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NRF BENCHMARK PROBLEM 1980 

A control rod ejection accident was chosen as the NRF 

benchmark problem 1980. 

In the control rod ejection transient all the submodels of 

reactor dynamics program, namely neutronics, heat transfer 

model in the fuel and hydraulics, are efficiently utilized 

The reactor model in this benchmark problem describes the 

real behaviour of subsystems but it does not correspond to 

any true reactor. 

The calculation is made by one-dimensional reactor dynamics 

program with one average flow channel and one fuel rod. The 

reactor is a pressurized water reactor. The pressure of the 

reactor is 150 bar and the total thermal power is 3000 MW. 

Transient 

In the stationary state there is one top control rod in the 

core. At time t - 0. it is ejected. Later the shut down is 

inititated and the top control rods are inserted into the 

core. The calculation of the transient is finished at time 

t = 10 seconds. 



Geometry 

H e i g h t  o f  t h e  core 2 .5  m 

T o t a l  c r o s s - s e c t i o n a l  a r e a  1 4  m2 

T o t a l  c r o s s - s e c t i o n a l  area 

p e r  t o t a l  c r o s s - s e c t i o n a l  

area o f  t h e  f u e l  3.4266 

F u e l  r o d :  

O u t e r  r a d i u s  o f  t h e  c l a d d i n g  0.455 c m  

T h i c k n e s s  o f  t h e  c l a d d i n g  0.065 c m  

R a d i u s  o f  t h e  f u e l  p e l l e t  0 .3775 c m  

Flow area i n  t h e  c o r e  

p e r  o n e  f u e l  r o d  0.69 cm2 

T o t a l  number o f  t h e  f u e l  r o d s  91260 



Neutronics 

Two-group diffusion theory 

5 axial regions with different fuel compositions, the height 

of each region 0.5 m 

Doppler feedback of the average fuel temperature is of the 

form: 

Moderator density feedback is of the form: 

Fast and thermal absorption cross sections of control rods 

' c R ~ ~  = 0.006769 l/cm 

Neutron velocities 

-8 l/vl = 5.3-10 s/cm 

l/v2 = 2.55.10-~ s/cm 

TABLE 1 Cross sections and feedback coefficients 

Bottom of core 

region 1 

2 

3 

4 

5 

Top of core 

Whole core: 

coefficient a 

coefficient b 



T o t a l  power o f  t h e  r e a c t o r  3000 MW 

Average  number o f  n e u t r o n s  

p roduced  p e r  f i s s i o n  2.6 

Prompt e n e r g y  release p e r  f i s s i o n  330 10 
-13J 

N o  d e l a y e d  e n e r g y  r e l e a s e  

TABLE 2 Delayed  n e u t r o n s  

Groups  Decay c o n s t a n t  F r a c t i o n  o f  t o t a l  f i s s i o n  

( l / s )  n e u t r o n  number 

Boundary c o n d i t i o n  p a r a m e t e r s  o f  t h e  core: 

R a d i a l  b u c k l i n g  

a t  t o p  and b o t t o m  r e f l e c t o r s  



TABLE 3 Control Rods 

Ejected rod Shut down rods 

Insertion in stationary state 1. m 0. m 

The beginning time of the rod 0. s 1.5 s 

motion 

The end time of the rod motion 0.05 s 7.75 s 

Velocity of the rod - 20 m/s 0.40 m/s 

Insertion at the end of the 0. m 2.5 m 

transient 

Ak, rod in/rod out 0.00928 0.060 

Absorption cross section 0.015 0.060 

coefficient calculated 

by TRAWA 

The absorption cross sections of the control rods are 

multiplied by the absorption cross section coefficients given 

in the Table 3. 



Heat t r a n s f e r  i n  f u e l  r o d  

R a d i a l  t h e r m a l  c o n d u c t i v i t y  

o f  f u e l  p e l l e t  0.0357 W/Kcm 

o f  c l a d d i n g  0.215 W/Kcm 

A x i a l  c o n d u c t i v i t i e s  

Thermal  c a p a c i t y  

o f  f u e l  p e l - l e t  

o f  c l a d d i n g  

The t h e r m a l  r e s i s t a n c e  o f  t h e  g a s  gap:  

a v e r a g e  f u e l  t e m p e r a t u r e  g a s  g a p  t h e r m a l  r e s i s t a n c e  

( K )  ( K C ~ ~ / W )  

400.  5 .  

800 .  5 .  

1400 .  0.5 

3000.  0.5 

97% o f  power is r e l e a s e d  u n i f o r m l y  i n  f u e l  p e l l e t  

3  % o f  power is r e l e a s e d  i n  c o o l a n t  



Hydraulics 

System pressure at the core inlet 150 bar 

Coolant inlet temperature 575 K 

Total inlet mass flow 15000 kg/s 

Equivalent hydraulic diameter 

of the core channel 0.9 cm 

Friction coefficient 

of the core channel 1.9 l/m 

The pressure balance in the dynamic state is determined by 

-4 -4 .. Ap - Ap0 = -4-10 ( r i~  - 61 ) - 7'10 m 
0 

where 

Bp = pressure loss over the core (bar) 

= total mass flow (kg/s) 

X = total mass flow acceleration (kg/s2) 

Subscript o means stationary values 

Recommended hydraulic submodels in this benchmark problem: 

Non-equilibrium model, subcooled or superheated water and 

saturated steam 

Evaporation and condensation model like RAMONA 11, 

bulk boiling rate: 

Slip ratio: Bankoff-Jones 

Two-phase friction multiplier: Thorn 

$2 = 1+ 7.8YX + 0.683X 2 

Heat transfer: Dittus-Boelter and Jens-Lottes 



R e s u l t s  

AS a  f u n c t i o n  o f  t h e  t i m e :  

- t h e  t o t a l  power o f  t h e  r e a c t o r  

- t h e  t o t a l  h e a t  t o  c o o l a n t  

- t h e  e x c e s s  r e a c t i v i t y  

- t h e  c o o l a n t  t e m p e r a t u r e  a t  t h e  o u t l e t  o f  t h e  core 

- t h e  v o i d  f r a c t i o n  and  t h e  s t e a m  q u a l i t y  a t  t h e  o u t l e t  

o f  t h e  core 

- t h e  f u e l  c e n t e r  t e m p e r a t u r e  and t h e  a v e r a g e  f u e l  

t e m p e r a t u r e  a t  t h e  h e i g h t  1 .75  m f rom bo t tom o f  t h e  core 

The a x i a l  d i s t r i b u t i o n s  t i m e  ( 5 )  

- f a s t  and  t h e r m a l  n e u t r o n  f l u x e s  O . ,  0 . 0 5 ,  l . ,  1 0 .  

- mean f u e l  t e m p e r a t u r e  O . ,  1. 

- c o o l a n t  t e m p e r a t u r e  O., 1. 

- v o i d  f r a c t i o n  1. 

Maximum v a l u e  and  i t s  t i m e  ( and  p o s i t i o n )  

- t o t a l  n e u t r o n  power 

- t o t a l  h e a t  t o  c o o l a n t  

- r e a c t i v i t y  

- h e a t  f l u x  

- f u e l  t e m p e r a t u r e  

- o u t l e t  steam q u a l i t y  

- mean v o i d  f r a c t i o n  
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NRF BENCHMARK PROBLEM RESULTS OF FINLAND 

The benchmark problem is calculated by program TRAWA 

1 2 3  The input values specified in the problem 

definition /4/ are used in the calculation. 

The main results are presented as functions of time 

in figures 1-12. The axial distributions asked for in 

the problem are in figures 13-19. In the figures 20-23 

the development of the axial relative power distribution 

is presented in the course of the transient. The maximum 

values of different entities during the transient and 

in the stationary state are in Table 1. 



The solution methods 

In TRAWA calcul.ation the reactor core is axially divided 

into 40 equal mesh intervals. Radially the heat transfer 

in fuel is calculated with 4 coaxial zones in the fuel 

pellet and 1 zone in the cladding. The central zone has 

a width three times the width of the others, and the 

temperature distribution in it is parabolic. In the time 

discretization of the heat conduction equations the 

central point difference formula is used. 

The time discretization in neutronics is performed with the 

spectral matching method W 11' The hydraulic conservation 

equations are discretized with space- and time-dependent 

9-method, in which the 9-parameter is individually selected 

for each time step and each mesh point. Now the truncation 

errors remain near those of the central-point difference 

formula, but the oscillations typical for it are avoided. 

The time-steps are chosen automatically during the transient 

and the lengths of them cover the range from 0.001 to 0.5 

seconds. The aimed relative changes of the neutronic power 

during the time-steps are 0.1. 

The convergence of the solution 

When the amount of axial mesh points was decreased to 21, 

the power peaks increased 1.5% and the mean temperature 

rise of fuel increased 2.7%. The use of only 11 mesh 

points axially caused oscillations in hydraulics during the 

maximal steam generation and they interrupted the calculation. 

The use of 9 mesh points in fuel pellet instead of 5 

decreased the maximum of the heat flux 1.5% but increased 

the mean temperature rise of the fuel 0.7%. The neutronic 



fission power peak remained the same. When only 3 mesh 

points were used in the fuel pellet, the time behaviour 

of the fuel center temperatures was changed. 

The use of the central point difference formula in the 

discretization of the hydraulic equations caused oscillations 

already before the neutronic fission power peak occurred, 

and the calculation was interrupted at the time 0.043 seconds 

In neutronics the central point difference formula gave 

results which differed less than 0.5%, when the aimed 

relative changes were 0.1 during the time steps. The use 

of-fully implicit discretizations in any phenomena under- 

estimated the transient, but the differences remained 

smaller than 10% when the aimed relative changes 0.1 and 

21 axial mesh points were used. 

Some consistency between the discretization in different 

phenomena was required, e.g. the use of the fully implicit 

discretization in hydraulics or neutronics and the central 

point difference formula in fuel heat transfer caused bad 

oscillations interrupting the calculation, if only 21 axial 

mesh points were used. 

The choice of discretizations is important in order to get 

the calculation accomplished, but the results of different 

successful methods do not differ very much during the 

transient, and the final state of the reactor core is the 

same in all the calculations. 

The use of constant time steps during the transient did not 

change the results. When the number of time steps was 

changed from 119 to 47 by varying the aimed relative changes 

from 0.1 to 0.4 and using 21 mesh points the results 

differed only l.ittle,the maximum value of the heat flux -2% 

and the mean temperature rise of the fuel -4%. 



The computing time 

The computer Univac 1108 was used. The calculation 

consumed 180 seconds of computing time of which 160 

seconds was CPU time. Then 119 time steps were taken and 

very abundant output was received. 

When the amount of axial mesh points was decreased to 21 

and the aimed relative changes were 0.4 during the time 

steps, only 60 seconds of computing time were consumed 

of which 50 seconds was CPU time. Only 47 time steps were 

taken, but the results were nearly the same. 
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Table 1. Maximum values during the transient and in the stationary state 

total neutron power 

total heat to coolant 

reactivity 

heat flux 

whole core average temperature 

fuel center temperature 

average fuel temperature 

outlet steam quality 

outlet void fraction 

mean void fraction 

outlet mass flow 

maximum 

value 

77000 MW 

5440 MW 

5360 MW 

0.0082 

120 ~/cm* 

963 K 

1194 K 

1030 K 

0.056 

0.25 

0.063 

21100 kg/s 

time 

0.07 s 

0.08 s 

0.135 s 

0.05 s 

0.125 s 

0.115 s 

0.16 s 

0.115 s 

0.36 s 

0.36 s 

0.28 s 

0.113 s 

position 

- 
- 
- 
- 
1.75 m 
- 
1.75 m 

1.75 m 

2.5 m 

2.5 m 
- 
- 

stationary 

value 

3000 MW 

3000 MW 

3000 MW 

0.0 

54.3 W/C& 

885 K 

1090 K 

915 K 

0 

0 

0.001 

15000 kg/s 

position 

- 
- 
- 
- 
0.69 m 
- 
0.69 m 

0.75 m 

2.. 5 m 

2.5 m 
- 
- 
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Fig. 1. EXCESS REACTIVITY OF THE CORE 
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Fig. 2 .  EXCESS RERCTIVITY OF THE CORE 
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Fig. 4 .  T O T A L  NEUTRONIC  F I S S I O N  POWER (HW) 
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Fig. *. WRTER TEUPERRTURE AT THE CORE OUTLET t K 1  
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F i g .  9.  V O I D  FRRCTlON RND STERN QURLl'TY AT THE CORE OUTLET 
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Fig. 1 0 . C O R E  RVERRGE VOID  FRRCTTON RND CORE AVERRGE COOLRNT DENSITY  (KG/DN3)  
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Fig. 11. PRESSURE LOSS OVER THE CORE (BAR) 
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Fig. 13. THE FlXIAL DISTRIBUTIONS OF THE NEUTRON FLUXES IN THE STRTIONRRY S T A T E  
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Fig. 14'. THE A X I f l L  D I S T R I B U T I O N S  OF THE NEUTRON F L U X E S  RT  THE T I N E  0.05 SECONDS 
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F i g .  1 5 .  T H E  A X I A L  D I S T R I B U T I O N S  OF T H E  NEUTRON F L U X E S  A T  THE T I R E  1.0 SECOND 
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F i g .  16. THE AXIRL DISTRIBUTIONS OF THE NEUTRON FLUXES AT THE TIME 10.0 SECONDS 
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Fig. 21.THE DEVELOPMENT OF THE A X I A L  R E L R T I V E  POWER DISTRIBUTION 

DURING THE GENERRTION OF STEAM I N  THE CORE 
T:MFC n.n51+1 n.nq4IX1 0.113(*) 0.125(01 0.16[0) A N D  0 .289(Y)  SECONDS 



LC3 
i,. -. 

I;. , . , 
... , . 

-: 

,. . . 
, 

NRF BENCHNRRK 1980 CC@R@ ROD E J E C T I O N  R C C I D E N T  - CHLCULRTED BY TRRWR a 
0 

t- 
r. 

0 
W *- 
2' 
- 0  
I- - 
CI: 
-I 
W O  
w ~ -  

0 "  
m - 
X 0 + 2 I I I I I I I I I I I I I I I I I I I 1 

0 .OO 0.25 0 .SO 0.75 1 .OO 1.25 1.50 1.75 2.00 2 -25 2.50 
H E I G H T  FROM THE CORE BOTTOM I M )  

DRAW VTT/YOI 301080 

c : 
G. 

Fig. 22.THE DEVELOPMENT OF THE R X I R L  R E L A T I V E  POWER D I S T R I B U T I O N  FROM THE T I M E  
OF MRXIMAL  V O I D  F R R C T I O N  I N  THE CORE TO THE B E G I N N I N G  OF THE SHUT DOWN 
T ~ M F ~  n . P f i q ( + l  f l . 7 7 9 [ X )  l .O l r1  RND 1 . 5 I 0 )  SECONDS 



NRF BENCHMRRK 1900 CO@R@ ROD E J E C T I O N  R C C I D E N T  CRLCULRTED BY TRAWR ;r, 

02;- 
0 
m - 
X 0 + g I I I I I I I I I I I I I I I I I I I 1 

0 .OO 0.26 0.60 0 -76 1 .OO 1.26 1 .60 1.76 2.00 2 -25 2 -50 
H E I G H T  FROM THE CORE BOTTOM ( M I  

DRAW VTT/YDI 301080 

Fig. 2 3 . T H E  DEVELOPMENT OF THE R X I R L  R E L R T I V E  POWER D I S T R I B U T I O N  
F'ROM THE B E G I N N I N G  OF THE SHUT DOWN TO THE END OF THE T R A N S I E N T  
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