam environment at temperature of 13000C, pressure of  0.6 MPa during several hours;

-SiC outside coating chemically compatible when there is the contact with structural materials, for example, stainless steel or alloy of Nb20%Cr type;

-excluding of zirconium alloys from the core;

-immovability of the pebble bed within the fuel assembly;

-unification of CP fuel assembly and conventional design fuel assembly as to their dimensions, attachment components, hydraulic and neutron-physical parameters

Russian Research Center “Kurchatov institute”, VNIIIAM and “Luch” have conducted a research, which confirms the ability of CP to keep radioactivity in normal and the conditions imitating   of serious accidents: [3,4] 

-research of corrosion stability CP in a water coolant at nominal parameters (3500С, 16 MPa) over 18 months; 

-
of corrosion stability CP in a superheated  steam  (5500С, 10 MPa), 15 months;

-the test CP in a superheated  steam  (9500С, 10 MPa) 14 days;

-the test CP in gas flame at   temperature 16000С  (CP kept  hermetic);

-the test CP in research reactor (burn-up 3% fima, CP kept  hermetic).
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Fig.1. The coated particle after tests in a gas flame at a temperature of 16000С (a) and   temperature 16700C (b)
This research demonstrated, that: themass loss of o CP tested in water environment18 months has made 3-4 .10-2 %, the mass loss of CP tested in superheated steam has made 0,4%,

The test CP in gas flame demonstrated, that CP destroyed absence at temperature >16000C, but

25% CP destroyed after test at temperature 16700C (see Fig 1 b). That    temperature of 16000С is design limit. The test complex of research demonstrated, that CP for water reactor with core on base CP provide reality inherent safety. 
4. Coated particle design
The design scheme of CP developed in application to the conditions of operation in a core with light water coolant and moderator is shown in Fig. 2. CP is realized as a sphere of 1.8 mm diameter with kernel of uranium dioxide and the three-layer coating of high-temperature ceramic materials. The kernel has a diameter of 1.4 mm. The next to kernel coating is made of porous pyro-carbon (PyC) with the density of about 1 g/cm3. The thickness of this layer is ~ 90 (m. The second layer is made of dense PyC (density about 1.8 g/cm3). The thickness of this layer is ~ 5 (m. The third, outer layer is made of silicon carbide. The thickness of this layer is ~ 105 (m. Table.1 gives a comparative data on the parameters of CP of HTGR and the PWR-PB proposed.

The calculation of stress-strain state PWR CP demonstrated, that   mechanical failure is not predicted, even with account of the conservative assumptions adopted above. This calculation are performed on base methodic developed in paper. [5-6] 
Table 1. Comparison of technical characteristics and conditions of operation of fuel elements for 

HTGR, VVER-1000 and VVER-CP

	Parameter
	HTGR
	PWR

-CP
	VVER-

1000

	1. Fuel material
	UO2
	UO2
	UO2

	2. Design burn-up fraction, %
	Up to 15
	4
	4

	3. Kernel diameter/ thickness, mm
	0.5/0.25
	1.4/0.2
	7.6/0.65

	4. Coolant
	Helium
	Water
	Water

	4.1.Coolant pressure, Mpa
	4
	16
	16

	4.2. Average heat flux, MW/m2
	0.03
	0.07
	0.587

	5. Max. temperature of cladding/fuel (normal conditions), oC
	1100/1300
	350
	350/1700

	6.Max. temperature of cladding/fuel (accident conditions), oC:

on D= 850 mm pipeline breakdown;

on vessel  bottom break away
	1600*

1600*
	400*

1000*
	1100*

1000*

	7. Carrying over  of fuel (“ameba” effect)
	( 1400oC
	No
	-

	8. CO partial pressure, Mpa
	4.0
	No
	No

	9. Fluence, n/cm2 E (0.2MeV
	(1-2).1021
	3.1022
	3.1022


* 
fuel and cladding temperature is practically the same on accident
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Fig.2. Constructive scheme of CP

5. Fuel assembly design

Fig. 3a. presents the more simple design scheme of fuel assembly with lateral flow of the coolant through CP layer. It has the outer casing with perforated walls, the inlet collector appearing as a cone with its walls perforated also, the layer of CP allocated between them in a particle-bedded mode, the end and head parts. The outlet collector is a gap between neighboring fuel assemblies. To arrange for it, the outer casing is realized as a truncated cone. The guide tubes for control rods are located inside the CP layer. The pattern of these tubes allocation may be the same as in traditional fuel assemblies for PWR reactors. The guide tubes in such fuel assembly act as a main bearing structure of fuel assembly. The outer casing has an option of free movement against other structural elements of fuel assembly. This provides for its reliability in the emergency regimes when its temperature increases up to 1000oC. Outer casing can be equipped by skew reinforcement elements that provide for its necessary stability under the impact of CP backfill weight, and also under the pulse impact of the coolant in its emergency outflow, and under seismic loads. In the current time, the technical features for realization of reinforcement elements have not been finally defined yet, and, hence, the different variants are being considered (grids, ribs, etc.). The thickness of walls of the outer and inner collectors is adopted to be 1 mm. In this, the fraction of stainless steel in the core constitutes about 2.5% of the core volume.

Z-type shape of the collectors with their lateral section converging and diverging along coolant flow path provides a minimum non-uniformity of coolant distribution along the height of CP layer and minimum pressure losses due to the preservation of nearly constant vertical component of coolant velocity in the collectors. A necessary uniformity of coolant enthalpy at the outlet of CP backfill is provided at the expense of variable perforation density in inner collector and outer casing. The selected shape of collectors makes them occupy the minimum volume, as compared to collectors of other types, and provides a maximum volume fraction for the layer of CP in fuel assembly.

Major losses of pressure in fuel assembly of such type are due to the resistance of the collectors, because the resistance of coated particle fuel layer, even at CP diameter of about 1 mm, is rather small.

For a single-collector fuel assembly of large size, like that of PWR-PB, characteristic is the presence of a large water cavity of the inlet collector. Correspondingly, near it observed is a large peak of the thermal neutron flux. In the area of outlet collector such peak is also present, but it is essentially smaller. From the standpoint of CP reliability, the local peak of thermal neutron flux is in the area of inlet collector. This peak is unfavorable, first of all, from the standpoint of non-uniform fuel burn-up along fuel assembly radius. To resolve the problems named above, proposed is the design scheme of fuel assembly 

with several inlet collectors of a correspondingly smaller size. The design scheme of such fuel assembly is presented in Fig. 3b. It has 7 inlet collectors of cylindrical shape, and one outlet collector in the space between fuel assemblies. . Performed are computational evaluations of PWR-PB thermal-hydraulic characteristics by methodic development in paper [7], witch based on experimental research. [8]

3. The neutron characteristics

The PWR core with CP has the following distinctive features: practically homogeneous structure of the core and, respectively, significantly greater resonance absorption in U-238, twice as much amount of steel, lesser amount of water, low temperature of fuel.

Increased resonance absorption in U-238 required higher initial enrichment (see Fig.4).  This effect is not compensated by higher rate of plutonium. However these negative effects are compensated almost completely at the expense of very low fuel temperature.

Table 2 gives the structural content of VVER-1000 core and PWR-PB. From the Table 2 one can see that CP occupy the greater volume as compared to fuel rods. Amount of steel is 2.2 fold as much and, respectively, the amount of water in the reactor core is for 20% less. The volumetric composition of the reactor core with CP does not essentially differ from traditional one (Table 3). 

Table 2. Structural content of the VVER

core and PWR-PB core

	Component
	VVER
	PWR-CP

	Fuel elements
	0.4207
	0.4750

	Water
	0.5676      
	0.4994

	Steel   
	0.0117
	0.0256
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                 Table 3.  Volumetric composition of the core, %

	Name
	Density, g/sm3
	VVER-1000
	PWR-BP

	1. UO2
2.H 2O

3. Zr1%Nb

4. Steel

5. Graphite

6. SiC

7. He
	10.0

0.72

6.4

7.9

1.6

3.5

-
	28.2

55.5

11,2

2,4

-

-

2.7
	26.3

52.3

-

2.3

18.0

1.1

-
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5. Characteristic of safety 

High strength of multilayer coatings at high temperatures makes it possible to conclude that exceptional radiation safety characteristics might be provided not only in the cases of traditionally considered severe accidents, but also in such hypothetical cases as brittle destruction of reactor vessel, fall-down of a heavy plane, sabotage acts, and even intentional actions of the sabotage-trained NPP personnel.

This presents results of the preliminary safety assessment performed for 2 characteristic emergency/abnormal operation occurrence regimes of PWR-PB. The selected regimes (typical of many light water reactors) are:

- rupture of a pipeline of maximum diameter and

- total NPP black-out without scram.

In addition to this, to illustrate potential benefits of coated particle fuel, considered was a hypothetical accident with destruction of reactor vessel bottom and total reactor voiding.

5.1. Pipeline rupture

The results of calculation of the pipeline rupture regime are presented in Fig. 5. It can be seen that CP temperature remains practically constant and equal to the coolant temperature. The reason for this is that in nominal regime the fuel has practically no stored heat. It is obvious that, when coolant temperature goes down because of the vessel flooding by cold water, the CP temperature would go down correspondingly. 

For better interpretation of the calculations performed for PWR-PB, Fig. 5 also presents the results of a calculation performed for the accident with the rupture of a pipeline of maximum diameter (Du850) in VVER-1000 reactor.


Fig.5. Accident with rupture of a pipeline of maximum diameter. 

CP – temperature of coated particles for PWR-PB. Two curves at the top: temperature of fuel and cladding of rod-type fuel elements of VVER-1000 
It can be seen that the course of this accident for the core with CP is essentially different from that in the traditional core. For the traditional core characteristic is fast increase of the temperature of zirconium cladding due to high-temperature heat accumulated in uranium dioxide pellets, and due to heat exchange worsening. In the first seconds of emergency process the core with CP is practically not heated, because the temperatures of coated particle fuel and coolant in nominal regime were different by several degrees only. After that, the temperature of CP is increased in a relatively slow mode due to residual heat. This continues until the start of operation of the emergency core cooling system. 

5.2. Total NPP black-out without scram

The results of calculations are shown in Fig. 5. For better interpretation of these results, also presented are the results of calculation of a similar regime for standard VVER-1000 reactor.

It can be seen that the course of this emergency process is radically different for the cores of two types. For standard VVER, the decrease of power takes place very slowly, because released in its course is a positive reactivity due to Doppler-effect of the fuel, which, in nominal regime, is heated up to the temperature of about 1000oC (power effect of reactivity). The chain reaction is terminated after 1000 s, when nearly all primary circuit water had out flown through safety valves. In this, the temperature of zirconium claddings exceeds 1000oC after about 20 s since the accident start. For the core with CP, the accident course is essentially different. Due to the absence of accumulated heat, the CP fuel temperature remains at the level 300oC. The chain reaction is terminated due to density and temperature reactivity effects of coolant-moderator without control rod operation. 
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Fig. 5. Accident with total NPP black-out without scram.

1- Maximum temperature of the VVER fuel, 2- cladding temperature of VVER fuel element, 3-temperature of CP.

5.3. Destruction of reactor vessel

This hypothetical accident regime is considered to illustrate the PWR-PB safety potential. The initial event is disruption of the reactor vessel in its bottom part. When primary circuit is dewatered, a highly superheated steam starts flow to steam generators due to natural convection of a steam-air mixture of 6 bar pressure. The cooled-down steam returns to the reactor vessel to the core inlet. A highly superheated steam-air mixture supplied to the steam generators is effectively cooled in them (steam generators have large heat exchange surface) down to the temperature, which is approximately equal to the saturation temperature in secondary circuit (2800С). At high temperatures, an important factor is heat absorption in the reactor internals (the so called “associated” mass), the mass of which is larger than the core mass. 

The calculation results are presented in Fig.6.
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Fig. 6. Hypothetical accident with vessel bottom destruction. Temperature of fuel for maximum-powered fuel assembly (1) and average-powered fuel assembly (2)

At the initial phase, the core temperature increases and reaches its maximum after 2 – 3 hours. Later on, due to residual power decrease, started is a slow cooling-down of the core. The maximum temperature of VVER-1000 fuel in this regime is 14000С.

The preliminary analysis performed makes it possible to draw a conclusion on the unconditional advantages provided by the use of CP.

Table 1. Major characteristic of  PWR-PB and VVER-1000

	Name
	PWR-PB
	VVER-1000

	Thermal power, Mw
	3000
	3000

	Pressure, bar 
	16
	16

	Number fuel assembly
	163
	163

	Number fuel element into fuel assembly
	30.106
	312

	Diameter of CP/UO2  kernel, mm
	1,8/1,4
	9,1/7,6

	Core high, mm
	4000
	3500

	Fuel element surface, m2 
	305
	32

	Maximum temperature of fuel, oC 
	350
	1600

	Pressure drop of fuel assembly, bar 
	1,5
	1,5  

	Pressure drop of CP pebble bed, bar 
	0,03
	-

	Fuel assembly load of uranium dioxide, kg
	450
	480

	Initial enrichment/burn-up, %
	4,8/4,9
	4,4/4,5

	Power effect reactivety, %
	(0
	1,0

	Number guide tube for control rod
	12
	19

	Diameter guide tube, mm
	16x0,8
	12,6x0,8

	Number inlet collector
	7
	-

	Diameter inlet collector (conical), mm
	40
	-

	Wall  thickness  of colletor, mm
	1
	-

	Perforation density, %
	3-5 
	


6. Conclusion

RRC “Kurchatov institute” and VNIIAM care out     complex research for basing used coated particles in PWR (VVER) core. This complex demonstrating of the creation possibility of antiterroristic fuel for NPP, witch excluded leakage of fission product at any accident and terrorist action. The use   of antiterroristic fuel for NPP provide create of possibility for wide scale development of nuclear power.   
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Fig.4. Dependence of Kinf on burn-up (relative unit) 


1-VVER-1000 (x=4,4%), 2- PWR-PB (x=4,4%), 3- PWR-PB (x=5%)





Fig. 3a.Fuel assembly with a single inlet collector.  


1 – head part; 2 – bushing (shell); 3 - spring; 4 – top head; 5 – inlet collector; 6 - casing;


7 – guide tubes for control rods; 8 – coated particle fuel; 9 – bottom head;10 – end part
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