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Simulation of RBEC Lead-Bismuth Cooled Benchmark with ERANOS2.0

Anurag Gupta and P.D. Krishnani

Reactor Physics Design Division

Bhabha Atomic Research Centre, Mumbai, India.

The RBEC lead bismuth cooled fast reactor benchmark was suggested under an IAEA CRP on “Development of Small Reactors Without On-site Refuelling”. The benchmark is based on the 900 MWth RBEC facility developed in Russia. The French reactor physics code package ERANOS2.0 is used to simulate the above benchmark. The analysis consists of three modes of reactor operation and various required functionals are calculated. The report presents the preliminary results obtained.

1. INTRODUCTION

The International Atomic Energy Agency (IAEA) proposed a Coordinated Research Programme (CRP) on “Development of Small Reactors Without On-site Refuelling”. India is participating in this CRP and is developing small nuclear power pack for supplying electricity to remote areas not connected to the grid system.  In the first Research Coordinated Meeting (RCM) it was decided to develop a benchmark for lead-bismuth cooled reactor to check the reactor physics codes for such systems. The RBEC Lead-Bismuth cooled fast reactor benchmark is suggested for this purpose. The depletion benchmark problem was prepared based on the RBEC-M core, which is a 900 MW(th) lead-bismuth cooled fast reactor concept developed by the Russian Research Centre, “Kurchatov Institute”. The fuel cycle length is 1800 effective full power days (EFPD) and the fuel resides in the core for six partial cycles each of 300 EFPD. The spent fuel is reprocessed and curium isotopes and higher minor actinides are removed in addition to fission products. The reprocessed fuel is replenished with depleted uranium and returned to the core in two years. However, the initial phase of this benchmark exercise is focused on single fuel lifetime analyses for specified fuel management schemes and fissile feeds. The benchmarking activity is aimed at comparison of the results obtained with various codes and data libraries used by participants.

Bhabha Atomic Research Centre (BARC) had obtained a reactor physics code package ERANOS2.0 under the DAE-CEA(France) collaboration. This code package was successfully made working at BARC and some test cases were analysed. The code package ERANOS2.0 was developed for fast reactors and it is used to simulate the RBEC benchmark. The current report presents the analysis and results of the RBEC benchmark simulation with ERANOS2.0.

2. DESCRIPTION OF THE BENCHMARK

2.1 Description of the Reactor Model 

The benchmark problem was derived from the 900 MW (th) RBEC-M reactor design, having the core configuration shown in Figure-1. Mixed uranium-plutonium nitride fuel (U0.863+Pu0.137)N is used, which is composed of reactor-grade plutonium recovered from typical light water reactor spent fuel and depleted uranium with 0.1 wt. % of U-235. The core zones are surrounded by lateral (radial) blankets; the structural material is steel (C, Si, V, Cr, Mn, Fe, Ni, Nb, Mo, W); and the coolant material is lead-bismuth eutectic.

Geometry of the calculation model of the RBEC-M reactor is shown in Figure-2. The model includes 12 physical zones, differing from each other by volume fractions and temperatures of materials. Axial dimensions are specified in mm. Main dimensions of the physical zones (in cm) are given in Table 1. The temperatures of elements in physical zones are given in Table 2.

The basic version of the RBEC-M depletion benchmark assumes performing the calculations for homogenized zones incorporating elements with different temperatures. The nuclide compositions of fresh fuel and other materials in zones for such homogenized model are given in Table 3 and Table 4.

Recognizing that for some neutronics codes it is impossible to specify isotope data with different temperatures in a single zone, an optional heterogeneous model was developed with core and blanket zones represented by cells shown in Figure-2 with cell parameters given in Table 2. In this optional model, the structure of each zone is represented by a single cell.

There are 4 materials used in RBEC model: 1 – fuel in core, 2 – fuel in blanket, 3 – steel and 4 – coolant. Accepted nuclear densities of these materials are given in Table 3-4. Homogenized nuclear densities in zones can be obtained as follows:


RHOhomogen (n, i) = RHOaccept(n, i)*EPS(m, n),

where


n – zone number; i – nucleus number; m – material type number;


RHOaccept(n, i) – accepted nuclear density of nucleus i in zone n;


EPS – volume fraction of material m in zone n (see Table 7).
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Fig.1 Actual core configuration of the 900 MW (th) RBEC-M reactor
[image: image1]
Fig.2. Geometry of calculation model of the RBEC-M reactor.

Table 1. Dimensions of physical zones of RBEC-M reactor model, cm
	Physical zone
	#
	Inner radius
	Outer radius
	Height

	Core-1
	1
	
	86.163
	100

	Core-2
	2
	86.163
	131.837
	100

	Core-3
	3
	131.837
	148.652
	100

	Axial blanket of core-1
	4
	
	86.163
	10

	Axial blanket of core-2
	5
	86.163
	131.837
	10

	Axial blanket of core-3
	6
	131.837
	148.652
	10

	Lateral blanket
	7
	148.652
	165.342
	120

	Top of fuel assemblies (FA)
	8
	
	148.652
	5

	Gas plenum
	9
	
	165.342
	50

	Top of assemblies of lateral blanket
	10
	148.652
	165.342
	5

	Downcomer
	11
	165.342
	211.262
	225

	Chimney
	12
	
	165.342
	50


Table 2. Temperatures of elements in physical zones of RBEC-M reactor model, K

	Physical zone
	#
	Fuel
	Steel
	Coolant

	Core-1
	1
	1200
	800
	700

	Core-2
	2
	1100
	800
	700

	Core-3
	3
	1000
	800
	700

	Axial blanket of core-1
	4
	900/700*
	800/600*
	800/600*

	Axial blanket of core-2
	5
	900/700*
	800/600*
	800/600*

	Axial blanket of core-3
	6
	900/700*
	800/600*
	800/600*

	Lateral blanket
	7
	700
	600
	600

	Top of fuel assemblies (FA)
	8
	
	800
	800

	Gas plenum
	9
	
	600
	600

	Top of assemblies of lateral blanket
	10
	
	600
	600

	Downcomer
	11
	
	700
	700

	Chimney
	12
	
	800
	800


* - in top/bottom parts of physical zone

Table 3. Nuclear densities in homogenized zones, 1/barn·cm

	Physical zone
	Core-1
	Core-2
	Core-3
	Axial

blanket-1
	Axial

blanket-2
	Axial

blanket-3

	Zone No.

in Fig. 2
	1
	2
	3
	4
	5
	6

	Fuel

	U-235
	6.42536E-06
	7.61116E-06
	1.05343E-05
	7.47095E-06
	8.84971E-06
	1.22485E-05

	U-238
	6.35962E-03
	7.53328E-03
	1.04265E-02
	7.36921E-03
	8.72919E-03
	1.20817E-02

	Pu-238
	1.33524E-05
	1.58166E-05
	2.18910E-05
	
	
	

	Pu-239
	6.07226E-04
	7.19290E-04
	9.95539E-04
	
	
	

	Pu-240
	2.43311E-04
	2.88214E-04
	3.98905E-04
	
	
	

	Pu-241
	8.31945E-05
	9.85480E-05
	1.36396E-04
	
	
	

	Pu-242
	4.92603E-05
	5.83513E-05
	8.07615E-05
	
	
	

	Am-241
	8.08633E-06
	9.57866E-06
	1.32574E-05
	
	
	

	N-14
	4.96797E-04
	5.88481E-04
	8.14492E-04
	4.97216E-04
	5.88976E-04
	8.15178E-04

	N-15
	6.87368E-03
	8.14221E-03
	1.12693E-02
	6.87947E-03
	8.14907E-03
	1.12788E-02

	Coolant

	Bi-209
	1.04654E-02
	9.59466E-03
	7.46809E-03
	1.04654E-02
	9.59466E-03
	7.46809E-03

	Pb-206
	2.06859E-03
	1.89648E-03
	1.47615E-03
	2.06859E-03
	1.89648E-03
	1.47615E-03

	Pb-207
	1.89696E-03
	1.73913E-03
	1.35367E-03
	1.89696E-03
	1.73913E-03
	1.35367E-03

	Pb-208
	4.49772E-03
	4.12351E-03
	3.20957E-03
	4.49772E-03
	4.12351E-03
	3.20957E-03

	Structure material

	C
	7.25829E-05
	7.75886E-05
	8.69743E-05
	7.25829E-05
	7.75886E-05
	8.69743E-05

	Si
	2.23105E-04
	2.38491E-04
	2.67341E-04
	2.23105E-04
	2.38491E-04
	2.67341E-04

	V
	3.74360E-05
	4.00178E-05
	4.48587E-05
	3.74360E-05
	4.00178E-05
	4.48587E-05

	Cr
	1.15270E-03
	1.23220E-03
	1.38125E-03
	1.15270E-03
	1.23220E-03
	1.38125E-03

	Mn
	6.44665E-05
	6.89124E-05
	7.72486E-05
	6.44665E-05
	6.89124E-05
	7.72486E-05

	Fe
	8.22862E-03
	8.79611E-03
	9.86016E-03
	8.22862E-03
	8.79611E-03
	9.86016E-03

	Ni
	6.03452E-05
	6.45069E-05
	7.23102E-05
	6.03452E-05
	6.45069E-05
	7.23102E-05

	Nb
	1.75942E-05
	1.88076E-05
	2.10827E-05
	1.75942E-05
	1.88076E-05
	2.10827E-05

	Mo
	4.25946E-05
	4.55322E-05
	5.10401E-05
	4.25946E-05
	4.55322E-05
	5.10401E-05

	W
	1.92638E-05
	2.05924E-05
	2.30834E-05
	1.92638E-05
	2.05924E-05
	2.30834E-05


Table 4. Nuclear densities in homogenized zones, 1/barn·cm

	Physical zone
	Lateral blanket (LB)
	Top of fuel assemblies
	Gas Plenum
	Top of LB assemblies
	Downcomer
	Chimney

	
	
	
	
	
	
	

	Zone No.

in Fig. 2
	7
	8
	9
	10
	11
	12

	Fuel

	U-235
	1.05171E-05
	 
	 
	 
	 
	 

	U-238
	1.03738E-02
	 
	
	
	
	 

	N-14
	6.99943E-04
	 
	
	
	
	 

	N-15
	9.68440E-03
	 
	 
	 
	 
	 

	Coolant

	Bi-209
	9.46070E-03
	9.52768E-03
	9.52768E-03
	9.46070E-03
	1.50701E-02
	1.66609E-02

	Pb-206
	1.87001E-03
	1.88324E-03
	1.88324E-03
	1.87001E-03
	2.97877E-03
	3.29320E-03

	Pb-207
	1.71485E-03
	1.72699E-03
	1.72699E-03
	1.71485E-03
	2.73162E-03
	3.01995E-03

	Pb-208
	4.06593E-03
	4.09472E-03
	4.09472E-03
	4.06593E-03
	6.47671E-03
	7.16036E-03

	Structural material

	C
	5.88172E-05
	7.75886E-05
	2.22000E-04
	5.88172E-05
	6.25714E-05
	3.12857E-06

	Si
	1.80792E-04
	2.38491E-04
	2.38491E-04
	1.80792E-04
	1.92332E-04
	9.61659E-06

	V
	3.03361E-05
	4.00178E-05
	4.00178E-05
	3.03361E-05
	3.22724E-05
	1.61362E-06

	Cr
	9.34084E-04
	1.23220E-03
	1.23220E-03
	9.34084E-04
	9.93706E-04
	4.96853E-05

	Mn
	5.22401E-05
	6.89124E-05
	6.89124E-05
	5.22401E-05
	5.55745E-05
	2.77873E-06

	Fe
	6.66802E-03
	8.79611E-03
	8.79611E-03
	6.66802E-03
	7.09364E-03
	3.54682E-04

	Ni
	4.89004E-05
	6.45069E-05
	6.45069E-05
	4.89004E-05
	5.20217E-05
	2.60109E-06

	Nb
	1.42574E-05
	1.88076E-05
	1.88076E-05
	1.42574E-05
	1.51674E-05
	7.58370E-07

	Mo
	3.45163E-05
	4.55322E-05
	4.55322E-05
	3.45163E-05
	3.67195E-05
	1.83598E-06

	W
	1.56104E-05
	2.05924E-05
	2.05924E-05
	1.56104E-05
	1.66068E-05
	8.30338E-07

	B-10
	 
	 
	5.08102E-04
	 
	 
	 

	B-11
	 
	 
	6.95431E-05
	 
	 
	 


2.2 Depletion modes for calculation

Three different depletion problems are specified for the benchmark as follows:

Mode.1: Burn-up cycle consists of 1800 effective full-power days.

Mode.2: Burn-up cycle consists of 900 effective full-power days.

Mode.3: Fuel cycle consists of six partial fuel cycles of 300 effective full-power days each. Reactor is shut down for refuelling for 60 days. During refuelling, 1/6 mass part of fuel and fission products in core and blanket zones is removed and fresh fuel composition is added.

The pattern of data preparation for Mode.3 calculation is as follows:

· Cycle “i” begins with initial composition of core zones and blanket zones RHO1(i,n), where RHO is nuclear concentration of heavy metals and fission products in zone “n” and cycle “i”;

· After 300 effective full-power days, the composition becomes RHO2(i,n), and after 60 days of cooling the composition becomes RHO3(i,n);

· Initial composition for the next cycle “i+1” is calculated as follows:

RHO1(i+1,n) = RHO3(i,n)*5/6 + RHO(0,n)*1/6, where 

“i” is cycle number, “n” is zone index, and RHO(0,n) is fresh composition in zone “n”.

The reactor thermal power for depletion calculation in Modes 1, 2, and 3 is 900 MW (th).

3. NUMERICAL RESULTS

Followings are the results obtained for the RBEC benchmark with code package ERANOS2.0. The benchmark consists of three modes of reactor operations as described above. The results are presented as required by the format specified.

3.1 General Characteristics

Number of energy group:  33  

Code used:  ERANOS2.0

Nuclear data set used:  JEF2 with adjusted nuclear data values for the main nuclei.

3.2 Beginning of the cycle analysis

Table-5 presents the K-eff value for the RBEC core at the beginning of the cycle. Figure-3 presents the axial power distribution at the beginning of the cycle. The radial power distribution at the beginning of the cycle is plotted in figures for the end of cycle distributions for comparison. The neutron spectra at the beginning of the cycle is plotted in Figure-4.
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Figure 3: Axial power distribution at the beginning of the fuel cycle
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Figure 4: Neutron spectra at the beginning of the fuel cycle

Table.5   BOC keff value 

	BOC keff

	Code
	keff value

	ERANOS2.0
	0.99497889


3.3 Mode-1: Fuel cycle consists of 1800 FPDs of reactor operation

Table-6 presents the K-eff value for the Mode-1 which consists of 1800 effective full power days of reactor operation. In table-7, the regional power and power peaking factors are given for Mode-1. Table-8 lists the volume averaged neutron spectra in the core regions for Mode-1. The neutron spectra is also plotted against the energy at the end of the cycle. The plot is presented in Figure-5.
Figure-6 presents the radial power distributions calculated in two planes: in the core mid-plane and near the core top (45cm above the core mid-plane) at the beginning of the cycle and at the end of the fuel cycle. Figure-7 gives the axial power distributions calculated in the radial centres of each core zone. 

Table.6 keff by time step (Mode.1)

	Mode.1

	keff for 900MW, 1800 Days Cycle

	day
	Code - ERANOS2.0

	0
	0.99497889

	200
	0.99670499

	400
	0.99886666

	600
	1.0005448

	800
	1.0017631

	1000
	1.0025430

	1200
	 1.0029183

	1400
	 1.0029161

	1600
	 1.0025755

	1800
	1.0019214


Table.7 Region powers and power peaking factors (Mode.1)

	Mode.1

	 
	ZONE
	Power(Watts)
	Power Density
	Peak Density
	Peak to AVG. 

	
	
	
	(Watts/cc)
	(Watts/cc)
	Power Density

	BOC
	Core1
	3.3881E+08
	1.4527E+02
	1.9531E+02
	1.34

	
	Core2
	3.9484E+08
	 1.2622E+02
	1.9287E+02
	 1.53

	
	Core3
	1.4546E+08
	 9.8170E+01
	1.5010E+02
	 1.53

	EOC
	Core1
	 3.1978E+08
	1.3711E+02
	1.8086E+02 
	1.32

	
	Core2
	 3.7018E+08
	1.1834E+02
	 1.7553E+02
	 1.48

	
	Core3
	 1.4205E+08
	 9.5868E+01
	 1.4101E+02
	 1.47


Table.8 Volume averaged neutron spectra in the core (Mode.1)

	Mode.1

	
	BOC
	EOC

	Energy
	Core.1
	Core.2
	Core.3
	Core.1
	Core.2
	Core.3

	1.96403E7
	1.737E+14
	 7.712E+13 
	 2.229E+13
	1.361E+14 
	  6.087E+13  
	 1.895E+13

	1E7
	1.383E+15
	 6.196E+14 
	 1.827E+14
	1.289E+15 
	  5.727E+14  
	 1.782E+14

	6.06531E6
	6.256E+15
	 2.773E+15 
	 8.027E+14
	5.913E+15 
	  2.594E+15  
	 7.906E+14

	3.67879E6
	1.738E+16
	 7.384E+15 
	 1.971E+15
	1.656E+16 
	  6.952E+15  
	 1.952E+15

	2.2313E6
	3.528E+16
	 1.436E+16 
	 3.555E+15
	3.394E+16 
	  1.363E+16  
	 3.546E+15

	1.35335E6
	5.672E+16
	 2.238E+16 
	 5.299E+15
	5.435E+16 
	  2.121E+16  
	 5.283E+15

	820850
	9.396E+16
	 3.664E+16 
	 8.664E+15
	8.851E+16 
	  3.432E+16  
	 8.570E+15

	497870.7
	1.185E+17
	 4.595E+16 
	 1.095E+16
	1.112E+17 
	  4.296E+16  
	 1.080E+16

	301973.8
	1.171E+17
	 4.534E+16 
	 1.092E+16
	1.106E+17 
	  4.266E+16  
	 1.080E+16

	183156.4
	1.161E+17
	 4.460E+16 
	 1.078E+16
	1.098E+17 
	  4.207E+16  
	 1.067E+16

	111090
	9.696E+16
	 3.706E+16 
	 9.082E+15
	9.140E+16 
	  3.490E+16  
	 8.965E+15

	67379.47
	8.528E+16
	 3.221E+16 
	 7.923E+15
	8.004E+16 
	  3.027E+16  
	 7.788E+15

	40867.71
	6.065E+16
	 2.285E+16 
	 5.728E+15
	5.620E+16 
	  2.127E+16  
	 5.584E+15

	24787.52
	6.113E+16
	 2.245E+16 
	 5.515E+15
	5.659E+16 
	  2.090E+16  
	 5.358E+15

	15034.39
	3.919E+16
	 1.420E+16 
	 3.537E+15
	3.601E+16 
	  1.316E+16  
	 3.414E+15

	9118.82
	2.357E+16
	 8.375E+15 
	 2.086E+15
	2.141E+16 
	  7.696E+15  
	 1.997E+15

	5530.844
	1.823E+16
	 6.342E+15 
	 1.569E+15
	1.628E+16 
	  5.755E+15  
	 1.482E+15

	3354.626
	1.077E+16
	 3.699E+15 
	 9.229E+14
	9.463E+15 
	  3.313E+15  
	 8.600E+14

	2034.684
	7.397E+15
	 2.426E+15 
	 6.000E+14
	6.227E+15 
	  2.103E+15  
	 5.415E+14

	1234.098
	2.758E+15
	 8.957E+14 
	 2.325E+14
	2.280E+15 
	  7.655E+14  
	 2.058E+14

	748.5183
	1.349E+15
	 4.190E+14 
	 1.138E+14
	1.043E+15 
	  3.396E+14  
	 9.508E+13

	453.9993
	3.639E+14
	 1.110E+14 
	 3.343E+13
	2.520E+14 
	  8.249E+13  
	 2.585E+13

	304.3248
	1.949E+14
	 5.769E+13 
	 2.112E+13
	1.194E+14 
	  3.878E+13  
	 1.433E+13

	148.6254
	2.597E+13
	 7.472E+12 
	 3.676E+12
	1.297E+13 
	  4.232E+12  
	 2.051E+12

	91.66088
	4.009E+12
	 1.153E+12 
	 7.052E+11
	1.482E+12 
	  5.067E+11  
	 2.980E+11

	67.90405
	2.625E+12
	 7.873E+11 
	 5.766E+11
	6.030E+11 
	  2.298E+11  
	 1.682E+11

	40.169
	1.057E+12
	 3.295E+11 
	 2.402E+11
	2.757E+11 
	  1.062E+11  
	 7.547E+10

	22.60329
	1.342E+11
	 4.234E+10 
	 2.916E+10
	3.173E+10 
	  1.236E+10  
	 8.433E+09

	13.70959
	1.757E+11
	 5.400E+10 
	 3.421E+10
	1.687E+10 
	  7.090E+09  
	 4.624E+09

	8.31529
	5.662E+10
	 1.664E+10 
	 8.822E+09
	3.531E+09 
	  1.469E+09  
	 8.814E+08

	4
	3.632E+10
	 1.209E+10 
	 4.381E+09
	1.234E+10 
	  5.184E+09  
	 1.535E+09

	0.54
	1.260E+10
	 4.395E+09 
	 1.951E+09
	4.476E+09 
	  1.886E+09  
	 5.089E+08

	0.1
	1.608E+09
	 5.957E+08 
	 2.048E+08
	4.824E+08 
	  2.267E+08  
	 7.109E+07
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Figure 5: The neutron spectra in all core regions for 1800 FPD cycle
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Figure 6: Radial power distribution for the 1800 FPD fuel cycle
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Figure 7: Axial power distribution at the end  of the 1800 FPD fuel cycle

3.4 Mode-2: Fuel cycle consists of 900 FPDs of reactor operation

Table-9 presents the K-eff value for the Mode-2 which consists of 900 effective full power days of reactor operation. In Table-10, the regional power and power peaking factors are given for Mode-2. Table-11 lists the volume averaged neutron spectra in the core regions for Mode-2. The radial and axial power distributions are presented in figure-8&9. The neutron spectra is also plotted against the energy at the end of cycle. It is presented in Figure-10.

Table.9 keff by time step (Mode.2)

	Mode.2

	day
	keff for 900MW, 900 Days Cycle

	
	Code - ERANOS2.0

	0
	0.99497889

	100
	0.99544192

	200
	0.99670499

	300
	0.99784844

	400
	 0.99886666

	500
	0.99976553

	600
	1.0005448

	700
	1.0012105

	800
	1.0017631

	900
	1.0022057


Table.10 Region powers and power peaking factors (Mode.2)

	Mode.2

	 
	Zone
	Power(Watts)
	Power Density
	Peak Density
	Peak to AVG. 

	
	
	
	(Watts/cc)
	(Watts/cc)
	Power Density

	BOC
	Core1
	3.3881E+08
	1.4527E+02
	1.9531E+02
	1.34

	
	Core2
	3.9484E+08
	 1.2622E+02
	1.9287E+02
	1.53

	
	Core3
	1.4546E+08
	 9.8170E+01
	1.5010E+02
	1.53

	EOC
	Core1
	3.3467E+08 
	 1.4349E+02
	1.9281E+02
	 1.34

	
	Core2
	3.7867E+08 
	 1.2106E+02
	1.8357E+02
	 1.52

	
	Core3
	 1.4053E+08
	 9.4841E+01
	1.4226E+02
	 1.50


Table.11 Volume averaged neutron spectra in the core (Mode.2)

	Mode.2

	day
	BOC
	EOC

	Energy
	Core.1
	Core.2
	Core.3
	Core.1
	Core.2
	Core.3

	1.96403E7
	1.737E+14
	 7.712E+13 
	 2.229E+13
	1.508E+14 
	  6.616E+13 
	  1.979E+13

	1E7
	1.383E+15
	 6.196E+14 
	 1.827E+14
	1.355E+15 
	  5.878E+14 
	  1.759E+14

	6.06531E6
	6.256E+15
	 2.773E+15 
	 8.027E+14
	6.188E+15 
	  2.650E+15 
	  7.770E+14

	3.67879E6
	1.738E+16
	 7.384E+15 
	 1.971E+15
	1.727E+16 
	  7.083E+15 
	  1.914E+15

	2.2313E6
	3.528E+16
	 1.436E+16 
	 3.555E+15
	3.520E+16 
	  1.383E+16 
	  3.466E+15

	1.35335E6
	5.672E+16
	 2.238E+16 
	 5.299E+15
	5.642E+16 
	  2.154E+16 
	  5.169E+15

	820850
	9.396E+16
	 3.664E+16 
	 8.664E+15
	9.252E+16 
	  3.506E+16 
	  8.423E+15

	497870.7
	1.185E+17
	 4.595E+16 
	 1.095E+16
	1.164E+17 
	  4.393E+16 
	  1.064E+16

	301973.8
	1.171E+17
	 4.534E+16 
	 1.092E+16
	1.153E+17 
	  4.349E+16 
	  1.063E+16

	183156.4
	1.161E+17
	 4.460E+16 
	 1.078E+16
	1.143E+17 
	  4.284E+16 
	  1.050E+16

	111090
	9.696E+16
	 3.706E+16 
	 9.082E+15
	9.523E+16 
	  3.557E+16 
	  8.836E+15

	67379.47
	8.528E+16
	 3.221E+16 
	 7.923E+15
	8.349E+16 
	  3.088E+16 
	  7.694E+15

	40867.71
	6.065E+16
	 2.285E+16 
	 5.728E+15
	5.895E+16 
	  2.180E+16 
	  5.540E+15

	24787.52
	6.113E+16
	 2.245E+16 
	 5.515E+15
	5.932E+16 
	  2.141E+16 
	  5.326E+15

	15034.39
	3.919E+16
	 1.420E+16 
	 3.537E+15
	3.784E+16 
	  1.351E+16 
	  3.405E+15

	9118.82
	2.357E+16
	 8.375E+15 
	 2.086E+15
	2.260E+16 
	  7.931E+15 
	  2.000E+15

	5530.844
	1.823E+16
	 6.342E+15 
	 1.569E+15
	1.731E+16 
	  5.965E+15 
	  1.494E+15

	3354.626
	1.077E+16
	 3.699E+15 
	 9.229E+14
	1.012E+16 
	  3.454E+15 
	  8.725E+14

	2034.684
	7.397E+15
	 2.426E+15 
	 6.000E+14
	6.785E+15 
	  2.225E+15 
	  5.578E+14

	1234.098
	2.758E+15
	 8.957E+14 
	 2.325E+14
	2.500E+15 
	  8.148E+14 
	  2.139E+14

	748.5183
	1.349E+15
	 4.190E+14 
	 1.138E+14
	1.176E+15 
	  3.699E+14 
	  1.014E+14

	453.9993
	3.639E+14
	 1.110E+14 
	 3.343E+13
	2.984E+14 
	  9.355E+13 
	  2.863E+13

	304.3248
	1.949E+14
	 5.769E+13 
	 2.112E+13
	1.482E+14 
	  4.585E+13 
	  1.683E+13

	148.6254
	2.597E+13
	 7.472E+12 
	 3.676E+12
	1.739E+13 
	  5.368E+12 
	  2.631E+12

	91.66088
	4.009E+12
	 1.153E+12 
	 7.052E+11
	2.187E+12 
	  7.035E+11 
	  4.306E+11

	67.90405
	2.625E+12
	 7.873E+11 
	 5.766E+11
	1.043E+12 
	  3.710E+11 
	  2.805E+11

	40.169
	1.057E+12
	 3.295E+11 
	 2.402E+11
	4.691E+11 
	  1.674E+11 
	  1.214E+11

	22.60329
	1.342E+11
	 4.234E+10 
	 2.916E+10
	5.274E+10 
	  1.926E+10 
	  1.395E+10

	13.70959
	1.757E+11
	 5.400E+10 
	 3.421E+10
	3.856E+10 
	  1.535E+10 
	  1.050E+10

	8.31529
	5.662E+10
	 1.664E+10 
	 8.822E+09
	8.683E+09 
	  3.528E+09 
	  2.322E+09

	4
	3.632E+10
	 1.209E+10 
	 4.381E+09
	1.655E+10 
	  6.730E+09 
	  2.172E+09

	0.54
	1.260E+10
	 4.395E+09 
	 1.951E+09
	5.258E+09 
	  2.131E+09 
	  5.647E+08

	0.1
	1.608E+09
	 5.957E+08 
	 2.048E+08
	6.917E+08 
	  3.018E+08 
	  8.516E+07
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Figure 8: Radial power distribution at the end of the 900 FPD fuel cycle
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 Figure 9: Axial power distribution at the end of the 900 FPD fuel cycle
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Figure 10: The neutron spectra at the end of 900 FPD fuel cycle

3.5 Mode-3: Fuel cycle consists of six partial cycles of 300 effective full-power days each 

Table-12 presents the K-eff value for the Mode-3 which consists of six partial fuel cycles, each of 300 effective full power days of reactor operation. After each cycle, the reactor is shut-down for 60 days and 1/6th of fuel is replenished. Figure-11 presents the plot of effective multiplication factor with time. In Table-13, the regional power and power peaking factors are given for each partial cycle of Mode-3. Table-14 lists the volume averaged neutron spectra in the core regions for first cycle of Mode-3. 

Table.12 keff by time step (Mode.3)

	Mode.3

	keff Evolution for 900MW, 6 Cycle

	day
	Code - ERANOS2.0

	0
	0.99497889

	300
	0.99790584

	360
	0.99813426

	660
	1.0016747

	720
	1.0019320

	1020
	1.0036871 

	1080
	1.0039579 

	1380
	1.0039952 

	1440
	1.0042748 

	1740
	1.0038659 

	1800
	1.0041515 

	2100
	1.0034716 


Table.13 Region powers and power peaking factors (Mode.3)

	Mode.3

	Time
	ZONE
	Power(Watts)
	Power Density
	Peak Density
	Peak to AVG. 

	Days
	
	
	(Watts/cc)
	(Watts/cc)
	Power Density

	0
	Core.1
	3.3881E+08
	1.4527E+02
	1.9531E+02
	1.34

	
	Core.2
	 3.9484E+08
	 1.2622E+02
	 1.9287E+02
	1.53

	
	Core.3
	 1.4546E+08
	 9.8170E+01
	 1.5010E+02
	1.53

	300
	Core.1
	 3.3877E+08
	 1.4525E+02
	1.9569E+02 
	1.35

	
	Core.2
	3.8836E+08 
	 1.2415E+02
	 1.8955E+02
	1.53

	
	Core.3
	1.4303E+08 
	9.6532E+01
	 1.4665E+02
	1.52

	360
	Core.1
	 3.3923E+08
	 1.4545E+02
	 1.9611E+02
	1.35

	
	Core.2
	3.8810E+08 
	 1.2407E+02
	 1.8954E+02
	1.53

	
	Core.3
	1.4275E+08 
	 9.6343E+01
	 1.4637E+02
	1.52

	660
	Core.1
	 3.3136E+08
	 1.4207E+02
	 1.8960E+02
	1.33

	
	Core.2
	3.8538E+08 
	 1.2320E+02
	 1.8514E+02
	1.50

	
	Core.3
	1.4608E+08 
	 9.8588E+01
	 1.4680E+02
	1.49

	720
	Core.1
	 3.3182E+08
	 1.4227E+02
	1.8999E+02 
	1.34

	
	Core.2
	3.8514E+08 
	 1.2312E+02
	 1.8514E+02
	1.50

	
	Core.3
	 1.4580E+08
	 9.8403E+01
	 1.4653E+02
	1.49

	1020
	Core.1
	3.2438E+08 
	 1.3908E+02
	 1.8430E+02
	1.33

	
	Core.2
	 3.8264E+08
	 1.2232E+02
	1.8161E+02 
	1.48

	
	Core.3
	 1.4926E+08
	 1.0073E+02
	 1.4789E+02
	1.47

	1080
	Core.1
	 3.2481E+08
	 1.3926E+02
	 1.8467E+02
	1.33

	
	Core.2
	 3.8242E+08
	 1.2225E+02
	1.8162E+02 
	1.49

	
	Core.3
	1.4900E+08 
	 1.0056E+02
	1.4764E+02 
	1.47

	1380
	Core.1
	 3.2127E+08
	 1.3775E+02
	1.8194E+02 
	1.32

	
	Core.2
	 3.8056E+08
	 1.2166E+02
	1.7979E+02 
	1.48

	
	Core.3
	 1.4965E+08
	 1.0100E+02
	 1.4761E+02
	1.46

	1440
	Core.1
	 3.2169E+08
	 1.3793E+02
	 1.8229E+02
	1.32

	
	Core.2
	 3.8035E+08
	 1.2159E+02
	 1.7980E+02
	1.48

	
	Core.3
	1.4940E+08 
	 1.0083E+02
	 1.4735E+02
	1.46

	1740
	Core.1
	 3.1847E+08
	 1.3655E+02
	1.7977E+02 
	1.32

	
	Core.2
	3.7918E+08 
	 1.2122E+02
	1.7840E+02 
	1.47

	
	Core.3
	1.5018E+08 
	1.0135E+02 
	 1.4760E+02
	1.46

	1800
	Core.1
	 3.1887E+08
	 1.3672E+02
	 1.8012E+02
	1.32

	
	Core.2
	3.7898E+08 
	1.2116E+02 
	1.7841E+02 
	1.47

	
	Core.3
	 1.4993E+08
	 1.0119E+02
	 1.4736E+02
	1.46

	2100
	Core.1
	 3.1597E+08
	 1.3547E+02
	1.7781E+02 
	1.31

	
	Core.2
	 3.7825E+08
	 1.2092E+02
	1.7730E+02 
	1.47

	
	Core.3
	1.5077E+08 
	 1.0175E+02
	 1.4777E+02
	1.45


Table.14 Volume averaged neutron spectra in the core (Mode.3)

	Mode.3

	day
	0
	300
	360

	Energy  eV
	Core.1
	Core.2
	Core.3
	Core.1
	Core.2
	Core.3
	Core.1
	Core.2
	Core.3

	1.96403E7
	 1.73E+14 
	 7.71E+13 
	  2.22E+13
	 1.64E+14  
	 7.26E+13 
	2.12E+13
	 1.64E+14 
	 7.23E+13 
	 2.11E+13

	1E7
	 1.38E+15 
	 6.19E+14 
	  1.82E+14
	 1.37E+15  
	 6.06E+14 
	1.79E+14
	 1.38E+15 
	 6.06E+14 
	 1.79E+14

	6.06531E6
	 6.25E+15 
	 2.77E+15 
	  8.02E+14
	 6.26E+15  
	 2.72E+15 
	7.89E+14
	 6.27E+15 
	 2.72E+15 
	 7.88E+14

	3.67879E6
	 1.73E+16 
	 7.38E+15 
	  1.97E+15
	 1.74E+16  
	 7.26E+15 
	1.94E+15
	 1.74E+16 
	 7.25E+15 
	 1.93E+15

	2.2313E6
	 3.52E+16 
	 1.43E+16 
	  3.55E+15
	 3.54E+16  
	 1.41E+16 
	3.50E+15
	 3.54E+16 
	 1.41E+16 
	 3.49E+15

	1.35335E6
	 5.67E+16 
	 2.23E+16 
	  5.29E+15
	 5.68E+16  
	 2.20E+16 
	5.22E+15
	 5.69E+16 
	 2.20E+16 
	 5.21E+15

	820850
	 9.39E+16 
	 3.66E+16 
	  8.66E+15
	 9.38E+16  
	 3.60E+16 
	8.54E+15
	 9.39E+16 
	 3.59E+16 
	 8.52E+15

	497870.7
	 1.18E+17 
	 4.59E+16 
	  1.09E+16
	 1.18E+17  
	 4.51E+16 
	1.08E+16
	 1.18E+17 
	 4.51E+16 
	 1.07E+16

	301973.8
	 1.17E+17 
	 4.53E+16 
	  1.09E+16
	 1.16E+17  
	 4.46E+16 
	1.07E+16
	 1.17E+17 
	 4.45E+16 
	 1.07E+16

	183156.4
	 1.16E+17 
	 4.46E+16 
	  1.07E+16
	 1.15E+17  
	 4.38E+16 
	1.06E+16
	 1.16E+17 
	 4.38E+16 
	 1.06E+16

	111090
	 9.69E+16 
	 3.70E+16 
	  9.08E+15
	 9.66E+16  
	 3.64E+16 
	8.95E+15
	 9.67E+16 
	 3.64E+16 
	 8.94E+15

	67379.47
	 8.52E+16 
	 3.22E+16 
	  7.92E+15
	 8.49E+16  
	 3.16E+16 
	7.81E+15
	 8.50E+16 
	 3.16E+16 
	 7.79E+15

	40867.71
	 6.06E+16 
	 2.28E+16 
	  5.72E+15
	 6.02E+16  
	 2.24E+16 
	5.63E+15
	 6.03E+16 
	 2.24E+16 
	 5.63E+15

	24787.52
	 6.11E+16 
	 2.24E+16 
	  5.51E+15
	 6.06E+16  
	 2.20E+16 
	5.42E+15
	 6.07E+16 
	 2.20E+16 
	 5.41E+15

	15034.39
	 3.91E+16 
	 1.42E+16 
	  3.53E+15
	 3.88E+16  
	 1.39E+16 
	3.47E+15
	 3.88E+16 
	 1.39E+16 
	 3.47E+15

	9118.82
	 2.35E+16 
	 8.37E+15 
	  2.08E+15
	 2.32E+16  
	 8.20E+15 
	2.04E+15
	 2.33E+16 
	 8.19E+15 
	 2.04E+15

	5530.844
	 1.82E+16 
	 6.34E+15 
	  1.56E+15
	 1.79E+16  
	 6.19E+15 
	1.53E+15
	 1.79E+16 
	 6.19E+15 
	 1.53E+15

	3354.626
	 1.07E+16 
	 3.69E+15 
	  9.22E+14
	 1.05E+16  
	 3.60E+15 
	9.01E+14
	 1.05E+16 
	 3.60E+15 
	 9.00E+14

	2034.684
	 7.39E+15 
	 2.42E+15 
	  6.00E+14
	 7.18E+15  
	 2.34E+15 
	5.82E+14
	 7.19E+15 
	 2.34E+15 
	 5.82E+14

	1234.098
	 2.75E+15 
	 8.95E+14 
	  2.32E+14
	 2.66E+15  
	 8.64E+14 
	2.24E+14
	 2.67E+15 
	 8.64E+14 
	 2.24E+14

	748.5183
	 1.34E+15 
	 4.19E+14 
	  1.13E+14
	 1.28E+15  
	 3.99E+14 
	1.08E+14
	 1.28E+15 
	 4.00E+14 
	 1.08E+14

	453.9993
	 3.63E+14 
	 1.11E+14 
	  3.34E+13
	 3.39E+14  
	 1.04E+14 
	3.15E+13
	 3.39E+14 
	 1.04E+14 
	 3.15E+13

	304.3248
	 1.94E+14 
	 5.76E+13 
	  2.11E+13
	 1.76E+14  
	 5.29E+13 
	1.94E+13
	 1.76E+14 
	 5.30E+13 
	 1.94E+13

	148.6254
	 2.59E+13 
	 7.47E+12 
	  3.67E+12
	 2.23E+13  
	 6.60E+12 
	3.25E+12
	 2.23E+13 
	 6.60E+12 
	 3.24E+12

	91.66088
	 4.00E+12 
	 1.15E+12 
	  7.05E+11
	 3.16E+12  
	 9.54E+11 
	5.87E+11
	 3.16E+12 
	 9.54E+11 
	 5.87E+11

	67.90405
	 2.62E+12 
	 7.87E+11 
	  5.76E+11
	 1.82E+12  
	 5.88E+11 
	4.42E+11
	 1.82E+12 
	 5.88E+11 
	 4.41E+11

	40.169
	 1.05E+12 
	 3.29E+11 
	  2.40E+11
	 7.70E+11  
	 2.53E+11 
	1.86E+11
	 7.72E+11 
	 2.54E+11 
	 1.86E+11

	22.60329
	 1.34E+11 
	 4.23E+10 
	  2.91E+10
	 9.15E+10  
	 3.06E+10 
	2.23E+10
	 9.16E+10 
	 3.06E+10 
	 2.23E+10

	13.70959
	 1.75E+11 
	 5.40E+10 
	  3.42E+10
	 9.49E+10  
	 3.29E+10 
	2.20E+10
	 9.51E+10 
	 3.30E+10 
	 2.20E+10

	8.31529
	 5.66E+10 
	 1.66E+10 
	  8.82E+09
	 2.64E+10  
	 9.12E+09 
	5.42E+09
	 2.65E+10 
	 9.13E+09 
	 5.42E+09

	4
	 3.63E+10 
	 1.20E+10 
	  4.38E+09
	 2.59E+10  
	 9.51E+09 
	3.32E+09
	 2.59E+10 
	 9.48E+09 
	 3.31E+09

	0.54
	 1.26E+10 
	 4.39E+09 
	  1.95E+09
	 6.36E+09  
	 2.54E+09 
	7.52E+08
	 6.30E+09 
	 2.53E+09 
	 7.49E+08

	0.1
	 1.60E+09 
	 5.95E+08 
	  2.04E+08
	 9.65E+08  
	 4.01E+08 
	1.08E+08
	 9.66E+08 
	 4.00E+08 
	 1.08E+08
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Figure 11: Keff as a function of burnup for Mode-3
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