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Yongin P.O. Box 25~ Kyungki-Do, 449-800, Korea 

ABSTR.\CT 

A computer code for solving the 1hree-dimensional reactor neurronic transient problems by a coupled 
reactor kinetics method recently derived has been de-.,·eloped and for eva/uariong ilS applicability applied 
to J-D kinetic benchmark. problems. The performance of the method and code has been compared with 
the resulls by 1he computer codes employjng the direct fine and coarse mesh me1hods. 

J. 1~"TR.0Dt"CTIO'.'-

The anaiysis of power distribution under normal transient operation as well as accident conamons in 
large power reactors often requires the use of detailed space-time neutron diffusion calculations. 
Especially in CA}:Dl.: reilctor. the information of zonal power behaviors during nonnal operation is 
imponant for reactor reguration. Effons have been directed toward the use and development of 
multi-dimensicnal few group transient diffusion programs. However. in large power reactors. full 3-D 
analysis by directly solving the neutron diffusion equation requires large computing time even with 
modem high speed computer. Therefore. simpl~ methods requiring small cor.1puting time have been tried 
and developed. The coupled reactor kinetics method: chosen in this work belongs to such category . 

Principle objective of this work is to make a 3-D neutronic model for simulator which fast computing 
time as possible js d~sirable and aimed at developing a model providing reliable solutions to rele,,ant 
problems. The multi-point kinetics method1 of the coupled reactor theory recently derived has been 
chos~ and a pro~rJ.m developed. and for evaluating its efficiency in ·simulator neutronic-rnodel tested with 
lhe t)·pical 3-D kinetics benchmark problems=·:;. 

Model equations are exact kinetic equations for fission sources in the multi-coupled regions or reactors 
with si=t delayed neutron precursor groups. The benchmark problems chosen are typical L \\"R and 
CANDU reactor transient problems with asymmetric reactivity insertions. In Section 2. the model 
equations are briefly described. in Section 3, the computational procedure is describe~ and in s~ction 4 
and 5. the test results and some conclusions are given. 

1. \lO0EL DESCRIPTlO'.\ 

The model in the reference' is briefly described. The derivation of the coupled reactor kinetic method 
begins with the timc-o:pendent multi-group diffusion ~quations for perrurbed system with delayed neutrons~ 

_L c¢.i r, t) 

z.:~ at 
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and 

a Cl r, t) .J._ ( ( 
at = ko 13T ¢,1 r, t) - A,C; r, t). (2) 

Here A' and B"' are the removal and prompt fission operators involving the perturbation. SA and 6F, 
respectively. and given by 

A·t/J,(r.t) = (A+o.4),,(r, t) 

= { - V • D6 ( r, t) V + I,i r, t)} ¢,i r, t) - LI1,·-.g( r. t) ¢1·( r, t) 
z 

(3) 

and 

(4) 

11 
11 
7I 

In the coupled re:ictor kinetics method
1 

t inhomogeneous importance functions for unperturbed system as ,:.-:·: 
given by £q. (5) below are used. 

.,;. 

A •c,,,z( r) 

{S) 

where G,,._Jr) denotes the importance function for group g and a region (or re:ictor) m of N regions {or ··I 

reactors) system, and o,,,(r1 is defined such that S"'fr,1 = I when r e V,,, and o,,,(r) = 0, elsC\\here. 

Applying the adjoint oper:ltor to the time-dependent multi-group diffusion equation, (l) \'liith th~ 
functions introduced. G .... /rJ. we obtain the multi-poinc kinetics equations for the fission densities S ... lrJ ) 
wilh some parameters dd..ned as follows: 

/ ( ) 
dS '"( t} 

'" t dt 
\.' 

= - { 1 - L],i?:(t)} S m(t) + L Lk;n:"(t) A ;C :11 ( t) 
"=- l r 

± [ ..Lk {1- /3,r,n(t) }/?,,,,,( t) - L1k;nCt)] Sn( t). 
n=l o 

(6) 

Here. II' "'"ff) and l,,,.,.(tJ are defined as the time depend;nt coupling coefficients bem·een regions m and n 
for prompt and i-th group delayed neutrons, and 1k .,,(t) and !::J/"',,(r) are the direct changes of the 
coupling coefficients due to the perrurbation of oA and oF, respectively. The /.,(r) and /J,.,"(t) are the 
neutron generation time and delayed neutron fraction for i-th group. respectively. These parameters are 
defined by weighting with the inhomogenious importance function G,.,~.(rJ and neutron flu.x Q/r.t). Th~ 
coupling coefficients, JI' "'"(t) and k",,,,,.(t) mean the rate that a neutron born in region n produces fission 
neutrons in region m in the next generation, and their change is caused by L'ie indirect change of flu.x 
distributions. 

Integr::iting the precursor equation (::?) over the volume of a region m, V,,,. we obtain the equations for 
the precursor densities C,,,.(t) of the delayed r.eutrons; 

(7) 

The S,.,,(t) and Cm(t) in Eqs. (6) and (7) are defined as 
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S,.,( t) - J drF' ¢ir, t) v. (8) 
3nd 

Cj,,,(t) = J drC,{ r, t). v. (9} 

'When we choose the number of regions or reactors equal to one, i.e., N= 1, the system becomes the 
conventional kinetics equations for one-point reactor. These multipoint kinetics equations can be regarded 
as the generalization of the conventional point kinetics equations. Now, Eqs. (6) and (i) can be solved 
by finite difference implicit scheme, Runge-Kuna methods, etc . 

l. '.\10DEL l'.\IPLE.:\1£:0,-TATIO'.\ 

A computer code has been developed using the model equations described in Section 2. 
compuurionaJ procedure is outlined. 

The 

( 1) Time-independent steady st.:ite multi~oup diffusion equation is solved for neutron flux distribution ¢11 

in the fine mesh domain of reactor core by the finite difference technique with the successive 
over-relaxation and cyclic Chebyshev acceleration. Correspondingly, the steady st.?,e precursor 
concentrations. C. are evalu,ued in the same fine mesh domain. 

(.?j The steady state fission and precursor densities for each of X regions. S .. 10) and C,.,(0) a.re evaluated 
using the fine mesh flux and pre:;.irs.or concentr:itions. 

(3) The inhomogeneous importance funccions. G .... ,lr) for each of ~ regions are calcula:ed by solving Eq. 
(5"i in the fine mesh domain. 1',;me the equ.:1tior: system used is a fixed source i:-i:omoge~eou5 
problem that can be easily solved. 

(~) Tne coupling coefficients and kine!ic pararne:;;~s. If,.,,. kJ""" · it",,.. 11/ . .,.,. /,." and fJ..,,. are calculated by 
integratinf o,,er regions. i · .. and I·, usi:-tg O;: and G ... .-: e\ aluated in the fine mesh. 

(.S) Eqs. (6) and (7) are sol,ed for time dependen. fission density. S,,,(IJ with a time s:e? selected, Jr. 

(6) The procedures (-t) and (5) are repeated with time increment until the e:id of cauc:.ilation required. In 
this step. for incorporacing the effect of parameters by the indirect change of flux distributions. the 
neutron flux ()$/r.r) can be recalculated with the perturbed cross sections . 

.a. TEST RESt'L TS A'.'iD DlSClSSlO~ 

,U L'JW LWR Tes1 Probl,m 

The first test has been carried Cl.it with the well kno\vn LMW L WR Benchnark problem=. The 
horizontal configur:ition of the one quadr:int core of the Langenbch-\.faurer-Wern~~ (LMW) 3-D test 
problem for L WR is given in Fig. 1. The core contains n1,o groups o: control rods initiating 
perturbations. fig. 2 shows a side view of the core at the start and the end of tie rn.o,ement of the rod 
!I"Oups. Zero current boundary condition for inner surfaces representing symmetirca!ly identical with other 
thre:.": c;uadranrs and 7.ero flux boundary c:ondit:on on external s~-fac:cs arc used. The transient consists in 
the withdrawal of the first group of control rods at a rate of 3 cm per second followed by insertion of 
the second control rods of diagonally opposite si:es at the same speed. The resultant cransient is followed 
fo~ 60 seconds. 
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A uniform mesh consisting of 22, 22 and 10 mesh spacings in the x, y and z directions, respectively 
was used in solving the flux distribution for evaluating the coupling coefficients and kinetics parameters. 
Initial steady state is achieved by dividing the fission cross sections by the fundamental eigenvalues, and 
initial precursor concentrations are in equilibrium with the initial flux. The time step size of 0.5 seconds 
has been used. The uniform 24 coupled regions in the core were used for multi-point kinetics equations. 
The control rods are modeled by decreasing for the rod group 1 and then increasing for the rod group 2 
the thermal removal cross section at a rate consistent with their velocity insenion. At any solution time 
step that the tip of the absorber being inserted does not coincide with a mesh line, the effect of the 
ponion of the absorber existing past the given mesh line is smeared over the cell into which it projects 
by volume averaging absorber and cell propcnies. 

Fig. 3 shows the behaviors of total mean power versus time. The result is in good agreement with 
the reference Benchmark solution. The result is also compared with the result from the CAE Electronics 
Ltd"' by the coarse mesh method developed for CA~DU simulator. It is observed that the present model 
yields very good result in this kind of slow transient problem carrying out asymmetric reactivity 
perturbation. The results compared with those by one point kinetics method also indicate that the present 
model yields superior result to the conventional point kinetics method. 

-1.! CA.,nt· Reactor lunrric Brnchm:ark Problem 

The solution problem is a 3-D benchmark based on realistic three-region (ref1«:ctor. inner and outer 
fuels) CANDU reactor mod\!l with zero flux boundary condition for external surfaces and on reactivity 
transients that represent the effects of loss of coolant followed by subsequent insertion of shutdown 
reactivity devices3

• The problem is a typical CANDU fast transient problem with large asymmetric 
reactivity insertion requiring detailed 3-D analysis. The 3-D configuration of the reactor core with 
dimensions and material assignments is derniled in Figs. 4 and 5. The effect of loss of coolant is 
represented by linear decrease in the left-half core (5, 6. 10, 11, l "i. 18, 22 and 23 in Fig. 4) thermal 
removal cross sections from 0. to 0.-4 seconds. followed by a decrease in slo\.,,·er rate during the following 
2.5 seconds. After a delay of 0.6 seconds. an incremental therrn.:il removal cross section in upper 
right-half and down full core (shaded areas in Fig . .i & 5) is added to simulate asymmetric insertion of 
shutdown devices at constant velocity in y-direction. 

~on-unifonn meshs consisting of 18. 18 and l O mesh spacings in the x. y and z directions. 
respectively were used in solving the flux distributions for evaluating the ,'coupling coefficients and kinetic 
paramc:ters. The 72 coupled regions in the core were used for multi-point equations. For setting up 
coupled regions the core was divided by each one segment in the left and right outer core and two 
segments in inner core on x-direction, as much as the number of fine meshes for y-direction. and two 
segments on z-direction. Initial ste:idy state is achieved by dividing the fission cross sections by the 
fundamental eigenvalues. The shutdown devices are modeled by increasing the thennal removal cross 
sections at a rate consistent with their top-to-bottom constant velocity insertion. 

Fig. 6 shows the behaviors of total power versus time. The power behaviors after shutdown devices 
insertion differ significantly from the reference solution by the 3-D CANDlJ detailed kinetics code. 
CERBERUS. It is assumed that the observed difference is associated with the use of different absorber 
insertion models or with the inadequacy of the present approach using the reference core steady state flux 
distribution for e~·aluating the time-dependent coupling coefficients in this kind of fast large asymmetric 
reacuv1ty insertion transient. Howe,·er. the latter might be more contributive to this. Further study is 
required. Having resolved these differences, it is concluded that the solution are reliable for increasing 
power behaviors. Also. the results compared with those by one point kinetics method indicate that the 
present model yic]ds superior results to the conYentional point kinetics method. The CPU time required 
is about multi-points times as much as that of one point kinetics codes. 
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5. CO'.'iCLUSIOS 

A computer code based on the coupled reactor kinetics theory has been developed. For the evaluation 
of its applicability, it was applied to typical 3·0 reactor neutronic transient problems. 

The test results showed that the present model yields reliable solutions for 3-D transient power 
behaviors with small computing time and produces superior results to the conventional point kinetics 
method. 

It is generally observed that the present model produces accurate results for the slow or small 
react1,·1ty transient behaviors even with asymmetric perturbations and there is accuracy sacrifice for the 
fast asymmetric large reactivity transient behavior. However, it is observed in some other tests that the 
accur.ic~· can be improved by increasing the number of multi-point regions and using the optimised 
multi-region map. Another fundamental approach for improving accuracy is to update frequently the 
neutron flux disnibution used in the evaluation of the coupling coefficients and kinetic parameters 
according to the severeness of the degree of local perturbation for incorporacing the effects caused by the 
indirect change of flux distributions. But for doing this we have to pay for much computing time. 
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