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SUMMARY 

For t h e  reactor  core o f  Sizewell- 'B1, PWR, nuclear  design calculations and  

RCCA wi thdrawal  t rans ients  have been analyzed by app ly ing  t h e  3D reac- 

t o r  core model QUABOX/CUBBOX-HYCA. T h e  analysis i s  based o n  t t i e  

core  conf igura t ion  as described in t h e  Pre-Construct ion Safety Report .  

T h e  basis o f  these nuclear  calculations was a I i b r a r y  o f  nuclear  cross- 

sections t h a t  was established w i th in  t h i s  pro ject .  T h e  object ive i s  an 

independent assessment o f  reac t i v i t y  in i t ia ted  t rans ients  by un in tended 

RCCA wi thdrawal .  T h e  resu l ts  o f  s tat ic  and also t rans ien t  calculations 

w i t h  t h e  f u l l y  3D core model of RCCA wi thdrawal  under  var ious condit ions 

a re  used t o  evaluate t h e  assumptions f o r  t h e  spatial power dens i t y  d i s t r i -  

bu t i on  and i t s  possible changes which are input values in safety analysis 

f o r  these t y p e  o f  accidents. T h i s  w o r k  wi l l  be  supplemer1ted by addit ional 

calculations f o r  v e r y  fas t  reac t i v i t y  inser t ions as postu lated w i th in  t h e  

r o d  ejection accident.  
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1. l NTRODUCTION 

T h e  aim o f  t h i s  invest igat ion i s  t h e  detai led analysis o f  t h e  power 

d i s t r i bu t i on  and t h e  reac t i v i t y  behaviour  f o r  t h e  reactor  core o f  

Sizewell B as descr ibed in t h e  Pre-Construct ion Safety Report  (PCSR) 

/I/, by stat ic  and dynamic calculations w i t h  t h e  3D reactor  core model 

QUABOX/CUBBOX-HYCA /2-6/. T h e  basis o f  t h e  calculations i s  t h e  core  

conf igura t ion  described in PCSR Chap. 4, and t h e  nuclear  data calculated 

f o r  t t ie  fue l  assemblies w i t h  t h e  nuclear  code system RSYST by IKE / 7 / .  

T h e  invest igat ions a re  executed in d i f f e r e n t  steps. These steps also 

def ine  t h e  chapters 2 t o  6 o f  t h i s  repo r t .  

2. Calculation o f  character is t ic  cases f o r  which resu l ts  a re  also 

g i ven  in PCSR and which can b e  compared t o  check t h e  

consistency, e. g . radia l  power d i s t r i bu t i ons  and reac t i v i t y  

wor ths  f o r  specif ied core condit ions. 

Addit ional calculations t o  q u a n t i f y  t h e  dependence on solut ion 

methods, as dependence on t h e  o r d e r  o f  polynomials used t o  

approximate t h e  neu t ron  f l ux  and inf luence o f  t h e  mesh-size o n  

t h e  accuracy o f  t h e  solutions. 

3. Calculations t,o determine fundamental aspects o f  nuclear  design, 

as e.g.  

- radia l  power d i s t r i bu t i ons  f o r  specif ied core condit ions 

- reac t i v i t y  wor ths  f o r  var ious RCCA conf igurat ions 

- reac t i v i t y  equivalents f o r  specif ic changes o f  core con- 

di t ion, equivalent  of Boron change o r  reac t i v i t y  coef f i -  

c ients f o r  moderator temperature and fue l  ternperature 

respect ivel y 

- reac t i v i t y  character is t ic  o f  specif ied RCCA ban k s  



4. Stat ic  calculat ions f o r  var ious  core condit ions during wi thdrawal  

o f  specif ied RCCA banks t o  determine 

- reac t i v i t y  character is t ic  

- radia l  power d i s t r i bu t i on  

- axial  power pro f i les  

5. Analys is  o f  reac t i v i t y  t rans ients  in i t ia ted  by RCCA wi thdrawal  

6. Discussion o f  t h e  resu l ts  and conclusions. 

Based on these resul ts ,  t h e  axial  and radia l  power d i s t r i b u t i o n  assumed 

f o r  t h e  t rans ien t  analyses w i t h  t h e  p lan t  model AL.MOD /8/ a re  discussed. 



2. VERIFICATION - OF METHODS FOR ANALYSIS 
--P 

2.1 Character is t ic  ---- cases f o r  cornparison w i t h  resu l ts  frorn PCSR 

As  t h e  n i ~ c l e a r  data f o r  t h e  Sizewell B reactor  core have been calculated 

independently,  it i s  usefu l  t o  rnake a cornparison t o  resu l ts  c i ted  in t h e  

PCSR / I /  f o r  t yp i ca l  condit ions o f  t h e  reactor  core. These cornparisons 

airn t o  v e r i f y  t h e  consistency of o u r  calculations. 

From t h e  PCSR fo l lowing inforrnation i s  available 

- norrnalized power dens i t y  d i s t r i bu t i on  near beg inn ing-o f - l i fe  (BOL), 

un rodded  core, h o t  ful l power 

n o  Xenon (Fig.  4.3/6) 

equi l ibr iurn Xenon (F i y  . 4.3/7) 

- norrnalized power dens i t y  d i s t r i bu t i on  near BOL, 

g r o u p  D inser ted  28%, h o t  full power, 

equi l ibr iurn Xenon (Fig. 4.3/8) 

These resu l ts  f o r  t h e  radia l  power dens i t y  d i s t r i bu t i on  are  also shown in 

fig. 2.1 t o  2.3. 

- T h e  power dens i t y  d i s t r i bu t i on  i s  also g i ven  f o r  end-of- l i fe  con- 

d i t ions  (EOL) in fig. 4.3/10 and 4.3/11 o f  PCSR. 

Typ ica l  axial  power pro f i les  are  shown in fig. 4.3/14-'17. 

Character is t ic  values o f  nuclear  design parameters a re  l is ted in table 

4.3-2 o f  PCSR. Sorne o f  these typ ica l  values are  c i ted  f o r  cornparison. 

- React iv i ty  wor ths  a t  ho t  Zero power, BOL, Xenon free, fo r  var ious  

RCCA banks 

bank  D 640 mN 

bank  C (+ O inser ted)  '1230 rnN 

bank B (+ D + C inser ted)  990 rnN 



A comment was added in t h e  new vers ion  o f  PCSR t o  c l a r i f y  t h a t  t h e  r e -  

ac t i v f t y  wor ths  o f  RCCA bank  C o r  B have been calculated f o r  condi t ions 

w i t h  addi t ional ly  inser ted  D o r  D+C bank.  

React iv i ty  wor ths  are  specif ied w i t h  absolute values in Niles ( 1 0 ~ ~ )  o r  rnN 

( I O - ~ ) .  

Radial fac tor  o f  power d i s t r i bu t i on  f o r  var ious  RCCA banks inser ted  
XY 

f rom BOL t o  EOL 

unrodded 

bank  D 

bank  D + C 

bank  D + C + B 

- Boron concentrat ion f o r  c r i t i ca l  reactor  core condit ions 

h o t  zero power, unrodded core, a t  29Z°C, 155 b a r  1307 ppm 

h o t  full power, n o  Xenon, unrodded core 1178 ppm 

h o t  full power, equ i l ih r ium Xenon, unrodded core 882 ppm 

In table 4.3-3 o f  PCSR i s  c i ted  t h e  reac t i v i t y  wor th  o f  al l  RCCA's as 7.54 

Niles and  t h e  n e t  reac t i v i t y  wor th  as 6.46 Niles f o r  al l  RCCA's but one 

w i t h  h ighest  wor th .  

These data comprise power dens i t y  d i s t r i bu t i ons  o f  character is t ic  core 

condi t ions and representat ive reac t i v i t y  wor ths  which can be  used f o r  a 

consistency check.  



2.2 Consistency check f o r  methods o f  analysis 

T'o check t h e  methods o f  analysis and t h e  nuclear  data l i b r a r y  establ ished 

by IKE f o r  t h i s  analysis a comparison i s  made w i t h  typ ica l  parameters o f  

nuclear  design parameters as g i ven  in PCSR and c i ted  in t h e  preceeding 

chapter .  

Two  reactor  core states have been chosen f o r  comparison 

- near BOL, unrodded core, h o t  full power, equ i l ib r ium Xenon 

(see fig. 4.3/7 o f  PCSR) 
- near EOL, unrocided core, h o t  full power, equ i l ib r ium Xenon 

(see fig. 2.10 which corresponds t o  fig. 4-3/10 o f  PCSR) 

These states are  c lear ly  def ined and represent  real is t ic  core condit ions a t  

power.  Also bo th  cases were solved as a two-dimensional problem by IKE 

7 T h e  resu l ts  fo r  BOL. condi t ion a re  shown in fig. 2.4 f o r  t h e  IKE  

solut ion and in fig. 2.5 f o r  t h e  QUABOX/CUBBOX solut ion. In t h e  Same 

manner t h e  resu l ts  f o r  EOL condi t ion a re  shown in fig. 2.11 f o r  t h e  IKE  

solut ion and in fig. 2.12 f o r  t h e  QUABOX/CUBBOX solut ion. 

A detai led evaluat ion o f  t h e  th ree  equivalent  solut ions f o r  bo th  cases i s  

g i v e n  in table 2.2-1. 

Tab le  2.2-1 

Comparison o f  radia l  power dens i t y  d i s t r i bu t i on  f o r  specif ied states 

mean BOL re la t ive  deviat ion s tandard  

deviat ion 

IKE  vs .  PCSR 

QUABOX/CUBBOX vs .  PCSR 

QUABOX/CUBBOX vs.  I KE - 
'The comparison i s  also shown in fig. 2.6 t o  2.9. 

I K E  vs .  PCSR 0.07% 

QUABOX/CUBBOX vs.  PCSR -0.13% 

QUABOX/CUBBOX VS. I KE -0.18% 

T h e  comparison i s  also shown in fig. 2.13 t o  2.16. 



T h e  comparison i s  presented in two forms: 

T h e  absolute d i f fe rence between t h e  solut ion o f  QUABOX/CUBBOX and  

PCSR resu l ts  a re  g i ven  f o r  BOL in fig. 2.6 and f o r  EOL in fig. 2.13 

respect ive ly  . 

T'he re la t ive  deviat ions in alt posit ions in a q u a r t e r  core  are  shown by 

rows in fig. 2.7-2.9 f o r  BOL and in fig. 2.14-2.15 f o r  EOL respect ive ly .  

I n  these f i gu res  two  l ines indicate t h e  re la t ive  deviat ion o f  - + 3%. T h e  

comparison conf i rms t h a t  in most locations t h e  deviat ion i s  smaller t h a n  

t h i s  l imi t  value. Some exceptions ex i s t  a t  fue l  assemblies a t  t h e  reactor  

core boundary,  but t h e r e  t h e  power dens i t y  i t se l f  is  v e r y  low, t h i s  may 

p a r t l y  b e  inf luenced by t h e  re f lec tor  data. However, t h e  to ta l  agreement 

o f  t h e  solut ions f o r  t h e  power dens i t y  d i s t r i bu t i ons  i s  v e r y  good. 

Secondly t h e  reac t i v i t y  wor ths  f o r  var ious RCCA conf igura t ions  and core  

condi t ions were compared. In PCSR a re  g i ven  reac t i v i t y  wor ths  a t  h o t  

zero power. T h e  reac t i v i t y  w o r t h  o f  RCCA banks has been calculated by 

QUABOX/CUBBOX f o r  2D geometry a t  h o t  zero power condi t ions (see 

table 3.1-1) and f o r  t h e  C- and D-bank f o r  3 0  geometry a t  h o t  f u l l  power 

condi t ions (see tables 4-1 and 4-2). 

Tab le  2.2-2 

Cornparison o f  reac t i v i t y  wor ths  f rom PCSR and own calculat ions 

PCSR QUABOX/CUBBOX 

HZP HZP, 2D re la t ive  value 

D-bank 640 mN 700 mN 1.09 

C-bank (+ D inser ted)  1230 mN 1331 mN 1.08 

B-Bank (+ D + C inser ted)  990 rnN 1063 mN 1.07 

a l l  rods  7.54 Niles 8.68 Niles 1 . I 5  



T h e  values f rom PCSR and QUABOX/CUBBOX calculations agree v e r y  well 

in t h e  re lat ive w o r t h  o f  d i f f e r e n t  RCCA banks. Generally, al l values 

calculated by QUABOX/CUBBOX are  about  10% h igher  f o r  s ingle RCCA 

banks.  T h e  tota l  reac t i v i t y  wor th  o f  all rods  i s  calculated 15% h igher .  

T h e  Boron  w o r t h  compares as follows, f o r  t h e  c r i t i ca l  reac tor  core a t  h o t  

Zero power, no  Xenon, t h e  PCSR gives a c r i t i ca l  Boron concentrat ion o f  

1307 ppm. A t  t h e  Same condi t ion w i t h  QUABOX/CUBBOX a value o f  

ke f f  = 0.99988 (chap. 3.3) i s  calculated. T h e  deviat ion in reac t i v i t y  i s  

therefore lower t h a n  12 mN t h u s  t h e  agreement i s  v e r y  good. 

From PCSR follows a Boron equivalent  o f  equi l ibr ium Xenon a t  f u l l  power 

of 296 ppm. T h e  QUABOX/CUBBOX calculat ions in 30 geometry y ie id  a 

Boron equivalent  o f  384 ppm. T h i s  d i f fe rence o f  about  90 ppm migh t  b e  

reduced by a more detai led representat ion o f  Xenon and Boron cross-  

sections which has been implemented in t h e  comp i~ te r  model recent ly  which 

fully describes t h e  local dependency o f  these absorpt ion ef fects.  For  

reac t i v i t y  balances it has o n l y  t h e  e f fec t  o f  changing t h e  reference value. 

With respect  t o  t h e  radia l  power dens i t y  d i s t r i bu t i on  a f i r s t  comparison 

was inc luded i r i  discussion o f  t h e  core condi t ion o f  unrodded core, h o t  

full power, equ i l ib r ium Xenon, a t  t h e  beg in  of t h i s  chapter .  For  d i f f e r e n t  

RCCA conf igurat ions values o f  t h e  radia l  fac tor  FN a re  g i ven  f o r  BOL. 
X Y 

T h e  value i s  def ined as t h e  ra t i o  o f  peak power dens i t y  t o  average 
X Y 

power dens i t y  in t h e  hor izonta l  plane o f  peak local power. 

T h i s  value can be  separated in to  t h e  cont r ibu t ions  FN = N N 
XY F ~ r a d  F FA '  



Where 

N 
F Qrad i s  def ined as t h e  maximum r a t i o  o f  t h e  average power dens i t y  o f  

a fuel assembly t o  t h e  average power dens i t y  in t h e  hor izonta l  

plane 

Comment: Normally, t h i s  value i s  calculated f rom neu t ron  diffu- 

sion equations by coarse mesh methods 

N 
F FA i s  def ined as t h e  ra t i o  o f  t h e  peak power dens i t y  t o  t h e  average 

power dens i ty  o f  t h e  fue l  assembly. 

I n  fig. 4.3/12 o f  PCSR t h e  value 1.20 i s  calculated f o r  a t yp i ca l  

assembly. 

Tab le  2.2-3 

Comparison o f  nuclear  power peaking fac tors  

PCSR QUABOX/CUBBOX 

HZP,2D H FP, 3D 
N 

F Qrad XY 

unrodded 1.37 I .30 1.56 '1 .21 1.45 

D-bank 1.50 '1 .40 1.68 1 .3'1 1.57 

D+C-ban k 1.60 1.38 1.66 

D+C+B-ban k 1.80 1.61 1.93 

T h e  comparison shows t h a t  al l  values a t  h o t  zero power condi t ion a re  

h igher,  because t h e  peaking value w i l l  be  reduced by feedback ef fects.  

T h e  values f rom 3D calculat ions a t  h o t  full power show t h a t  

QUABOX/CUBBOX estimates s l i gh t l y  h i g h e r  values fo r  t h e  radia l  peaking 

factors.  



3. CALCULATION OF FUNDAMENTAL NUCLEAR DESIGN PARAMETERS 

3.1 Radial power d i s t r i bu t i on  and reac t i v i t y  values o f  RCCA banks 

a t  Hot Zero Power frorn 2D-calculations 

For  reactor  core condit ions a t  Hot Zero Power, i.e. 292°C a t  155 bar,  and 

n o  Xenon t h e  radia l  power d i s t r i bu t i on  and t h e  r e a c t i v i t y  w o r t h  f o r  

var ious  RCCA conf igurat ions i s  calci l lated in 2D geometry. Frorn these 

resu l ts  can b e  deterrnined t h e  reac t i v i t y  w o r t h  o f  t h e  r o d  banks  u n d e r  

t h i s  condit ion. Also t h e  maxirnum changes in radia l  power d i s t r i b u t i o n  can 

b e  estirnated, because no feedback rnechanism I imits t h e  changes o f  

neu t ron  f l u x .  

T h e  rnain resu l ts  a re  g i ven  in t h e  table 3.1-1. T h e  radia l  power d i s t r i -  

bu t ions  a re  shown in t h e  f i gu res  3.'1 - 3.7. 

Tab le  3.1-1 

React iv i ty-  
N 

arid F ~ r a d  
- values f o r  d i f f e r e n t  r o d  conf igurat ions f o r  t h e  

state: 

HZP, n o  Xenon, Boron = 130'7 pprn, (approximation Mode = 4) 

I 
I r o d  posit ion 

I I I I N  I I 
I kef f  IP IX~O-~ I  I AP I F Q r a d  ( posi t ion 1 

I - 1- I I I I I- - 
I I I I I I 
I no rods  11.00373 1 3.706 ( 1 1.30'1 1 (D/4) I 

I I I I I I- I 
I I - I I I I 
I B+C+D-bank in 1 0.97349 1 - 27.232 1 3.09 N 1 1.606 1 (H/4) I 
I I --P I 1-P I I I 
I I I I I I I 
I al l  rods  in 10.92329 1 - 83.083 1 8.68 N 12 .249  1 (E/5) I 
I -- I I I L- I ,I 



3.2 2D-Calculations - f o r  Hot Ful l  Power 

The  reactor core condition a t  Hot Ful l  Power i s  defined b y  following 

values f o r  

average coolant temperature 309 'C (582.1 K )  

average fuel  temperature 625 OC (898.1 K )  

a t  a pressure o f  '155 ba r  the  coolant temperature corresponds 

t o  a densi ty o f  0.70624 g/cm3. 

In tkie calculations in 2D geometry these average values are set f o r  all 

fuel  assemblies. 

Following cases have been solved 

- ZD, unrodded, no Xenon, 1307 ppm Boron, keff = 0.99430, 

radial power distr ibut ion,  f i g  . 3.8 

- 2D, unrodded, eq. Xenon, 130'7 ppm Boron, keff = 0.96920, 

radial power distr ibut ion,  f i g .  3.9 

- 2D, unrodded, eq. Xenon, c r i t .  Boron concentration 973.4 ppm 

radial power distr ibut ion,  f i g  . 3.10 

These values together wi th the  unrodded case f o r  Zero power conditions 

g ive  following resul ts 

react iv i ty  equivalent f o r  the  change f rom hot  Zero power 

t o  ho t  full power, wi thout  Xenon poisoning and average 

values f o r  coolant temperature and fuel  temperature 944 mN 

react iv i ty  wor th  o f  equi l ibr ium Xenon 2.60 Niles 

Boron equivalent of  equi l ibr ium Xenon 333.6 ppm 



A comparison o f  t h e  radia l  power dens i t y  c i is t r ibut ions f rom these 2D cal- 

culat ions f rom fig. 3.8 t o  3.9 shows t h e  expected e f fec t  t h a t  Xenon 

buildup s l i gh t l y  reduces t h e  radia l  peak ing factors.  Otherwise these r e -  

su l ts  conf i rm t h a t  changes in Xenon concentrat ion and changes in Boron 

concentrat ion have n o  s t rong  inf luence on t h e  radia l  power der is i ty  

d i s t r i bu t i on .  

3D-Calculations f o r  t h e  change f rom Hot Zero Power - 
t o  Hot Fu l l  Power 

T h e  reac t i v i t y  equivalents f o r  t h e  change f rom h o t  zero power, no  Xenon, 

reac tor  core condi t ion t o  t h e  condi t ion h o t  full power, equ i l ib r ium Xenon 

w i t h  c r i t i ca l  boron concentrat ion also has beeri s tudied by fully 3D calcu- 

lat ions. As in t h e  2D calcuiat ions f o r  Hot  Fu l l  Power t h e  average value o f  

coolarit temperature i s  30g°C resp.  o f  fue l  t e m p e r a t i ~ r e  62S°C. I n  these 

cases o n l y  an un i fo rm feedback f o r  t h e  fue l  r o d  o r  coolant channel i s  

taken in to  account as t h e  paral lel  coolant channel model i s  n o t  used. 

Following cases have been calculated 

- 3D, Hot  Zero Power, 

unrodded, no  Xenon, 1307 ppm Boron 

kef f  
= 0.99988, p = 1.200 I O - ~ ,  f ig. 3.11 

- 3D, Hot  Fu l l  Power, 

unrodded,  no  Xenon, 1307 ppm Boron 

kef f  
= 0.99037, p = 9.7236 I O - ~ ,  fig. 3.12 

- 30,  Hot  Ful l  Power, 

unrodded, eq. Xenon, 1307 ppm Boron 

kef f  = 0.96451, p = 3.6796 I O - ~ ,  fig. 3.13 

- 30,  Hot  Fu l l  Power, 

unrodded, eq. Xenon, c r i t i ca l  Boron concentrat ion 923.1 ppm, 

f i g .  3.14. 



These values g i v e  fo l lowing r e s u l t  

reac t i v i t y  equivalent  f o r  t h e  change 

from h o t  zero power t o  h o t  full power, 

w i thout  Xenon buildup and un i fo rm feedback ef fects 960 mN 

reac t i v i t y  wor th  o f  equ i l ib r ium Xenon 2.7'1 Niles 

Boron equivalent  o f  equ i l ib r ium Xenon 383.9 ppm 

A comparison o f  t h e  reac t i v i t y  equivalents f rom 2D and 3D calculations i s  

shown in t h e  fo l lowing table 3.3-1. These d i f ferences in reac t i v i t y  w o r t h  

o f  about  1.0*10-~ o r  Boron changes o f  about  50 ppm have t o  be  taken  

in to  account if o n l y  2D solut ions are  available. T h e  h i g h e r  value f o r  t h e  

Xenon reac t i v i t y  wor th  in 30 geometry follows f rom t h e  axial  p ro f i l e  o f  

t h e  Xenon concentrat ion . 

Tab le  3.3-1 

Comparison o f  reac t i v i t y  wor ths  and Boron concentrat ion f rom 2D and 3D 

calculations 

reac t i v i t y  equivalent  o f  100% power change 944 mN 960 mN 

(on ly  representat ive value as un i fo rm feed- 

back  i s  assumed) 

reac t i v i t y  wor th  o f  equi l ibr ium Xenon 2.60 Niles 2.71 Niles 

Boron equivalent  o f  equ i l ib r ium Xenon 333.6 ppm 383.9 ppm 

A comparison o f  t h e  radia l  power dens i t y  d i s t r i bu t i ons  f rom 3D calcula- 

t ions, which a re  presented in fig. 3:ll-3.13, confirms t h e  resu l t  o f  2D 

solut ions re lated t o  t h e  weak inf luence o f  Xenon and Boron changes. 

Addi t ional ly ,  t h e  comparison suppor ts  t h a t  t h e  radia l  power dens i t y  

d i s t r i bu t i on  f o r  ax ia l l y  homogeneous core condi t ions i s  well represented by 

20 solut ions. 



In addi t ion t o  these representat ive calculations w i t h  un i fo rm feedback t h e  

core  'condition o f  Hot  Fu l l  Power, unrodded, equ i l ib r ium Xenon, 900 ppm 

Boron concentrat ion inc lud ing t h e  local ly feedback ef fects from t h e  

paral le l  coolant channel rnodel has been calculated and t h i s  modell ing has 

been used f o r  alt fo l lowing calculations. T h i s  calculat ion g ives a va lue 

ke f f  = 0.99612. Us ing t h e  reac t i v i t y  coef f ic ient  o f  Boron 70.59 mN/ppm, 

a c r i t i ca l  Boron concentrat ion o f  845 pprn f o r  t h i s  core condi t ion can b e  

estimated . 

In table 4.3-2 o f  PCSR i s  g i ven  f o r  t h i s  core condi t ion a c r i t i ca l  Boron 

concentrat ion o f  882 ppm. T h u s  t h e  agreement o f  t h e  c r i t i ca l  Boron con- 

centrat ions i s  good. 





4. CHARACTERISTIC VALUES FOR C-  AND D-BANK 

T h e  resu l ts  discussed now are  based o n  fully 3D stat ic  calculations in- 

c lud ing  t h e  paral lel  coolant channel model t o  descr ibe t h e  local feedback 

effects. Two  cases have been choserl f o r  analysis because of fol lowing 

considerat ions. 

T h e  tota l  reac t i v i t y  wor th  o f  var ious RCCA banks has been analyzed in 

chapter  3.1. T t ~ e  resu l ts  show, t t i a t  t h e  C-bank has t h e  h ighest  react i -  

vity worth,  there fore  t h i s  g r o u p  should b e  arialyzed in more detai l  in 

v iew o f  a wors t  core condi t ion f o r  an i nadver ten t  wi thdrawal  of a RCCA 

bank.  However, during normal power operat ion o n l y  t h e  D-bank i s  used 

f o r  power contro l .  T-hat means, it can be  assumed t h a t  an i nadver ten t  

wi thdrawal  occurs rnost p robab ly  by t h i s  g roup .  

For  b o t h  cases, t h e  reac t i v i t y  inser t ion  character is t ic  has been calculated. 

T h e  in i t ia l  condi t ion was chosen as h o t  f u l l  power, unrodded, equi l ibr iurn 

Xenon, 900 pprn Boron concentrat ion. Frorn t h i s  in i t ia l  state t h e  D-bank 

resp.  C-bank was inser ted  t o  specif ied posit ions keeping t h e  tota l  reactor  

power and t h e  Xenon concentrat ion constant.  

T h e  resu l ts  a re  g i ven  in table 4-'1 and table 4-2. 

Table 4-1 

React iv i ty  character is t ic  and power peaking fac tors  f o r  D-bank 

re la t ive  bar1 k reac t i v i t y  
jnser t ion wor th  

abs. (rnN) r e l  . 

power peaking fac tor  
tota l  radia l  

T h e  radia l  power dens i t y  d i s t r i bu t i ons  in t h e  reactor  core are  shown in 

fig. 4.1-4.6 f o r  d i f f e r e n t  posit ions of D-bank.  These d i s t r i bu t i ons  a re  

representat ive f o r  nominal power operat ion. 





Table 4-2 

React iv i ty  character is t ic  and power peaking fac tors  f o r  C-bank 

re la t ive  ban  k reac t i v i t y  
inser t ion  wor th  

power peaking fac to r  
to ta l  radia l  

abs. (mN) r e l  . 

T h e  resu l ts  can be  evaluated w i t h  respect  t o  t h e  changes o f  t h e  power 

dens i t y  d i s t r i bu t i on  o r  w i th  respect  t o  t h e  maximum possible reac t i v i t y  

inser t ion  rate.  

Discussing f i r s t  t h e  changes o f  power dens i ty  d i s t r i bu t i on :  

T h e  resu l ts  g i ven  in t h e  tables f o r  t h e  tota l  power peaking fac tor  do  n o t  

inc lude t h e  local power peaking fac tor  (1.20) o f  t h e  fue l  assembly. 
FA 

There fore  it follows t h a t  t h e  nuclear  power peaking fac tor  F reaches 
XYZ 

2.12 (1.765-1.20) f o r  t h e  D-bank and 2.34 (1.950*1.20) f o r  t h e  C-bank 

movement. T h e  design value o f  t h e  core i s  specif ied as 2.32. I t  inc ludes a 

fac to r  1.05 o f  conservat ism and 1.03 as an engineer ing uncer ta in ty  

con t r i bu t i on  as described in t h e  PCSR, chap. 4.3.3.3.6. 

l nc lud ing  these addit ional fac tors  o f  unce r ta in t y  t h e  value f o r  t h e  D-bank 

o f  2.12 corresponds t o  2.29. t h u s  t h e  change o f  power dens i t y  

d i s t r i bu t i on  f o r  t h e  RCCA bank, which i s  normal ly  used f o r  reac t i v i t y  

control ,  y ie lds  a value below t h e  specif ied I imi t ing value. 

I n  v iew o f  t h e  d is turbance by a C-bank movement - t h e  I imi t ing value wi l l  

b e  reached wi thout  tak ing  i n to  account addit ional unce r ta in t y  con t r i bu -  

t ions.  However, as mentioned before, t h i s  RCCA-bank wi l l  n o t  b e  inser ted  

i n t o  t h e  core during normal operat ion. 

I n  bo th  cases o f  RCCA bank  movement t h e  axial  location o f  t h e  maximum 

power dens i t y  i s  changing w i t h  t h e  bank  posit ion. 



T h e  evaluat ion re lated t o  rnaxirnurn reac t i v i t y  ;l 

resu  ~ i s  : 

T h e  to ta l  reac t i v i t y  w o r t h  o f  D- o r  C-bamk : 

1204 rnN. Assuming a l inear  reac t i v i t y    ins^%^ s%-~mri'E~~~ mwer t h e  

core  h e i g h t  o f  366 crn and a ve loc i ty  oiF Y mJis C& RCG4k m m w e m &  these 

values correspond t o  reac t i v i t y  raIias d 2.72 :mM m 3..ZP mfiIIi @W second. 

T h e  S-shaped reac t i v i t y  inser t ion  C I X W T ~ ~ ~ ~ ~ E  az-m.~ i$e eihm frorn 

tables 4-1 and 4-2. I t  fol lows an incr- skq.xe ihy 33 M m w  l..-SMi), T h e  

rnaximum possible reac t i v i t y  i nse r t5m mk 8?mm 33- mir C-&BF~ nt i s  

the re fo re  2.97 rnN/s o r  4.59 mN/s, 

lf t h e  reac t i v i t y  w o r t h  o f  al l  RCCA,; [mim 3.7i I%%& is -ed t o  

estimate t h e  rnaximurn reac t i v i t y  i 

a ra te  o f  33 mN/s 

I n  t h e  analysis o f  reac t i v i t y  i r i r% r r s m ~ 2  f i r n  U.,O to 

100.0 mN/s o f  inser t ion  ra tes  ?M -8 i i r n x ~ " 3 ~  

resu l ts  conf i rm t h a t  t h e  c h o s m  mge iis;ni 

reac t i v i t y  inser t ion  rates due  t o  simg'k~ ,RC:CAA m %XX5Xa-hR4 ~ e ~ i l f i x r r l l i s 7 ~ 1 ~ 1 l -  



ANALYSIS OF REACTIVI 'TY TRANS1 EN'TS IN IT IATED -- 
B Y  RCCA WITHDRAWAL 

In t h e  preceding chapter  t h e  character is t ic  Parameters o f  t h e  C-  and 

D-bank have been discussed. If t h e  postu lated RCCA bank  wi thdrawal  i s  

slow, t h e  local power dens i t y  d i s t r i bu t i on  can be  analyzed by stat ic  cal- 

culat ions o r  by rea l ly  t ime-dependent calculations. T h e  ef fects can be  

bes t  understood, when t h e  resu l ts  o f  bo th  t ypes  o f  calculations a re  com- 

pared.  Therefore, t h e  resu l ts  o f  s tat ic  solut ions a re  described next ,  

a f te rwards  t h e  r e s u l t  o f  t rans ien t  solut ions are  g i ven  and f i na l l y  t h e  

comparison i s  discussed . 

5.1 Stat ic  calculations f o r  a slow wi thdrawal  o f  C- o r  D-bank 

For  these analyses it i s  postulated t h a t  t h e  C-bank o r  t h e  D-bank i s  2/3 

of i t s  length  inserted, t h e  Boron concentrat ion i s  adjusted in such a way 

t h a t  t h e  reactor  core i s  c r i t i ca l  a t  nominal power. For  t h i s  condi t ion also 

Xenon equ i l ib r ium i s  assumed. 'The thermohydraul ic  boundary  condi t ion 

w i t h  respect  t o  coolant f low rate, i n le t  en tha lpy  and pressure  a re  also 

assumed t o  b e  a t  nominal values. From t h i s  in i t ia l  s tate it i s  postu lated 

t h a t  t h e  RCCA bank  i s  slowly removed. T h e  reac t i v i t y  addi t ion f rom 

RCCA wi thdrawal  wi l l  b e  compensated by t h e  negat ive feedback reac t i v i t y  

cont r ibu t ions  due  t o  t h e  in i t ia ted  power increase. A new steady state 

condi t ion i s  possible if c r i t i ca l i t y  i s  gained again. T h i s  new value o f  reac- 

t o r  power i s  calculated assuming t h a t  t h e  thermohydrau l ic  in le t  condi t ion 

i nc lud ing  Boron and Xenon concentrat ions a r e  k e p t  constant.  

These boundary  condit ions follow f rom t h e  assumption t h a t  no  addit ional 

act ions are  taken during t h e  t ime-period of RCCA wi thdrawal  and t h a t  

also t h e  increased power generat ion in t h e  core has no e f fec t  on  t h e  

coolant condit ions a t  t h e  core in let .  I f  an  increase o f  coolant temperature 

a t  core i n le t  i s  rea l ly  taken i n t o  account, t h e  resu l t i ng  reactor  power 

would be  lower due  t o  t h e  addit ional negat ive reac t i v i t y  feedback effects. 

T h e  resu l ts  f o r  t h e  two  banks o f  cont ro l  rods  a re  g i ven  in table 5.1-1 

and  5.1-2. 



Table  5.1-1 - 

Mean power values and power peaking fac tors  f o r  D-bank f rom 3 0  stat ic  

solut ions 

re la t i ve  ban k mean power 
inser t ion  

power peaking fac to r  
tota l  radia l  

abs. (w/cm3) r e l  . 

Tab le  5.1-2 

Mean power values and power peaking fac tors  f o r  C-hank f rom 3D stat ic  

solut ions 

re la t ive  ban  k mean power 
inser t ion  

power peaking fac tor  
tota l  radia l  

abs. (w/cm3) r e l  . 

These resu l t s  show t h a t  t h e  slow wi thdrawal  o v e r  1/3 o f  t h e  core he igh t  

of t h e  C- o r  D-bank leads t o  a power increase o f  27.6% o r  '18.0% respec- 

t i v e l y .  A f t e r  t h i s  power increase t h e  pos i t i ve  reac t i v i t y  inser t ion  due t o  

t h e  r o d  wi thdrawal  has been compensated b y  t h e  negat ive  feedback react i -  

v i t ies  f rom fue l  temperature and moderator temperature increase. 

T h e  deperldence o f  t h e  resu l ts  from bo th  tables i s  g raph ica l ly  presented 

in fig. 5.1 t o  5.4 f o r  t h e  D-bank and in fig. 5.5 t o  5.8 f o r  t h e  C-bank.  



If t h e  resu i ts  from table 4-1 and 5.1-1 as well as f rom table 4-2 and 

5.1-2 a re  combined, a power coef f ic ient  f o r  t h i s  t y p e  o f  events can b e  

estimated . 

'Table 5. '1 -3 

Relation o f  reac t i v i t y  i r iser t ion and cr i t i ca l  power f o r  t h e  D- and C-bank.  

re l  . ban k reac t i v i t y  reac t i v i t y  re la t ive  
inser t ion  

( I O - ~ )  

equivalent power increase 

( . Io -~)  

A power coef f ic ient  r' = Ap/AP% can be  def ined as ra t i o  o f  reac t i v i t y  
P 

change and corresponding percentage o f  power change. From t h e  calcula- 

t ions  fo l lowing values a re  determined 

f o r  C-bank (bank moved f rom 0.66 t o  0.33) 

f o r  D-bank = 1.935 . I O - ~  (0.66 t o  0.33) 
P 

r = 1.761 10 - 4 
(0.33 t o  0.20) 

P 

T'his coef f ic ient  allows t o  calculate t h e  power increase re lated t o  a cer ta in  
-1 

amount of inser ted  reac t i v i t y  f rom t h e  equation AP% = r A p .  B y  t h i s  
P 

re lat ion it i s  possible t o  extrapolate t h e  resu l ts  t h a t  were calculated f o r  a 

specif ied bank  conf igurat ion t o  o the r  reac t i v i t y  changes o f  t h e  reactor  

core. These specific power coefficients fo r  core condi t ions i nc lud ing  

re la t ive ly  deep inser ted  RCCA banks have h igher  values than  t h e  usua l ly  

def ined tota l  power coeff ic ient f o r  unrodded core condit ions. 

A n  overv iew o f  t h e  spatial power dens i t y  d i s t r i bu t i on  and i t s  changes due 

t o  bank  wi thdrawal  i s  g i ven  in a sequence o f  f i gu res  5.9-5.23. 



For  t h e  var ious  cases o f  bank  posit ion f o r  C- o r  D-bank:  

Case A RCCA bank 242.0 cm o r  0.66, 

Case B 182.9 cm o r  0.50, 

Case C 121.0 cm o r  0.33, 

Case D 73.2 cm o r  0.20 inserted, 

t h e  radia l  power dens i t y  d i s t r i bu t i on  in d i f f e r e n t  planes i s  shown. T'he 4 

planes a r e  regu la r l y  chosen w i th  a distance o f  75 cm and a re  numbered 

f rom t h e  bottom t o  t h e  t o p  o f  t t ie  reactor  core. T h e y  correspond t o  a 

distance f rom t h e  top  o r  a re la t ive  core length  (in comparison t o  t h e  

inser t ion  depth)  as fo l lowing 

plane 6 295.4 cm o r  0.808 

plane 9 220.4 cm o r  0.603 

plane 12 145.4 cm o r  0.397 

plane 15 70.4 cm o r  0.192 

'These fig. 5.9-5.23 shall b e  i l l us t ra t i ve  o f  t h e  power dens i ty  r e d i s t r i -  

bu t i on  as consequence o f  t h e  stepwise wi thdrawal  o f  t h e  RCCA banks.  

5.2 Trans ient  caiculat ions f o r  a RCCA wi thdrawal  

As an example f o r  t h e  fully space- and time-dependent behaviour  o f  t h e  

reactor  core, a wi thdrawal  o f  t h e  C-bank i s  analyzed. 

T h i s  bank  has t h e  h ighest  reac t i v i t y  wor th .  T h e  fo l lowing case i s  postu-  

lated. T h e  Same in i t ia l  condi t ion as f o r  t h e  stat ic  solut ions i s  assumed, 

i .e., t h e  g r o u p  i s  2/3 o f  i t s  length  inser ted.  Otherwise t h e  reactor  core  

condi t ions a re  chosen as nominal values. T h e  t rans ien t  i s  in i t ia ted  by a 

bank  wi thdrawal  ove r  1/3 of t h e  core length, because in t h i s  P a r t  o f  t h e  

reactor  core t h e  reac t i v i t y  inser t ion  character is t ic  reaches i t s  h ighest  

value. 

T h e  to ta l  reac t i v i t y  w o r t h  o f  545.5 mN f o r  t h i s  bank  movement cor res-  

ponds t o  d i f f e r e n t  reac t i v i t y  inser t ion  rates dependent on  t h e  speed o f  

withdrawal.  For  a speed o f  I cm/s t h e  wi thdrawal  ends a f te r  about  120 s 

and t h e  reac t i v i t y  inser t ion  ra te  would be  4.5 mN/s. 



For t h e  calculation a re la t ive ly  high speed o f  40 cm/s f o r  harik wi thdrawal  

i s  chosen, under  t h i s  condi t ion t h e  r o d  motion ends a f t e r  about  3 s and 

t h e  reac t i v i t y  inser t ion  ra te  corresponds t o  180 mN/s. 

For  t h e  reac t i v i t y  f a u l t  t rans ients  in t h e  PCSR and t h e  own t ransier i t  cal- 

culat ions w i t h  t h e  ALMOD-code a spectrum of  reac t i v i t y  inser t ion  rates 

from +3 mN/s u p  t o  +80 mN/s was analyzed. Thus,  t h e  space-time 

dependent  calculations are  representat ive f o r  a high reac t i v i t y  inser t ion  

rate.  

T h e  t ime-dependent behaviour  in t h e  mean i s  g iven in table 5.3-1, which 

describes t h e  t ime h i s t o r y  o f  neut ron f l u x .  

Table 5.3-1 

Time h i s t o r y  o f  mean neu t ron  f l u x  

t ime re l .  neu t ron  f l u x  

( s  

T h e  reactor  t r i p  f rom "high neu t ron  f l u x "  would be  in i t ia ted  a t  2.3 s, 

when t h e  l im i t  value 1.18 i s  passed. 

T h e  changes in t h e  radia l  and axial  power dens i ty  d i s t r i bu t i ons  a re  eva- 

luated in a series o f  f igures .  

These resu l ts  can be  summarized in t h e  fo l lowing way 

- D u r i n g  t h e  RCCA wi thdrawal  a s t rong  red is t r i bu t i on  o f  local power 

dens i t y  i s  occur ing  . 



- T h e  local increases a re  s ta r t i ng  and reach t h e i r  h ighest  values a t  

t h e  t ip o f  t h e  moving RCCA. B u t  it should be  noted t h a t  a t  t h i s  

location t h e  absolut  value o f  power dens i t y  i s  low. 

- T h e  maximum nuclear  power peaking fac tor  near ly  remains unchanged 

during t h e  t rans ient .  

- Though t h e  wi thdrawal  veloc i ty  was chosen v e r y  high, t h e  local 

power dens i ty  i s  a t  a l l  locations w i th in  t h e  l imits o f  s tat ic  power 

dens i ty  d i s t r i bu t i ons  t o  corresponding axial  RCCA posit ions. 

T h e  presentat ion and t h e  evaluat ion o f  resu l ts  a re  s t r u c t u r e d  as follows. 

T h e  time-deperident changes o f  axial power dens i ty  p ro f i les  during t h e  

r o d  wi thdrawal  t rans ient  a re  shown in series 1 and 2. For  comparison in 

series 3 a re  g iven axial  power dens i ty  p ro f i les  f rom stat ic  calculat ions t o  

specif ied posit ions o f  t h e  C-bank during t h e  wi thdrawal .  The  t ime- 

func t ions  a t  selected posit ions in t h e  reac tor  core a re  presented in t h e  

fo l lowing f igures .  

Series 1: 

Fig. 5.24 t o  5.32 show t h e  axial  power p ro f i l e  in a selected number o f  

radia l  posit ions during t h e  t rans ien t  a t  t ime-points o f  0.0 s, 2.0 s, 3.0 s, 

and 5.0 s. T h e  radia l  posit ions named by t h e i r  channel number are  

chosen in t h e  fo l lowing way, t h e  channel 1 i s  located in t h e  core Center 

(H/8), t h e  following channels are  located o n  t h e  diagonal d i rec ted t o  t h e  

ou te r  fue l  assembly (C/3), so channel 18 and 34 cor respond t o  ( G / 7 ) ,  

channel 50 and 66 t o  (F/6), channel 82 and 98 t o  (E/5) and channel 114 

and 128 t o  (D/4). 

T h e  location o f  t h e  RCCA's belonging t o  t h e  C-bank i s  (F/6), t h a t  i s  

channel 50 and 66, and (H/2) respect ive ly  (B/8).  Therefore in these 

radia l  posit ions t h e  greatest  changes o f  axial  power p ro f i l e  occur .  

T o  i l lus t ra te  t h e  notat ion a p i c t u r e  o f  t h e  core  f rom fig. 2 o r  3 should b e  

used . 



Series 2: 

T'he fig. 5.33 t o  5.34 show t h e  axial power pro f i le  in t h r e e  representat ive 

posit ions: t h e  core ceri ter (channel I), t h e  posit ion where t h e  C-bank i s  

moving (channel 50 and 66) and t h e  posit ion o f  maximum power dens i t y  

(channel 114 and 128) f o r  t h e  in i t ia l  state and during t h e  t rans ien t  a t  

5.0 s. A t  t h i s  t ime t h e  RCCA i s  no  longer moved, as it has reached t h e  

f i na l  posit ion o f  121.0 cm al ready w i th in  3s, b u t  t h e  pro f i les  show t h a t  

t h e  power dens i t y  red i s t r i bu t i on  i s  s t i l l  cont inu ing.  T'his can be  b e t t e r  

Seen by comparing these pro f i les  w i t h  t h e  n e x t  f i gu res .  

Series 3: 

T'he fig. 5.35 t o  5.37 p resen t  t h e  axial p ro f i les  f rom corresponding stat ic  

solut ions t o  t h r e e  d i f f e r e n t  values, 66%, 50% and 33% o f  inser t ion  dep th  a t  

t h e  Same posit ions as descr ibed before. These resu l ts  a re  taken f rom t h e  

calculat ions descr ibed in chapter  5.1, where t h e  power was increased t o  

g e t  c r i t i ca l i t y  again. T h u s  these stat ic  p ro f i les  can be  d i r e c t l y  compared 

t o  t h e  t rans ient  changes o f  t h e  power prof i les, no addit ional power 

normalization i s  necessary. 'T'he comparison o f  these stat ic  f igures  w i t h  

t h e  resu l t  o f  f i gu res  in serie 2 shows t h a t  t h e  t rans ien t  power dens i t y  

d i s t r i bu t i on  i s  s t i l l  approaching t h e  shape f rom t h e  steady state 

coridi t ions. T h e  stat ic  solut ions g i ve  a l imi t ing power dens i t y  d i s t r i b u t i o n  

f o r  t h e  RCCA wi thdrawal  t rans ient .  

In addi t ion t o  these axial  power dens i ty  p ro f i les  a re  shown in fig. 5.38 t o  

5.40 t h e  t ime-funct ions a t  selected radia l  posit ions f o r  a number o f  ne igh-  

boured axial nodes, i.e. f rom axial  plane 5 ( inser t ion length  320 cm) in 

equal distancies o f  25 cm t o  axial  plane 12 ( inser t ion length  145.4 cm). 

I n  channel 50 t h e  motion o f  t h e  RCCA occurs. T'he wi thdrawal  can be  

followed d i rec t l y .  T h e  r o d  t i p  a t  242.0 cm corresponds t o  node 8. T'he 

local power increase s ta r t s  f o r  node 7 and 8. D u r i n g  t h e  t ime o f  r o d  

wi thdrawal  w i t h  a cer ta in  t ime delay t h e  local power dens i ty  increases in 

t h e  fo l lowing nodes 9, 10, 11, and 12, when t h e  r o d  tip passes t h r o u g h  

these nodes. 'The wi thdrawal  o f  t h e  RCCA ends in plane 13. T h e  fo l lowing 

f i gu res  show t h e  t ime-funct ion in t h e  channels o n  t h e  diagonal t o  t h e  



ou te r  d i rect ion.  Channel 98 i s  d i r e c t l y  neighboured t o  t h e  rnoving rod,  

t h e  n e x t  on  diagonal i s  channel 98 which again i s  neighboured t o  chan- 

nel  114, where norrnally in t h i s  reactor  core design t h e  rnaxirnurn power 

dens i ty  occurs. For  t h i s  radia l  posi t ion (channel 114) i s  shown t h e  n o r -  

rnalized power dens i t y  d i s t r i bu t i on  in fig. 5.41. Cornparing t h e  increase o f  

rnaxirnurn local power dens i t y  o f  about  13% a f t e r  5s w i t h  t h e  increase o f  

rnean power dens i t y  g i ven  in table 5.1-3 o f  about  27% frorn stat ic  cal-  

culations, it follows again t h a t  these stat ic  d i s t r i bu t i ons  are  Iirnit ing power 

dens i t y  d i s t r i  but ions.  

5 . 3  Discussion o f  resu l ts  obtained by 3 D  - methods, 

T h e  invest igat ions f o r  t h e  RCCA wi thdrawal  based on stat ic  and t rans ien t  

3 0  reactor  core calculations can be  summarized in t h e  fo l lowing way. 

A l though  f o r  t h e  t ime-dependent analysis a f a s t  RCCA wi thdrawal  was 

postulated, equivalent  t o  a reac t i v i t y  inser t ion  ra te  o f  about  180 rnN/s, 

t h e  local neut ron f l u x  and cor respond ing ly  t h e  local power dens i t y  be- 

hav iour  showed no pecul iar  overshoot ing effects, because t h e  inser ted  

reac t i v i t y  i t se l f  i s  su f f i c ien t ly  below prompt  c r i t i ca l  values. Therefore,  f o r  

comparison a set o f  s tat ic  solut ions were analyzed, where t h e  power was 

increased together  w i t h  t h e  rernoved RCCA-bank t o  g e t  again c r i t i ca l  core 

condit ions. T h e  evaluat ion shows t h a t  these stat ic power dens i t y  

d i s t r i bu t i ons  are  envelopes f o r  t h e  possible changes o f  local power den- 

s i t y .  T h a t  wi l l  b e  t h e  case even more, if t h e  bank  wi thdrawal  occurs w i t h  

slower speed. Therefore,  t h e  resu l ts  f o r  t h e  radia l  and axial  power den- 

s i t y  d i s t r i bu t i ons  from t h e  detai led analysis o f  C-  o r  D-bank wi thdrawal  

can b e  taken as representat ive f o r  t h e  f u r t h e r  discussion o f  reac t i v i t y  

in i t ia ted  t ransients.  



Discussion o f  resu l ts  in view o f  t h e  h o t  channel analysis 

t o  determine t h e  minimum DNB-Ratio 

T h e  safety analysis o f  t ransients,  where t h e  overal l  p lan t  behav iour  i s  

studied, i s  completed by a h o t  channel analysis. As discussed in deta i l  

w i t h  t h e  ALMOD calculations /8/, t h e  most impor tant  parameters f o r  t h i s  

analysis are  t h e  h o t  channel fac tors  and t h e  specif ic assumptions upon t h e  

axial  power dens i ty  d i s t r i bu t i on .  

I n  t h e  h o t  channel approach has been used a to ta l  heat  f l u x  h o t  channel 

fac tor  F =2.32 and normalized axial  power dens i t y  d i s t r i bu t i ons  f o r  beg in  
Q 

of cyc le and end o f  cyc le condit ions as shown in fig. 5.42 respect ive ly ,  

b o t h  d i s t r i bu t i ons  have been taken f rom PCSR. These values and power 

d i s t r i bu t i ons  should be conf irmed b y  own 3D calculations. Results f o r  

BOC have been al ready discussed, t o  complete t h e  analysis a f u l l y  t t i ree-  

dimensional b u r n u p  calculat ion has been per formed w i t h  t h e  reactor  core 

model HYCA. The  calculated axial  power dens i t y  d i s t r i bu t i on  a t  EOC con- 

d i t ions  i s  shown in fig. 5.43 together  w i t h  t h e  axial p ro f i l e  a t  BOC. A 

comparison o f  axial power dens i t y  p ro f i les  f rom PCSR and own calculat ions 

i s  g i ven  in fig. 5.44. T h e  r e s u l t  shows a v e r y  good agreement f o r  BOC 

condit ions arid also t h e  d i f ferences f o r  EOC condit ions are  su f f i c i en t l y  

low. T h e  axial  power peaking fac tor  f rom PCSR which has been used in 

ALMOD calculations i s  1.35 f o r  BOC and 1.13 f o r  EOC respect ive ly .  'The 

corresponding values from HYCA calculations are  1.34 f o r  BOC and 1.17 

fo r  EOC condit ions. 

T h e  re lat ion o f  typ ica l  core condi t ions w i t h  respect  t o  t h e  tota l  heat  f l u x  

fac tor  2.32 has been g i ven  in chapter  4, where it was discussed t h a t  f o r  

t h e  unrodded core and a l l  condit ions o f  D-bank inser t ion  t h e  maximum 

local power dens i ty  o r  heat f l u x  inc lud ing uncer ta in ty  fac tors  i s  below t h e  

specif ied l imi t ing value. 

For  calculat ing DNB-rat ios t h e  wors t  condi t ions are  def ined, when t h e  

power dens i ty  o r  heat  f l u x  dens i t y  i s  high near t h e  t o p  o f  t h e  reactor  

core. A t  these posit ions t h e  qua l i t y  o f  coolant reaches t h e  h ighest  values 

and consequently t h e  c r i t i ca l  heat f l u x  reaches t h e  lowest values. 



T h e  axial  power p ro f i l e  f o r  end-of-cyc le condit ions bounds t h e  BOC 

distri 'butions. A n  addi t ional  d is turbance may b e  due  t o  Xenon nonequi l i -  

b r i u m  condit ions. B u t  f rom calculations analyz ing t h i s  e f fec t  it can b e  

concluded, t h a t  t h e  possible changes t o  BOC pro f i les  in t h e  u p p e r  core 

region w i l l  n o t  reach t h e  values o f  t h e  EOC pro f i le .  However, these e f -  

fec ts  have  t o  be  t a k e r ~  i n to  account also a t  EOC core condit ions. 

In t h e  ALMOD calculat ions it was assumed t h a t  t h e  tota l  heat f l u x  h o t  

channel fac tor  o f  2.32 i s  reached together  w i t h  t h e  axial  power dens i t y  

p ro f i l e  a t  EOC condit ions. T'he real is t ic  calculat ions g i v e  a reduct ion  o f  

t h e  axial  power peak ing fac tor  f rom 1.34 t o  1.17. T h i s  resu l t  should be  

inc luded in to  t h e  evaluat ion if f o r  cer ta in  cases t h e  DNB-l imi t  was 

reached, when t h e  EOC axial  power p ro f i l e  was used. 
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6. DISLUSSION OF RESULTS AND CONCLUSIONS 

T h e  reac t i v i t y  f a u l t  s t u d y  has t h e  aim t o  analyze t h e  reactor  core  be- 

hav io i l r  f o r  events due  t o  fa i lu res  in t h e  RCCA system. 

T h e  d i f f e r e n t  f a u l t  sequences 

- s ingle RCCA wi thdrawal  

- RCCA ban k wi thdrawal  

- RCCA ejection 

a re  analyzed in deta i l  by fo l lowing steps. 

As  fo r  t h e  safety cases w i t h  RCCA wi thdrawal  t h e  whole p lan t  behaviour  

must  be  simulated, t h e  t rans ien t  analysis code ALMOD was used. T h e  r e -  

su l ts  obta ined are  documerlted in /8/. T h i s  analysis i s  based o n  several 

specif ic model features.  T h e  reactor  core behaviour  i s  descr ibed by 

pointk inet ics.  Consequently, t h e  reac t i v i t y  inser t ion  ra te  f rom RCCA 

movements i s  descr ibed by reac t i v i t y  func t i on  tables and t h e  power den- 

s i t y  d i s t r i bu t i on  and i t s  changes a re  inc luded i n t o  t h e  h o t  channel ana- 

lysis,  which makes assumptions about  t h e  axial  power p ro f i l e  and t h e  

power peaking factors.  

T o  check t h e  main i n p u t  parameters of t h i s  analysis, it was decided t o  

pe r fo rm i r~dependent  calculations based on fully 3D simulations of t h e  

reac tor  core. 

T h e  resu l ts  o f  these calculations have been descr ibed in t h i s  repo r t .  

T h e y  a re  assigned t o  t h e  d i f fe rent  aspects of t h e  nuclear  core design and  

t h e  RCCA wi thdrawal  t rans ients  as fol lows 

1. Consistency check o f  t h e  nuclear  data and t h e  reactor  core  model 

2. Check o f  i n p u t  parameters used in ALMOD calculations w i th  respect  

t o  

- corre lat ion between reac t i v i t y  inser t ion  ra te  and RCCA 

movements 



- change of power dens i ty  d i s t r i bu t i on  due t o  s ingle RCCA move- 

ment o r  RCCA bank  wi thdrawal  

- representat ive axial  power dens i t y  p ro f i les  f o r  BOL and EOL 

condit ions respect ive ly  

3. Calculat ion o f  RCCA wi thdrawal  by f u l l y  3D methods. 

In a f i r s t  step t h e  nuclear  data, which have been independent ly  calcu- 

lated, have been ve r i f i ed  b y  comparison t o  basic nuclear  parameters g i ven  

in t h e  PCSR o f  Sizewell B .  The evaluat ion o f  representat ive power dens i t y  

d i s t r i bu t i ons  a t  BOL and EOL shows good agreement w i t h  deviat ions below 

3%. Also t h e  reac t i v i t y  wor ths  and cr i t i ca l  Boron concentrat ions agree 

well. As an example t h e  c r i t i ca l  Boron concentrat ion o f  Hot  Zero Power a t  

BOL, unrodded, 1307 ppm, i s  determined w i t h  a reac t i v i t y  deviat ion o f  

12 mN which corresponds t o  about 2 ppm. T h e  cr i t i ca l  Boron concentra-  

t i o n  o f  Hot  Fu l l  Power a t  BOL., unrodded,  equi l ibr ium Xenon is  calculated 

w i t h  30 t o  40 ppm di f ference.  From t h e  var ious  comparisons can be  con- 

c luded t h a t  t h e  own calculat ions based o n  independent ly  calculated nuclear  

data and t h e  reactor  core model QUABOX/CU BBOX-HY CA g ive  consistent  

resu l t s  f o r  t h e  reactor  core o f  Sizewell B .  

T h e  resu l ts  o f  3D calculat ions o f  reactor  core condit ions re lated t o  t h e  

input parameters o f  t h e  reac t i v i t y  t rans ien t  analyses by t t ie  p lan t  model 

A L-MOD conf  i rmed 

1. t h a t  t h e  rates o f  reac t i v i t y  inser t ion  taken i n t o  account in t h e  

ALMOD and PCSR are  greater  t h a n  t h e  pred ic ted values by t h e  

QUABOX/CUBBOX analysis and 

2. t h a t  t h e  h o t  channel fac tors  and t h e  axial  power pro f i les  used in t h e  

safety analysis are  I imi t ing values. 

T h e  representat ive calculat ion of a RCCA wi thdrawal  us ing  t h e  fully 3D 

reactor  core model i nc lud ing  t h e  local feedback ef fects f rom a paral lel  

coolant channel model g ives  n o  indicat ion t h a t  local ly h ighe r  power dens i t y  

values are  reached, t h o u g h  a re la t ive ly  h i g h  reac t i v i t y  inser t ion  ra te  was 

anal yzed . 

T h e  analysis o f  f a s t  r o d  ejection t rans ients  w i l l  b e  analyzed in t h e  n e x t  

s tep o f  t h i s  pro ject .  
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FIGURES 

2.1 - 2.5 Radial Power Distr ibut ions near BOL 

2.6 - 2.9 Comparison of Radial Power Distr ibut ions near BOL 

2.10 - 2.12 Radial Power Distr ibut ions near EOL 

2.13 - 2.16 Comparison of Radial Power Distr ibut ions near EOL 



State: near BOL, unrodded Core, 
Hot Full Power, no Xenon 

f r o m  PCSR f ig 4.3/6 

Fig. 2.1 Radial Power Distribution 



State: near BOL, unrodded Core, 
Hot  Full Power, Eq. Xenon 

f r o m  PCSR f ig 4.3/7 

Fig. 2.2 Radial Power Distribution 
JFIA 



State: near BOL, D-bank 28% in, 
Hot Full Power, Eq. Xenon 

f r o m  PCSR f ig 4.3/8 

Fig. 2.3 Radial Power Distribution 
JFI B 



State: near BOL, unrodded Core, 
Hot Full Power, Eq. Xenon 

IKE Calculation 

Fig. 2.4 Radial Power Distribution 



State: BOL, unrodded Core, 
Hot Full Power, Eq. Xenon, cri t .  Boron 

Q U A B O X / C U B B O X , M O ~ ~ = ~  

Fig. 2.5 Radial Power Distribution 









(I) 



State: near EOL, unrodded Core, 
Hot Full Power, Eq. Xenon 

f r o m  PCSR fig 4.3/10 

Fig. 2.10 Radial Power Distribution 
JFlAE 



State: near EOL, unrodded Core, 
Hot Full Power, Eq. Xenon 

IKE Calculation 

Fig. 2.1 1 Radial Power Distribution 



State: near  EOL, unrodded Core, 
Hot  Full Power, Eq. Xenon 

Q U A B O X / C U B B O X , M O ~ ~ = ~  

Fig. 2.1 2 Radial Power Distr ibut ion 



Difference 
QUABOX/CUBBOX - PCSR 

State: near EOL, unrodded Core, 

Hot Full Power, Eq. Xenon 

Fig. 2.1 3 Comparison o f  Radial Power Distribution 

QUABOX/CUBBOX vs. PCSR 
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FIGURES 

3.1 - 3.7 Radial Power Distr ibut ions a t  BOL, 

Hot Zero Power, f o r  Various lnserted 

RCCA Configurat ions 

3.8 - 3.10 Radial Power Distr ibut ions a t  BOL, 

t iot  Ful l  Power, f rom 2D Caiculations 

3.11 - 3.14 Radial Power Distr ibut ions a t  BOL., 

Hot Zero Power and Hot Ful l  Power, 

f rom 3 0  Calculations 



State: BOL, unrodded Core, 
Hot  Zero Power, no Xenon 
QUABOX/CUBBOX, 2 D  

Fig. 3.1 Radial Power Distr ibut ion 



State: BOL, B-Bank inserted, 

Hot  Zero Power, no  Xenon 

QUABOX/CUBBOX, 2D 

Fig. 3.2 Radial Power Distr ibut ion 
JFM 



State:  BOL, C-Bank inserted, 

Hot  Zero Power, no  Xenon 

Fig. 3.3 Radial Power Distr ibut ion 



State: BOL, D-Bank inserted, 

Hot Zero Power, no Xenon 

QuABOX/CUBBOX, 2 D  

Fia. 3.4 Radial Power Distribution 



State: BOL, C+D-Bank incerted, 

Hot Zero Power, no Xenon 

Fig. 3.5 Radial Power Distribution 



State: BOL,B+C+D-Ban k inserted, 

Hot  Zero Power, no Xenon 

Fig. 3.6 Radial Power Distr ibut ion 



State: BOL, all rods inserted, 

Hot  Zero Power, no Xenon 

QUABOX/CUBBOX, 2 D  

Fig. 3.7 Radial Power Distr ibut ion 



State: BOL, unrodded Core, 1 307ppm 
Hot Full Power, no Xenon 
QUABOX/CUBBOX 

Fig. 3.8 Radial Power Distribution 



State: BOL, unrodded Core, 1 307ppm 
Hot  Full Power, Eq. Xenon 
QUABOX/CUBBOX 

Fig. 3.9 Radial Power Distr ibut ion 



State: BOL, unrodded Core, crit.Boron 

Hot Full Power, Eq. Xenon 

~ u ~ ~ o x / c u ~ s o x  

Fig. 3.1 0 Radial Power Distribution 



State: BOL, unrodded Core, 1 307ppm 
Hot Zero Power, no Xenon 
QUABOX/CUBBOX, 3~ 

Fig. 3.1 1 Radial Power Distribution 

JFAl 



State: BOL, unrodded Core, 1307ppm 
Hot Full Power, no Xenon 
QUABOX/CUBBOX, 30 

Fig. 3.1 2 Radial Power Distribution 



Stute: BOL, unrodded Core, 1307ppm 
Hot Full Power, Eq. Xenon 

Fig. 3.1 3 Radial Power Distribution 



State: BOL, unrodded Core, cri t .  Boron 
Hot Full Power, Eq. Xenon 
QUABOX/CUBBOX, 3 D  

Fig. 3.14 Radial Power Distribution 



FIGURES 

4.1 - 4.6 Radial Power Distributions a t  BOL, 

Hot Full Power, Stepwise Inserted D-bank 



State: BOL, D-bank characterist ic 

Hot Full Power, Eq. Xenon 
D-bank 0 x inserted 

Fig. 4.1 Radial Power Distribution 

JFBl 



State: BOL, D-bank characteristic 

Hot Full Power, Eq. Xenon 

D-bank 20 inserted 

Fig. 4.2 Radial Power Distribution 



State: BOL, D-bank characterist ic 
Hot  Full Power, Eq. Xenon 
D-bank 33 inserted 

Fig. 4.3 Radial Power Distribution 



State: BOL, D-bank characterist ic 

Hot Full Power, Eq. Xenon 

D-bank 66 inserted 

Fig. 4.4 Radial Power Distribution 



State: BOL, D-bank characterist ic 
Hot Full Power, Eq. Xenon 
D-bank 80 s. inserted 

Fig. 4.5 Radial Power Distribution 



State: BOL, D-bank character ist ic 

Hot Full Power, Eq. Xenon 

D-bank 100 % inserted 

t ig. 4.b Kadial Power Uistribution 



F I G U R E S  
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5.1 - 5.4 Character is t ic  Values f o r  a 

D-bank Withdrawal 

5.5 - 5.8 Character is t ic  Values f o r  a 

C-bank Withdrawal 



















5.9 - 5.16 Power Density Distributions fo r  

D-bank l nsertion 



Fig. 5.9 Power density distribution for D-bank insertion 



F i g .  5.10 Power d e n s i t y  d i s t r i  b u t i o n  f o r  D-bank i n s e r t i o n  



Fig. 5.11 Power density distribution for D-bank insertion 



Fig. 5.12 Power density distribution for D-bank insertion 



Fig. 5.13 Power density distribution for D-bank insertion 

SZW-B. RCCA bank D 721.0 cm inserted 

Case B, plane 6 
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Sm-B, RCCA bank D 242.0 cm inserted 

Case A, plane 9 

Fig .  5.14 Power density distribution for D-bank insertion 



Case B, plane 12 

SZW-B, RCCA bank D 242.0 cm inserted 

Case A, piane 12 

F ig .  5.15 Power d e n s i t y  d i s t r i b u t i o n  f o r  D-bank i n s e r t i o n  



Fig. 5.16 Power density distribition for D-bank insertion 

SZW-B, RCCA bank D 182.9 c m  inserted 

Sm-B, RCCA bank D 242.0 n inserted 

Case A, plane 15 



FIGURES 

5.17 - 5.23 Power Densi ty Dis t r ibu t ions  for 

C-bank Inser t ion 



N 

Fig. 5.17 Power density distribution for C-bank insertion 



F i g .  5.18 Power d e n s i  t y  d i s t r i  b u t i o n  f o r  Crbank i n s e r t i o n  



Fig. 5.19 Power density distribution for C-bank insertion 



Fig. 5.20 Power density distribution for C-bank insertion 

SZW-B, RCCA bank C 182 9 cm inse~ted 

Case B, plane 6 

SZW-B RCCA b a d  C 242.0 cm inserted 

Case A, plane 6 



Case B, plane 9 

Case A, plane 9 

Fig. 5.21 Power density distribution for C-bank insertion 



SZW-B, RCCA bank C 121 0 c m  inserted 

Case B, plane 12 

Case A, plane 12 

F i g .  5.22 Power d e n s i t y  d i s t r i b u t i o n  f o r  C-bank i n s e r t i o n  



--- 

Sm-B, RCCA bank C 121.0 m inserted 

SZW-B. RCCA b a d  C 782 9 crn inserted 

Case B, plane 15 

Fig. 5.23 Power density distribution for C-bank insertion 



5.24 - 5.32 Ax ia l  Power Dens i ty  D is t r i bu t i ons  during 

C-bank Withdrawal in D i f f e r e n t  Fuel Assemblies 
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FIGURES 

5 . 3 3  - 5.34 Axia l  Power Dens i ty  Prof i les d u r i n g  

C-bank Withdrawal f rom Trans ien t  Calculat ion 

5.35 - 5.37 Axia l  Power Dens i ty  Prof i les f o r  D i f f e ren t  

C-bank Posit ions f rom Stat ic  Calculations 



F i g .  5 . 3 3  









SZW-B, C-bank 121.0 znserted, steady state 



FIGURES 

5.38 - 5.40 Time Functions o f  Power Density 

in Di f ferent  Fuel Assemblies 

Time Functions o f  Normalized Power Density 

a t  the  Position o f  Maximum Power 
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FIGURES 

5.42 - 5.44 Typ ica i  Axia l  Power Prof i les used in 

ALMOO Calculations o r  Calculated by 

QUABOX/CUBBOX 
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