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1.0 Introduction

The project aims to explore the potential of small reactors without on-site refuelling to supply electricity to remote villages, islands, and small-scattered communities in India, which are located in regions not connected to electricity grid. The aim of the project is to arrive at a feasible design of small portable nuclear power packs, having long core life, passive safety and reactor core heat removal features, and not needing skilled man-power for operation. To satisfy the energy related needs of the regions mentioned above the unit size of the reactor was estimated to be 5 MWth [1]. A reactor configuration consisting of thorium fuel cycle based metallic fuel, BeO moderator, BeO and graphite reflector, and molten lead alloy based coolant was selected for study [1]. The proposed specification of the reactor [1] is shown in Table-1.  

Table-1: Broad specification of the reactor

	Attributes
	Property

	Reactor power
	5 MW(th)

	Core life
	Around 15 years

	Fuel
	Metallic 233U+ 232Th +Zr 

	Fuel clad
	Zircalloy

	Moderator
	BeO

	Reflector material
	BeO and graphite

	Coolant
	Pb-Bi eutectic alloy

	Core height
	1000 mm

	Core inlet temperature
	450 0C

	Core outlet temperature
	600 0C

	No. of fuel assemblies
	30

	No. of control locations
	31

	No. of fuel pins per assembly
	12

	Fuel pin ID
	8 mm

	Fuel pin OD
	10 mm

	Pitch
	140 mm

	Top reflector height
	150 mm

	Bottom reflector height
	150 mm

	Coolant tube OD
	45 mm


2.0 Description of reactor geometry

 The core of the reactor is based on tri-angular lattice arrangement [1]. It contains 30 fuel assemblies, 12 in the inner ring and 18 in the outer ring. The cross-sectional view of the reactor core is shown in the Figure-1. In each fuel assembly, fuel pins are located in graphite fuel tubes, which also act as coolant tubes. These fuel tubes are located in moderator blocks. These moderator blocks are in turn surrounded by BeO reflector blocks, which also contain reactor control devices. There are 7 graphite blocks inside the fuel assemblies and 24 BeO reflector blocks outside the fuel assemblies. Graphite reflector blocks surround these BeO reflector blocks. Core height is 100 cm with additional 15-cm top reflector and 15-cm bottom reflector.
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Figure-1: Configuration for fuel pin, fuel block and core

3.0 Optimization of reactor physics design

The proposed fuel for the reactor is metallic fuel with 90% (232Th + 233U) and 10% Zr. Cross-sectional view of a fuel pin is shown in Figure-1. The percentage 233U requirement for a core life of 3000 FPDs is 14%. Alloy made of these three metals is proposed to be made into 8 mm diameter pellet form. These pellets will be encased in a clad of Zircaloy-4 with thickness of 0.75 mm. There will be a radial gap of 0.25 mm between the fuel pellet and the sheath. This gap is proposed to be filled with a eutectic alloy consisting of equal amount of Pb, Bi, and Sn. The function of this is to act as a heat transfer medium from the fuel to the clad material. Each fuel assembly contains 12 fuel pins arranged in graphite matrix with pitch circle diameter of 65 mm. Central region of fuel assembly has a coolant tube of radius 45 mm. 

3.1 Computational technique used for the design

Hexagonal mesh diffusion theory code TriHTR [2] was used for core simulations. It uses 12-group cell-homogenized cross-sections obtained from lattice calculations. A 1-D collision probability code LATTEST [3] was used for lattice calculations. First flight collision probability (Pij) method was used. In each fuel assembly 12 fuel pins were treated as a ring of fuel about the pitch circle radius conserving its volume. 172- group IAEAGX cross-section library was used for all calculations. Calculations were performed for both cold and hot conditions. To simulate control rods, which are located outside the fuel assembly, a 1-D super cell calculation was carried out by considering a ring of fuel paste surrounding the control. Rods. This calculation generates homogenized 12-group cross-section for the control.

3.2 Calculations for 15 years core life

First Core calculations were done to fix lattice pitch and amount of fuel required for a core life of 15 years [4, 5]. Since initial keff was found very high (1.457), burnable poison was introduced to set optimized configuration from safety and economic point of view. Important parameters like control rods worth, fuel temperature coefficient, height of the control rods at criticality etc. were estimated for this optimized case.

3.2.1 Fixation of lattice pitch 

Calculations were performed for three different lattice pitches 13.5 cm, 14.0 cm and 15.0 cm. Fuel requirement for different pitches are shown in Table-2. 

Table-2: Fuel Requirement for Different Pitches (around 15 years core life)

	Pitch (cm)
	Enrichment (U233 %)
	Fuel density

(gm/cc)
	Fuel requirement

For full core

	13.5
	20.5
	11.65
	U233 =43.195 Kg.

Th232 =146.441 Kg.

	14.0
	20.0
	11.63
	U233 =42.068 Kg.

Th232 =147.238 Kg

	15.0
	19.8
	11.62
	U233 =41.612 Kg.

Th232 =147.535 Kg.


Requirement of 233U for entire core for a core life of around 15 years is 43.195 Kg for 13.5-cm pitch, 42.068 Kg for 14.0-cm pitch, and 42.612 Kg for 15-cm pitch. So increase in pitch from 13.5 cm to 14.0 cm reduces U233 inventory by 1.13 Kg. There is no significant gain in fuel inventory for 15.0 cm pitch. So 14.0 cm pitch is considered adequate. Variation of K-eff and K-inf for 14 cm pitch is given in Figure-2.
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Figure-2: Variation of K-inf & K-eff with burn up

3.2.2 Fuel inventory 

For 14 cm pitch, 20% (for the alloy) enrichment is required for a core life of 14 years. Total fuel requirement for the entire core is 42.068 Kg U233 and 147.238 Kg Th232. At 5500 FPDs (~ 15 years), 12.47 Kg U233 and 143.29 Kg Th232 remain in the core whereas 0.58 Kg U235 is produced. Production of Pu239 is negligible.

3.3 Calculations using Gd burnable absorber  
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As the total control rod worth was found much smaller than the total reactivity to be controlled, an effort was made to control the extra reactivity by mixing the burnable poison with the fuel. Different amount of Gd was introduced in different configuration in order to get optimum case with better control and less penalty. Figure-3 shows variation of K-eff with burn up for 350 gm Gd in each of 12 inner plus 2 outer fuel assemblies. Figure-4 shows variation of K-eff with burn-up for 550 gm Gd in each of 12 inner fuel assemblies & 50 gm Gd in each of the 10 outer fuel assemblies. Figure-5 shows variation of K-eff with burn-up for 500 gm Gd in each of 12 inner fuel assemblies & 50 gm Gd in each of 8 outer fuel assemblies. These are for hot operating cases with all control rods ‘Out’. 

Figure-3: Variation of K-eff with burnup                    Figure-4: Variation of K-eff with burnup
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Figure-5: Variation of K-eff with burnup

Cold condition cases with all control rods ‘In’ with one control rod having maximum worth. ‘Out’ were also studied to ensure that maximum k-eff is below 0.96, which is required from safety point of view. With 550 gm Gd in all inner fuel assemblies and 50 gm Gd in 8 outer fuel assemblies maximum reactivity up to 375 mk can be controlled and the penalty is 52 mk. Maximum K-eff is 1.07133, 
which control rods can control

3.3.1 Height of Control Rods at Criticality

At criticality control rods will be 40.5 cm in the core plus 15 cm in the bottom reflector. In this condition the worth of one control rod having maximum worth is 3.1 mk. 

3.3.2 Estimation of Control Rods Worth 

Control rods worth were evaluated both at cold and hot conditions as shown in the Table-3 and Table-4. Worth of all control rods at hot condition is 264 mk and worth of one control rod having maximum worth is 13.2 mk. At cold condition corresponding values are 227 mk and 12.8 mk.

       Table-3: Estimation of Control Rods Worth at Hot Condition (20% enrichment)
	Position Of Control Rods
	Value of K-eff

	All Control Rods out
	1.05427

	All Control Rods in
	0.82454

	Worth of all Control Rods = 264 mk

	Worth of a Single Control Rod having maximum worth =13.2 mk


          Table-4: Estimation of Control Rods Worth at Cold Condition (20% enrichment)
	Position Of Control Rods
	Value of K-eff

	All Control Rods out
	1.008

	All Control Rods in
	0.820

	Worth of all Control Rods = 227 mk

	Worth of a Single Control Rod having maximum worth =12.8 mk


3.3.3 Estimation of Fuel Temperature Coefficient 
Fuel temperature coefficient is tabulated in Table-5 for different temperature ranges.

Table-5: Estimation of Fuel Temperature Coefficient (20% enrichment)

	Fuel temperature (0C)
	Value of K-eff
	Fuel Temperature

Coefficient (per 0C)

	575
	0.99937

	Reference

	675
	0.99767

	-1.705x10-5


	775
	0.99611

	              -1.637 x 10-5


	475
	1.00118

	-1.811 x 10-5


	375
	1.00327

	-1.944 x 10-5



3.4 Effect of excess Gd

From Table-3 K-eff at zero burn up at hot condition is seen to be 1.054 and the corresponding value at cold condition is 1.008 (Table-4). This positive swing is due to excess Gd in the fuel. This was not acceptable from safety point of view. With the current fuel and core   configuration 15 years core life would have safety concerns. Since sufficient amount of Gd cannot be mixed in the fuel due to positive swing in K-eff from cold to hot condition the only solution was to reduce initial K-eff. This could be done either by reducing fuel inventory (which reduces core life) or by changing the design. Fuel enrichment was reduced to 14% and all the calculations were repeated. It gives a core life of 3000 FPDs with negative cold to hot swing.

3.5 Calculations for reduced core life (3000 FPDs)

3.5.1 Fuel inventory and burnable absorber requirement

With 14 cm pitch and 14% enrichment total fuel requirement for the entire core is 28.88 Kg
 233U and 156.78 Kg 232
Th. In this case initial K-eff was found 1.373, much lower than previous case (1.457). It would be possible to control with only 300 gm. Gd in each of 12 inner fuel assemblies. Figure-6 shows the variation of K-eff with burn up for 2 cases: (1) without Gd and (2) with 300 gm Gd in each of 12 fuel assemblies in the inner fuel ring. With this much Gd swing in K-eff from cold to hot is negative.
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Figure-6: Variation of K-eff with burnup

3.5.2 Height of control rods at criticality 

At criticality control rods will be 39.5 cm in the core plus 15 cm in the bottom reflector. In this condition the worth of one control rod having maximum worth is 2.9 mk. This is slightly lower than the previous case. 

3.5.3 Estimation of Fuel Temperature Coefficient 

Fuel temperature coefficient is tabulated in Table-6 for different temperature ranges. It is slightly higher in the negative side compared to 20% enrichment case.

Table-6: Estimation of Fuel Temperature Coefficient (20% enrichment)

	Fuel temperature (0C)
	Value of K-eff
	Fuel Temperature

Coefficient (per 0C)

	575
	1.00011

	Reference

	675
	0.99832

	-1.7928x10-5


	775
	0.99673

	-1.6953 x 10-5


	475
	1.00213

	-2.0154x 10-5


	375
	1.00437

	-2.1205 x 10-5



3.5.4 Estimation of control cods worth

Worth of all control rods [Table-7] at hot condition at zero burn up is 321.8 mk and worth of one control rod having maximum worth is 14.9 mk. At cold condition [Table-8] corresponding values are 311 mk and 12.1 mk. Worth of control rods increases compared to previous case due to reduction in Gd. At zero burn up K-eff at hot condition is 1.0728 and at cold condition is 1.0780. So cold to hot swing in k-eff is negative which is desirable.

Table-7: Estimation of Control Rods Worth at Hot Condition  (14% enrichment) 

	Position of Control Rods
	Value of K-eff

	All Control Rods out
	1.07280


	All Control Rods in
	0.79748


	Worth of all Control Rods = 321.8 
mk 

	Worth of a Single Control Rod having maximum worth = 14.19 
mk


Table-8: Estimation of Control Rods Worth at Cold Condition (14% enrichment)
	Position of Control Rods
	Value of K-eff

	All Control Rods out
	1.0781


	All Control Rods in
	0.8074


	Worth of all Control Rods = 311 mk


	Worth of a Single Control Rod having maximum worth = 12.12 
mk


3.6 Features of reactor physics design 

a) A lattice pitch of 14 cm has been found to be adequate.

b) 20% 233U enrichment gives a core life of 15 years. However, cold to hot swing in reactivity becomes positive with the introduction of Gd to control the extra reactivity.

c) With 14% enrichment available burn up is 3000 FPDs.

d) Initial K-eff is very large necessitating the introduction of burnable poison in the core.

e) 300 gm Gd has been mixed in each of 12 inner fuel assemblies. 

f) To maintain K-eff=1 at hot operating condition, all control rods should be 39.5 cm inside the core. In this situation maximum worth of a control rod is 2.9 mk.

g) Total U233 inventory in the whole core is 28.88 Kg. 

h) Fuel Temperature coefficient at 7750C is negative [-1.695
i) x10-5 
j) per ºC], which is  satisfactory.

4.0 Thermal hydraulic design of the reactor

4.1 Natural circulation based cooling

The core components and reflector of the reactor is contained in a metallic shell resistant to corrosion against Pb-Bi eutectic alloy coolant, and suitable for high temperature applications. Top and bottom closure plates of similar material close this reactor shell. Above the top cover plate and below the bottom cover plate, coolant plenums are provided. These plenums have flow guiding blocks made of graphite and having passages for coolant flow to increase the velocity of the coolant between the fuel tube and the annular down comers. Two gas gaps surround the reactor shell and act as insulators during normal reactor operation and reduce heat loss in the radial direction. A finned outer steel shell has been provided which is surrounded by heat sink. Nuclear heat from the reactor core is removed passively by the Pb-Bi eutectic alloy coolant, which flows due to natural circulation between the bottom and top plenums, upward through the fuel tubes and returning through the downcomer tubes. On top of the upper plenum, the reactor has been provided with heat utilization vessels to provide an interface to systems for high temperature heat applications. A set of potassium heat pipes is provided in the upper plenum of the reactor to passively transfer heat from the upper plenum to the heat utilisation vessels. Many passive systems have been provided to remove heat in case of postulated accident conditions. One of the systems has a set of heat pipes to transfer heat from the upper plenum to the atmospheric air in the case of a postulated accident. Another passive system (under design) has been incorporated to dissipate the decay heat produced. This system involves filling the gas gaps with molten metal so as to facilitate conduction flow of the reactor heat to outside heat sink. Thermal-hydraulic design of the reactor was modified so as to have a system of down comers for return of the cold coolant from the upper plenum of the reactor to the lower plenum. Computer code developed earlier [6] for carrying out thermal hydraulic analysis was used for these studies. Various cases were analysed. The average mass flow rate and average velocity of the coolant in the coolant tube were found to be 227 kg/s and 47 cm/s respectively. A simplified geometry of the loop and results of the analysis are shown in Figures 7,8 and 9 respectively.
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Figure-7: Simplified geometry of the coolant circulation loop
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	Figure-8: Variation of outlet temperature with chimney height at different numbers of Downcomer passages
	Figure-9: Variation of outlet temperature with chimney height at different diameters of Downcomer passages


Based on the analysis, coolant passage diameter of 45 mm and 60 nos. of downcomer passages were adopted in the reactor design.

4.3 Thermal analysis under normal operating conditions:

A steady state analysis of the reactor was carried out using finite element method considering conduction heat transfer mode in order to determine the prevalent temperatures in the various components of the reactor. Utilising the 30° r-( symmetry of the reactor core, a 1/12th sector of the core and reflector was modelled for this analysis as shown in Figure-10. An 8-noded element was used. Multi-point-constraints were used to join dissimilar meshes. The thermal contact resistance between the graphite fuel tubes and beryllium oxide blocks and between beryllium oxide and graphite blocks was assumed negligible. A uniform volumetric heat generation load was applied in the each fuel tube to simulate the effect of nuclear heat production. An additional 250 kW of volumetric heat generation was assumed as total moderator heat generation rate. Appropriate convection heat transfer coefficients were applied to the inner diameter of the fuel tubes and the downcomer tubes. The correlations and the physical properties of the coolant used were obtained from [7]. The coolant temperatures in the fuel tube and the downcomer were assumed to be at 525(C and 450(C respectively. All other surfaces were assumed to be adiabatic. The temperature contours so obtained are shown [image: image9.wmf]Main Reactor Shell
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in Figure-11. Temperatures obtained are higher as compared to earlier analysis. This could be attributed to use of latest data and correlations as well as precise modelling of the system.
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Figure-10: 30° Sector used for analysis
Figure-11: Temperature contours calculated under steady state conditions
5.0 Passive power regulation system

This reactor incorporates a Passive Power Regulation System (PPRS). These systems can be positioned at the seven inner reflector blocks and/or at 24 outer reflector blocks. This system includes a gas header filled with helium gas at moderate pressure. The header is attached to a driver tube, which contains lead-bismuth eutectic alloy as driven liquid. The driver tube is housed within a control tube that contains an annular control rod made of boron carbide with a material compatible to Pb-Bi at that temperature. The annular space between the driver and control tube contains lead-bismuth eutectic, on which the control rod floats. The space above the liquid level is filled with helium. The PPRS gas header, located in the top plenum, is submerged in the coolant and senses the coolant temperature immediately downstream of the heat pipes. Under normal operating conditions, the gas header is surrounded by coolant at 450 (C, the temperature resulting after removal of the reactor power by the heat pipes. Any condition (such as non availability of heat pipes), which causes the coolant to return at a temperature higher than the normal, would also cause the gas in the gas header to heat up. This would lead to a rise in gas pressure in the driver tube and would result in a pressure imbalance between the driver and the control tube. This, in turn, would cause the level of liquid in the driver tube to go down and that in the control tube to go up. Since the absorber rod floats on liquid, it would also rise with the liquid level in the reactor core, thus inserting negative reactivity. Depending on the temperature rise sensed, the system would stabilise at a particular value of reactivity insertion. Cross-sectional layout and schematic diagram of the PPRS are shown in Figure-12 and Figure-13 respectively. The PPRS operation was analysed using an in-house developed dedicated computer code. A typical analytical result is shown in Figure-14.  
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	Figure-12: Cross-sectional layout of PPRS 
	Figure-13: Schematic of PPRS 
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Figure-14: A typical analytical result

This design would be optimised by changing the process parameters and if required, sizes of the components of the system. The passive power regulation system would be designed so as to be itself capable of shutting down the reactor. In addition, it is proposed to provide the reactor with a secondary shutdown system. The design for the same is under progress 

6.0 Heat removal systems

6.1 Heat removal during normal operations

In order to utilise the high temperature heat, a system of heat utilizing interface system vessels would be incorporated in the design. These vessels would facilitate suitable interface hardware, area, environment etc. for various high temperature heat utilizing systems such as direct thermo-electric conversion systems to produce electricity hydrogen production system, etc. These vessels would be acting as secondary heat exchangers and thus would prevent contamination of the above-mentioned heat utilizing system components. 

6.1.1 Heat pipe based heat transfer system

In order to transfer heat from upper plenum of the reactor to the heat utilizing vessels, a system of liquid metal heat pipes operating at temperatures of 600 °C, positioned in vertical direction such that their evaporator end is immersed in the coolant in upper plenum and their condenser end is located in the heat utilising system interface vessels. 

The heat pipe is a very effective passive device for transmitting heat at high transfer rates over considerable distances with extremely small temperature drops. Heat pipes have been proposed for this reactor to remove heat, under both normal operating condition and postulated accident conditions. A computer code HPDATA (Heat Pipe Design and Transient Analysis) was developed earlier to simulate and carry out heat pipe design and analysis under steady state conditions. The heat pipe operation is dependent on various limits to its operation i.e. viscous limit, sonic limit, capillary limit, boiling limit and entrainment limit. This code is capable of calculating the various operating limits for heat pipe operation and the parametric variation of these limits for various heat pipe diameters and wick configurations, by making use of empirical correlations. It can also predict the temperature drop between the heat pipe ends and the vapour pressure profile inside the heat pipe. The biggest advantage of heat pipes is its passive nature of operation. These heat pipes have been designed transfer heat at the rate of 100 kWthermal each. The size was optimised by varying parameters of screen type wick. It was found that for heat removal at the temperatures of around 600 (C, potassium heat pipes gave optimum result; hence heat removal system based on potassium heat pipes was selected. Various safety limits of heat pipes operation were ascertained to ensure safe and reliable operation. Schematic layout of the components of this reactor is shown in Figure-15.
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Figure-15: Component layout for the reactor system

7.0 Summary

To satisfy energy related needs of Indian population staying in zones, which is difficult to be connected to national or regional grid system; conceptual design of a 5 MW(th) reactor having a long core life is being carried out. This reactor uses 233U, thorium and zirconium based metallic fuel. BeO is used as the moderator material and BeO along with graphite serve as reflector materials. The reactor physics design of the reactor has been studied with following recommendations and conclusions:

a) A lattice pitch of 14 cm was found to be adequate.

b) 20% 233U enrichment gives a core life of 15 years. However, cold to hot swing in reactivity becomes positive with the introduction of Gd to control the extra reactivity.

c) With 14% enrichment available burn up is 3000 FPDs.

d) Initial K-eff is very large necessitating the introduction of burnable poison in the core.

e) 300 gm Gd has been mixed in each of 12 inner fuel assemblies. 

f) To maintain K-eff=1 at hot operating condition, all control rods should be 39.5 cm inside the core. In this situation maximum worth of a control rod is 2.9 mk.

g) Total U233 inventory in the whole core is 28.88 Kg. 

h) Fuel Temperature coefficient at 7750C is negative [-1.695
i) x10-5 
j) Per ºC], which is satisfactory.

The reactor has been designed to have natural circulation of lead-bismuth eutectic alloy coolant to remove reactor heat under normal operation. Thermal hydraulics analysis carried out has established feasibility of core cooling by natural circulation. Temperature distribution calculations were carried out across the core and reflector regions. Potassium heat pipe based heat removal system has been proposed to transfer heat from the upper plenum of the reactor to the heat utilising system interface vessel. A passive power regulation system actuating on the basis of coolant temperature variation has been designed and incorporated in the system. A system of concentric vessels with gas gaps has been incorporated to reduce heat loss in the radial direction.  Based on these systems, a layout of the reactor system has been prepared.

8.0 Future work planned  

a) Analysis of inadvertent control rod withdrawal incident

b) Simulation of RBEC lead-bismuth cooled benchmark

c) Development of point kinetics based coupled neutronics-thermal analysis code of the reactor

d) Stress analysis of reactor core components  

e) Stress analysis of different components of passive power regulation system  

f) Design of system for decay heat removal

g) Design of interface for conversion of thermal energy to electricity

h) Thermal hydraulic design

i) Analysis for three dimensional temperature distribution of core under various operating conditions

ii) Transient thermal analysis under the condition of loss of coolant and heat sink 

iii) Thermal analysis during decay heat removal  
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