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EXECUTIVE SUMMARY 

In this document issued according to Work Release 02. P. 99-4b the neutronics 
parameters intended for use in l-point kinetics RELAP model are presented. They are 
obtained for equilibrium 30% MOX fuelled core of VVER-1000 containing boron 
burnable poison rods. 
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INTRODUCTION 

The present work is a part of Joint U.S. / Russian Project with Weapons-Grade 
Plutonium Disposition in VVER Reactor and presents the neutronics parameters intended 
for use in 1 -point kinetics RELAP model calculations. 

Code RELAP [l] is one of the codes that are previewed for using in transient analysis 
of VVER-1000 core compositions with MOX fuel. l-point kinetics of the core is used at 
the moment in routine RELAP calculations. Spatial (3-D) kinetics model seems to be 
reasonable while using for RIA calculations. Performance in RIA of MOX fuelled core 
can be rather different from UOX one due to significantly higher multiplication and 
absorbent ability of MOX fuel. This effect depends on MOX FAs fraction in core. So it 
was decided to compare 3-D and l-point models on the base of MOX fuelled core with 
significant (113) fraction of MOX assemblies. 

In [3] a set of benchmarks has been calculated using the code NOSTRA [2] as 3-D 
model on the base of 30% MOX fuelled core with boron burnable poison rods, The same 
list of benchmark transients is supposed to be calculated by l-point RELAP model. This 
report contains the neutronics data prepared for RELAP calculations using KI codes [4] 
particularly BIPR-7A and PERMAK-A. 
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1. DEFINITIONS 

Table 1. Definitions 

Parameter 
Calculational system 
CS symmetry sector 

Reactivity of CS 
Calculational volume 

Effective multiplication factor of CS 
Multiplication factor of CS 

3-D power distribution in core 
Volume power peaking factor 
Radial position of volume power peaking 

factor 
Axial position of volume power peaking 

factor 
3-D burnup distribution in core 
2-D power distribution in core 

Abbreviation 
cs 
Sim 

RO 
Vij 

Keff 
Ko 

9ii 
Kv 

N (Kv) or NK 

M (Kv) or NZ 

BUij 

qi 

Units 

pcm 

MWd/kg 

Remarks 
Multi-Assembly or core 
30 for 30”, 
60 for 60”) 
120 for 120”, 
360 for full CS. 
RO = (Keff-l)/Kefp 1 .E5 
Axial fraction j of assemblv number i. 
In VVER-1000 calculaiions, 1 O-30 axial 

Tractions of equal volume are usually used. 

Relation of neutron generation to neutror I 
absorption. 

For core calculations Ko values are attributec 1 
10 Vij 

Power in Vij normalised by average Vij power 
Maximum in qti values 
Number of assembly in calculational con 

I 

sector where Kv is realised 
Number of axial level where Kv is realised 

Burnup in Vij. 
Assembly powers normalised by average 
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Radial power peaking factor 
Radial position of radial power peaking 

factor 
Pin linear power 

Kq 
N (Kq) or NK 

Ql W/cm 

assembly power in core. 
Maximum in qi values 
Number of assembly in calculational core 

sector where Kq is realised 
Pin power for 1 cm of an axial calculational 

ssembly m calculatronal core zi 
Moment during fuel irradiation 
2-D bumup distribution in core 
Average burnup in Uranium assemblies 

I / I c-,.+:^.. I 
T 

BUi 

ILilGLI”II 

EFPD 
MWdlkg Average-assembly burnup distribution in core. 
MWdlkg 

2-D power distribution in assem 

by average power in such volumes over a whole 

B Boron acid concentration divided by the coeffX%mt 5.12 means natural boron (nat B) concentration. In VVER-1000 calculations the term of boron acid 
concentration is widely used. Below, Cb means boron acid concentration if there is no special indication. 
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Pin power peaking factor in assembly 
ere maximum qij for this 

notation Kk or 

IKSX (qij * Kki) = Kr*Kz 

2-D burnup distribution in assembly 
1-D bumup distribution in fuel pin 

BUk 
BUpin 

hot point (maximum fuel pin local power: 
calculations 

MWd/kg Average-pin bumup distribution in CS. 
Bumup distribution in concentric zones Oj 

equal volume in fuel pin, normalised by average 

10 
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olume in fuel pin, normalised by average zone 

(Ro)~p.,= ROl-R02. 
The second state differs from the first one only 

by additional CRs inserted in core. All the other 
parameters correspond to the first state: Cb (that is 

ual to Cb crit for the first state), temperature and 

control rods inserted in core except one the most 

Ioron reacnvny coernclem cm core, I pcm/ppm 1 

11 
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core Xe = 0 -xenon is absent; 
Xe = I- Xe=Xe eq (W). 

Equilibrium Xenon-135 concentration 
distribution in core 

Sm-149 concentration distribution in core 

Xe eq W) 

Sm 

24 
10 ICC 

24 
10 ICC 

Concentration formed during long working with 
W power, regulating bank in nominal positionb 

For 1 cc in fuel. 
Sm = 0 - samarium is absent, 
Sm = 1 - Sm=Sm eq, 
Sm = 3 - in BOC full decay of Pm-149 into 

b In VVER-1000 calculations Hreg in nominal position is equal to 80% ifthere is no special indication 

-* 

12 
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Equilibrium Sill 
distribution in core 
samarium-149 concent 

49 concentration 

ration distribution, all 
Promethium-149 decayed in Sm 
Core reactivity while reactor shut-down I 

Sm eq 

smh 

ROSTOP 

24 
10 /cc 

24 
10 ICC 

pcm 

Sm-149 is simulated. 
Concentration formed during long working, 

regulating bank in nominal position 

Under conditions: W=O, Xe=O,Sm=Smh, 
t,,,od= tf,,el= t,,,,=2o”c, 
Cb= 16000 ppm 

13 
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2. KINETICS PARAMETERS IN 30 % MOX FUELLED 
CORE 

Equilibrium loading pattern of 30% MOX fuelled core of VVER-1000 with boron 
BPRs is presented in Fig.1 and corresponds to the so-called Variant 21 [4]. MOX FAs are 
of “lOO%Pu” type with 3 zones of different plutonium enrichment studied in [5]. 

Design parameters of VVER-1000 core, fuel assemblies, fuel rods, control rods 
and boron burnable poison rods are presented in Tables 1-8. 

Evolution of main core neutronics parameters during fuel irradiation in the 
equilibrium cycle is presented in Table 9. The calculations are performed by the code 
BIPR-7A: 

- assembly power peaking factors separately for the whole core and MOX FAs. 
their location, 

- reactivity coefficients, 
- average core burnup and bumup averaged over MOX FAs, 
- beff and 1,. 

Power peaking factors of pin-by-pin distribution calculated by PERMAK-A are 
presented in Table 10. Pin-by-pin relative power distributions in the most powered UOX 
and MOX assemblies are presented in Figures 3-6. 

In Table 1 I the values of single control rods effectiveness are presented and the 
most effective of them are indicated. Balance of different effects on core subcriticality 
during scram actuation (fully insertion of all CRs) is presented in Table 12. 

Step-by-step evolution of core reactivity in the process of control rods movement 
is presented in Table 13. The possibility of sticking of the most effective single CR (in the 
upper position) is taken into account. Two initial states in full power are considered. One 
- with the regulation group (NlO in Fig.7) in the position of 20% insertion into core that 
corresponds to the position adopted for Table 9, other - in the position of maximal 
allowed 30% insertion into the core. The indicated time from the beginning of scram 
actuation is of conservative value. 

Table 14 shows the dependence of core reactivity versus regulation group 
position. 

Table 15 and Fig.2 show the dependence of core reactivity versus coolant density 
in BOC and EOC, and can be used for calculations of accidents with deep core cooling 
for example the accidents with steam line rupture. 

Situations with reactor power variations can be considered using the data of Table 
16. 

Table 17 describes the axial distribution in the FAs with the most powered fuel 
rods according to Table 10. 

14 
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In Table 18 the fractions of delayed neutrons and decay rates over groups of 
delayed neutrons are presented. 

15 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

Russian Reseamh Center “Kunhatov Institute” 
Kinetics Parameters of WER-1000 Core with 31% MOX Fuel for Benchmark RELAP CaiculaUons 

CONCLUSION 

The report presents neutronics data necessary for transient analysis codes while safety 
studying of VVER-1000 core with 30% MOX fuel. The base uranium core is the one with 
zirconium space grids and zirconium guide tubes using boron burnable poison rods, The 
MOX assembly is graded by three concentric zones with fissile plutonium enrichment of 
4.2, 3.0 and 2.0%. 

The presented set of kinetics parameters can be applied to l-point kinetics model of 
RELAP-type codes in best-estimate calculations. 

16 
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Table 2. Composition of weapons grade plutonium 

Isotope I content (Wt. %) 

Pu-238 1 Pu-239 

0.0 193.0 

1 Pu-240 1 h-24 1 1 Pu-242 

1 6.0 1 1.0 1 0.0 
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Table 3. Main Core Parameters 
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Table 4. Fuel Assembly Design Parameters 

Compositions Weight percent: 
* 

Zr 1 Nb 1 Hf 
98.97 1 1.0 1 0.03 

20 
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Table 5. Uranium Fuel Pin Design Parameters 

Parameter 1 Units 
I 

Inner Clad Diameter 
Clad Thickness 
Clad Material 
Clad Density 
Fuel Pellet Diameter 
Central Hole Diameter 
Fuel Pellet Material 
Height of Fuel Column 

cm 
cm 

g I cc 
cm 
cm 

cm 

Value 
Advanced Core Design 

0.772 
0.069 
Zirconium Alloy* 

6.5153 
0.755 
0.15 

I 

Mass of UOZ in Fuel Pin kg 

Compositions Weight percent: 

* 

Zr 
98.97 

INh 
1 1.0 

1 Hf 
1 0.03 

21 
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Table 6. MOX fuel Pin Design Parameters 

Compositions Weight percent: 

* 

Zr 1 Nh 1 Hf 
98.97 1 1.0 1 0.03 

22 
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Table 7. Discrete Burnable Poison Pin Design Parameters 

Parameter 

Clad Inner Diameter 

Clad Thickness 

Clad Material 

Clad Density 

units 

cm 

cm 

g / cc 

Value 

0.772 

0.069 

Zirconium Alloy* 

6.5153 I 
fibSOl 

Absoroer ~eusl ,Abso;Fq%-tGp 

B10 W% 0.1278 
Bll 0.5694 
Al 93.5246 
Fe 0.1952 
Ni 1.9525 
Cr 1.6780 
Zr 1.9525 

Compositions Weight percent: 
i 

Zr 
98.97 

jNb 
1 1.0 

1 Hf 
1 0.03 

0.758 

2.896 1 2.945 
won g / c 
0.036 

0.2279 0.4046 
1.0153 1.8028 

91.7424 88.5951 
0.1915 0.1850 
1.9153 1.8496 
2.9923 5.3133 

1.9153 1.8496 

0.065 

23 
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Tabie 6. Control Rod Design Parameters 

I 

Parameter Units Value 

Clad Inner Diameter cm 0.700 

Thickness cm 0.06 
Stainless Steel* 

Absorber Diameter cm 0.700 

Absorber Material Natural B4C** 

Absorber Density g/cc 1.80 

*Compositions Weight percent: 
C I Cr I Ni I Ti I Fe 

0.12 18.5 10.5 1.0 69.88 

** Content of ‘OB is 19.8% atoms. ” 

Remark. The lower part (30 cm) of control rods consists of ~~203 Ti02 of density 4.9 g / cc. 

24 
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Table 9. Evolution of main neutronics parameters. Equilibrium Fuel Cycle in 30% MOX Fuelled Core 

T j H, 
EFPD cm 

0.0 283.2 

I 

20.0 283.2 
40.0 283.2 
60.0 283.2 
80.0 283.2 

100.0 283.2 
120.0 283.2 

I 

140.0 283.2 
160.0 283.2 
lSO.0 283.2 
200.0 , 283.2 
220.0 , 283.I 
240.0 283.2 

_L 
260.0 283.1 
285.9 283.2 

kcw 

287.0 
287.0 
287.0 
Z37.C 
287.0 
287.0 
287.0 
287.0 
287.0 
287.0 
287.0 
mu 
287.C 
287.E 
287.C 

w 
MW 

iooc 
lax 
100~ 
!OO( 
!DOl 
100~ 
lOO( 
!OO~ 
,OOl 
100, 
100~ 
3ODl 
1001 
3001 
3001 

6765 
6264 
5724 
5197 
4671 
4148 
3629 
3115 
2606 
zioz 
1802 
ilOE 
621 
14c 

c 

f m /h 

84000 
84000 
84000 
84000 
84000 
84000 
84000 
84000 
84000 
tlmoo 
84000 
84OOC 
wooc 
84OOC 
84OOC 

1.34 3 I 1.21 21 
1.35 3 1.18 ?.I 
I.35 3 1.17 21 
1.35 3 1.16 21 

+ 

1.35 3 1.15 21 
1.35 3 1.15 21 
1.35 3 1.14 21 
1.35 3 1.14 21 
1.34 3 1.14 21 

+ 

1.34 3 1.14 21 
1.33 3 1.14 21 
1.33 3 1.14 21 
1.32 3 1.14 21 
1.32 3 I 1.14 21 

ii” Nk N, 

1.84 19 4 
1.84 3 4 
1.63 3 4 
1.60 3 4 
1.58 3 3 
1.57 3 3 
1.56 3 3 
1.55 3 3 
1.53 3 3 
1.52 3 2 
1.57. 3 2 
1.51 3 2 
1.51 3 2 
1.50 3 2 
1.50 3 2 

h %0x 
MW. tdb 
d/kg d/b 
15.23 11.74 
16.08 12.61 
16.83 13.47 
L7.78 14.33 
I& 15.LB 
19.49 L6.03 
20.34 L&87 
21.20 17.72 
72.06 18.56 
z2.91 19.40 
23.77 20.25 
24.63 21.09 
25.48 21.93 
26.34 22.78 
26.60 23.03 

bloc 
pern. 
/Cd-’ 

14134 
14903 
16039 
17250 
18491 
19744 
2,003 
x?2G7 

c 

29933 -64.30 -3.05 -2.69 -0.31 -1.53 510 
3031rJ -65.16 -3.05 -2.70 -0.31 -1.54 509 

Am 
.lOJ 
set - 
1.92 
I.84 
1.86 
I.98 
2.01 - 
2.03 
2.06 
2.08 
2.11 
2.14 - 
2.17 
2.20 
2.23 
2.26 
2.27 

I 
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Table 10. Power Peaking Factors Attained During Fuel Cycle 

M(Ko-total) 
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Table 11. Effectiveness of Single Control Rods 

I RO, pcm I No (Ngr) I 

Wnom MCL Wnom MCL 

76 72 78 75 I 21 (1) 
77 71 P7 

;; 
I 

;;; 
I “L I 

59 60 
51 I 58 I 58 I 60 I 9tb) I 
84 6; 104 

’ ., & ‘~’ 
82 (5) 

87 79 90 81 31(6) 
89 84 92 87 22 (7) 

88 83 91 88 19 (8) 
71 71 67 67 11 (9) 
90 64 87 27 41 (10) 

RO, pcm 1 No CNgr) 1 
(Hreg=20%) 

BOC EOC 
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Process of Scram actuation 

State parameters ’ RO, pcm 
I I I I I I rrnx 

BOC ( EOC 
1 Nominal. inn 1nn -clR? 

)2 
1 
/4 
1 
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Table 12. Core Subcriticality (Scram Margin) in different states in the 
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Table 13. Core reactivity in the process of control rods movement. 

A. Full power. Initial H,,,=70% 

B. Full power. Initial H,,=80% 
I - _- I T, 

s 
At- 

Position,% BOC, CB=6765 pcm 1 EOC, CB=O 
No stuck Stuck No stuck Stuck 

N 55 N 55 
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Table 14. Core reactivity versus regulation group position 

I 
I 
I 
I 
I 
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Table 15. Core Reactivitv Versus Coolant Density 

-Densit 
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Table 16. Core Reactivity versus Core Power and Average Core Fuel Temperature in MOX Fuelled Core 
(Doppler Effect) 

Power, 
MW 

6000 
5400 
4800 
4500 
3900 
3600 
3300 
3000 
2700 
2400 
1800 
1200 
600 
300 

0 

RO, pcm I 

Hreg=80% 1 Hreg=60% 
-7-q I -747 I 
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Table 17. Axial Relative Power Distribution in the Assemblies with the Most 
Powered Fuel Rods 

position, TI ltg-t$y 

337.250. 1 0.438 1 0.678 
301.750 1 0.779 1 0.973 

1 I.‘,, 1 I.“,F, 
1 1.257 1 1.068 

53.250 1 1.053 1 1.139 
17.750 1 0.635 1 0.864 
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Table 18. Kinetics Parameters 

Group 1 2 3 4 5 6 

peff (BOC), pcm 17.1 101 93.4 215 104 41.2 

peff (EOC), pcm 14.4 92.5 81.8 188 95.8 36.7 
Decay rate, l/s 0.0124 0.0305 0.111 0.301 1.13 3 
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Fig.3. Pin-by-Pin Power Distribution in the Most Powered UOXAssembly in BOC 

: 0~00 EWD 
3ooo.a MW 

F 303.3 8.86 g/kg 
r/cm 

hei assembly 10 
Level 
PWl rod ,: 
k.. 1.14 
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Fig.4. Pin-by-Pin Power Distribution in the Most Powered MOXAssembly in BOC 

T 0.00 EFPD 
i+ 3000.0 6.76 g/kg Mw 

306.5 x/cm 
Fuel sssembly 21 
Level 4 
Fuel rod 160 
Kk... I.14 
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Fig.5. Pin-by-Pin Power Distribution in the Most Powered UOXAssembly in EOC 

T 285.81 EFPD 

ii%., 3000.0 0.00 YI g/kg 
18.2 

FuelDSlembly 3 
Level I 
Fuel rod 281 
k” L.05 
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Fig.6. Pin-by-Pin Power Distribution in the Most Powered MOXAssembly in EOC 

T 285.531 EFPD 
1 3cx.o Ku 
h 0.00 g/kg 
Bur”“p 17.2 
he, asrembly 2, 
Level 4 
Fuel rod 152 
m”.. 1.15 
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Fig.7. Control Rods Grouping 
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Comments from F. C. Diiilippo, ORNL+ on the report, Mission Fuel Kinetics Input and RELAP-like 
Calculations 

General Comments 

The report makes reference to computer programs that are used to calculate the kinetic parameters but 
these programs might not be easily available to the average reader. Statements about their definition (are 
adjoint calculations possible; what is the definition of the six precursor groups), the nuclear data 
(especially as related to the treatment of delayed neutrons), and relative importance of various fissionable 
materials (in order to check sensitivities with respect to burnup calculations) could have been very useful 
in order to evaluate the results summarized in Table 9. 

The summary of results seems to fulfill the objective of the report, that is, to generate data for RELAF’ 
calculations. The report also includes many details of the calculated reactor but they are not enough to 
make possible an independent calculation. References to previous reports published under the 
sponsorship of this program would be useful to the reader. 

Specific Comments 

Table 11, entitled “Effectiveness of Single Control Rods” is difficult to understand. According to the 
head of the column, the unit is pcm but the parameters tabulated are the magnitudes of Wnom and MCL. 
According to Table 1, Wnom is the nominal reactor power (Mw) and MCNL is the minimum 
controllable level of reactor power (Mw). Also, Table 1 states that Hreg is measured in cm rather than 
%. So the meaning of Table 11 is unclear. 

Table 13 does not indicate which control bank is being moved (could it be all of them?). Also, CB seems 
to be critical boron concentration so the units at the head of the columns should be ppm rather than pcm. 
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