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Avail abil ity of fast com puter re sources now a days has fa cil i tated more in-depth mod el ing of
com plex en gi neer ing sys tems which in volve strong multiphysics in ter ac tions. This
multiphysics mod el ing is an im por tant ne ces sity in nu clear re ac tor safety stud ies where ef -
forts are be ing made world wide to com bine the knowl edge from all as so ci ated dis ci plines at
one place to ac com plish the most re al is tic sim u la tion of in volved phe nom e non. On these lines
cou pled mod el ing of nu clear re ac tor neu tron ki net ics, fuel heat trans fer and cool ant trans port 
is a reg u lar prac tice now a days for tran sient anal y sis of re ac tor core. How ever op ti mi za tion
be tween mod el ing ac cu racy and com pu ta tional econ omy has al ways been a chal leng ing task
to en sure the ad e quate de gree of re li abil ity in such ex ten sive nu mer i cal ex er cises. Com plex re -
ac tor core mod el ing in volves es ti ma tion of evolv ing 3-D core ther mal state, which in turn de -
mands an ex pen sive mul ti chan nel based de tailed core ther mal hy drau lics model. A novel ap -
proach of power weighted cou pling be tween core neutronics and ther mal hy drau lics
pre sented in this work aims to re duce the bulk of core ther mal cal cu la tions in core dy nam ics
mod el ing to a sig nif i cant ex tent with out com pro mis ing ac cu racy of com pu ta tion. Cou pled
core model has been val i dated against a se ries of in ter na tional benchmarks. Ac cu racy and
com pu ta tional ef fi ciency of the pro posed multiphysics model has been dem on strated by an a -
lyz ing a re ac tiv ity ini ti ated tran sient.

Key words: multiphysics mod el ing, TRIKIN, space-time ki net ics, core ther mal hy drau lics, cou pled
core dy nam ics, power weighted cou pling 

IN TRO DUC TION

The foun da tion pil lar in the peace ful uti li za tion of 
fis sion nu clear power has al ways been the strong em -
pha sis on nu clear safety. Safety has been ac com plished
through in-depth re view of de sign and op er a tions, in -
cor po ra tion of find ings from safety R&D world wide
and im prove ment in meth ods of eval u a tion. In the en tire 
chain of safety pro cess, safety anal y sis has been a vi tal
link which pro vides an es ti ma tion of the ca pa bil ity of
the nu clear sys tems to con trol or ac com mo date de par -
tures from nor mal op er a tion or pos tu lated mal func tions
or fail ures. It is also used to dem on strate that the nu clear 
plant does not pose un ac cept able haz ards un der the
worst ac ci dent sce nar ios. Safety anal y sis is per formed
us ing nu mer i cal sim u la tion tools (com puter codes)
which have evolved grad u ally in terms of ac cu racy and
com plex ity over the past five de cades. These nu mer i cal
sim u la tion tools  are widely used for safety anal y sis
within the frame work of the li cens ing and safety im -

prove ment pro grams of ex ist ing nu clear power plants,
better uti li za tion of nu clear fuel, higher op er a tional
flex i bil ity, for jus ti fi ca tion of life time ex ten sions, de -
vel op ment of new emer gency op er at ing pro ce dures,
anal y sis of op er a tional events and de vel op ment of ac ci -
dent man age ment pro grams. As a con ven tional prac -
tice, prob lem spe cific mod els ad dress ing lim ited phys i -
cal phe nom e non were de vel oped and used dur ing
de sign and anal y sis of pres ent gen er a tion nu clear re ac -
tors. These codes were based on strong em pha sis of sin -
gle phys ics phe nom e non and they were im proved and
re fined thor oughly in that as pect.  Since these in di vid -
ual phys i cal mod els were de vel oped in de pend ently to
pur sue lim ited ob jec tives, they had very lit tle or al most
no con nec tions, e. g., core phys ics codes were used ex -
ten sively for fuel man age ment and crit i cal ity cal cu la -
tions, sys tems codes like RELAP, TRAC, and ATHLET 
[1] were de vel oped for an a lyz ing ther mal hy drau lics,
leaks, sys tem tran sients, etc., struc ture codes were used
to as sess struc tural in teg rity, life man age ment and ag ing 
like is sues, in ven tory codes like ORIGEN were de vel -
oped for es ti mat ing core radionuclide in ven to ries for
con se quence anal y ses. These types of sin gle phys ics
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mod els though helped ap pre cia bly in de sign and anal y -
sis of pres ent gen er a tion re ac tors; they could not ad -
dress finer as pects of many inter phys ics in ter ac tions.
Thus far, ma jor lim i ta tion in mod el ing of finer
multiphysics as pects of re ac tor core through in te grated
multiphysics com pu ta tional sim u la tion was lack of
strong com put ing re sources. The re cent avail abil ity of
pow er ful com put ers and im proved com pu ta tional tech -
niques has  made pos si ble de vel op ing more re al is tic
mod els of com plex in ter act ing phe nom ena in nu clear
power plant (NPP) with more pre cise con sid er ation of
re ac tor multiphysics ef fects. Such multiphysics mod el -
ing of NPP at dif fer ent level of time and scale pro vides a 
ba sis to un der take a more in-depth eval u a tion of the
safety mar gins found in pre vi ous core sim u la tions for
which lim ited con ser va tive mod els were used. In sights
in the com plex phys i cal phe nom e non may also pro vide
in cen tives to more ef fi ciently uti lise the nu clear fuel
and ob tain cost ben e fits in the op er a tion of the NPP
with out com pro mis ing safety. It can also help in re lax -
ing some op er a tional pro ce dures as well as could pro -
vide more ef fec tive guide lines for op ti mi za tion of
emer gency op er at ing pro ce dures. This multiphysics
mod el ing prac tice has be come an in ev i ta ble re quire -
ment of new gen er a tion large power re ac tors which are
be ing de signed to meet more strin gent safety re quire -
ment. Com pre hen sive ef forts are now be ing placed at
com bin ing knowl edge of all in volved di verse phys i cal
dis ci plines in high-per for mance mul ti pur pose sim u la -
tion mod els to im prove the re li abil ity of com pu ta tional
sim u la tions to the high est level and avoid ing all pos si -
ble sources of an a lyt i cal un cer tain ties.

Nu clear re ac tor dy nam ics is a stream of re ac tor
anal y sis which deals with the tran sient be hav ior of nu -
clear re ac tor core un der the in flu ences of in ter nal as
well as ex ter nal changes. These changes could in clude
re ac tiv ity ef fects and/or changes in ther mal states
and/or changes in di men sions. Dis ci pline of re ac tor dy -
nam ics is char ac ter ized by large num ber of strongly in -
ter act ing phys i cal phe nom e non with sig nif i cantly di -
ver si fied time scales as shown in fig. 1. For a sit u a tion to 
be an a lyzed, if these phe nom ena do not have sig nif i cant 
in ter ac tion with each other, they can be stud ied in an in -
de pend ent man ner like struc tural dam age un der ir ra di a -

tion, fuel burn-up anal y sis, radiolysis, etc. How ever if
time scales of in volved phe nom e non have ap pre cia ble
over laps, they should be treated in a cou pled man ner.
This is mainly the do main of re ac tor ki net ics stud ies
where prompt and de layed neu tron build-up and de cay,
tem per a ture feed backs, con trol re sponses, re ac tiv ity ef -
fects of fis sion prod uct poi sons and sys tem re sponse,
etc. evolve in a cou pled man ner. In case of new gen er a -
tion large power re ac tors these as pects have be come
more im por tant where neutronic de coup ling due to
large core di men sions, strong and pos si bly asym met ric
re ac tiv ity feed back mech a nisms, con ju gate fuel and
cool ant heat trans fer, cross-flow cool ant dy nam ics, ves -
sels mix ing re lated asym met ric re ac tiv ity con cerns,
global and spa tial con trol re sponses, spa tial xe non and
io dine dy namic, etc., de mand a com pre hen sive
multiphysics model for more re al is tic sim u la tion. Con -
sis tent with this ob jec tive, backed up by strong com put -
ing re sources, many in ter na tional ini tia tives have been
taken up dur ing last two de cades in nu clear in dus try.
Sev eral de tailed 3-D core dy namic com puter codes like
NES TLE [2], DYN3-D [3], NEM [4], PRACS [5],
KIKO3-D [6], and TRIKIN [7], etc. have been de vel -
oped.

For best es ti mate anal y sis of re ac tor core nu clear 
tran sients, these mod els gen er ally em ploy the
multiphysics mod el ing ap proach shown in fig. 2,
where neu tron ki net ics mod ule brings out changes in
re ac tor power and power dis tri bu tion fol low ing a
given re ac tiv ity ac tions and/or core ther mal state
changes. This change in power and/or power dis tri bu -
tion leads to fur ther core ther mal state changes and so
on. Thus, 3-D neu tron ki net ics mod ule re quires fuel
tem per a ture and cool ant den sity dis tri bu tion in the
core to up date the co ef fi cients of multi group neu tron
dif fu sion equa tion con sis tent with evolv ing core ther -
mal state which are ob tained from fuel heat trans fer
and cool ant trans port mod ules as shown. The way dif -
fer ent mod ules are in te grated to gether af fects sig nif i -
cantly the ef fi ciency of com pu ta tion. In prin ci ple dif -
fer ent phys ics mod ules ex change rel e vant data at
pre-de fined time in ter vals for spec i fied set of spa tial
meshes in the com put ing do main. There fore sim u la -
tion ac cu racy in creases if data is ex changed more fre -
quently among the mod ules (large num ber of time
meshes) and at more num ber of space points in the so -
lu tion do main.  Based on these ideas, two ap proaches
of cou pling have been con ven tion ally adopted in cou -
pled core mod el ing, in which ei ther sim ple sin gle
chan nel core ther mal hy drau lic (TH) model is cou pled
to a full 3-D neu tron ki net ics mod ule in an av er aged
man ner or de tailed mul ti chan nel core ther mal hy drau -
lic model is cou pled to a full 3-D neu tron ki net ics
mod ule in a one to one man ner. Later ap proach be ing
more pre cise pro vides ex cel lent com put ing ac cu racy
at the cost of sig nif i cant ad di tional com put ing ef fort
as so ci ated with ex cess core ther mal cal cu la tions.
Thus, the two cou pling strat e gies in pres ent cou pled
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Figure 1. Time scales in nu clear re ac tor dy namic



ki net ics codes lie at two ex tremes. Sin gle chan nel cou -
pling is sim ple and time ef fi cient but is mod er ately ac -
cu rate. On the other hand mul ti chan nel based cou pling 
is quite ac cu rate but computationally in ten sive. Pres -
ent work aims to bridge this gap through an im proved
scheme which enhances the ac cu racy of sin gle chan -
nel based cou pled core dy nam ics com pu ta tion sig nif i -
cantly.

The next sec tion of this pa per de scribes gov ern -
ing equa tions for dif fer ent mod ules and their nu mer i -
cal so lu tion. A new cou pling scheme for core
multiphysics has been ex plained in the sec tion Power
weighted cou pling scheme. Ap pli ca tion of mod els and
intercomparison of three cou pling schemes are pre -
sented in the later sec tions. 

MATH E MAT I CAL MOD ELS

3-D neu tron ki net ics

The model al most uni ver sally used in space-de -
pend ent dy nam ics is that of multigroup neu tron dif fu -
sion the ory, with cou pling to the equa tions for the de -
layed neu tron pre cur sors. These equa tions are 
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where Dg is the neu tron dif fu sion co ef fi cient of group
g, Sr – the re moval cross-sec tion, Sf – the fis sion
cross-sec tion, b – the de layed neu tron frac tion, cp  –
the frac tion of prompt neu tron of en ergy E,  n – the av -
er age num ber of neu tron re leased per fis sion, cd – the
frac tion of de layed neu tron of en ergy E, and li and Ci

are de cay con stant and con cen tra tion of ith fam ily de -
layed neu tron pre cur sor, re spec tively.

Ap prox i ma tion meth ods for the so lu tion of these 
space-en ergy de pend ent neu tron ki net ics equa tions
have been of sig nif i cant in ter est in re ac tor phys ics
since the early 1960, when a few nu mer i cal ex per i -
ments [8] dem on strated the lim i ta tions of the
“point-re ac tor” model for the anal y sis of the large re -
ac tors. The im por tance of the spa tial vari a tions of neu -
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Fig ure 2. Multi-phys ics mod els for re ac tor dy nam ics stud ies



tron flux in the safety anal y sis of nu clear re ac tors de -
pends on the fact that the “point-re ac tor” power
pre dic tions are not only in ac cu rate in many cases, but
also un der es ti mate the re ac tiv ity in ser tion, and there -
fore are non con ser va tive in a safety sense. How ever
so lu tion of time de pend ent multigroup dif fu sion equa -
tion pres ent fol low ing dif fi cul ties. 
(a) A very high dimensionality for re al is tic

multigroup 3-D re ac tor prob lems, which re sult
from com plete discretization of all the in de pend -
ent vari ables namely space, time, and en ergy.

(b) A con sid er able de gree of “stiff ness” be cause of
the wide spread in char ac ter is tic times.

(c) The pres ence of dis con tin u ous co ef fi cients as a re -
sult of the highly het er o ge neous na ture of nu clear
re ac tor cores.

In ad di tion to this, in real dy nam ics prob lems,
es pe cially those in volv ing safety con sid er ations, the
co ef fi cients in this sys tem of par tial dif fer en tial equa -
tions de pend upon pa ram e ters such as tem per a ture,
void, etc. which them selves de pend on the neu tron
power level. Thus the so lu tion of multigroup dif fu sion
equa tion with spa tially de pend ent feed back prob lem
com prises a very large and com plex sys tem of cou pled 
non-lin ear PDE. For a re al is tic re ac tor prob lem it is
im pos si ble to have an an a lyt i cal so lu tion but nu mer i -
cal so lu tions are at tempted to var i ous de grees of so -
phis ti ca tion. Many meth ods like di rect meth ods, fi nite
el e ment meth ods (FEM), nodal meth ods, modal meth -
ods, factorization meth ods, fi nite dif fer ence meth ods
(FDM), etc., have been de vel oped dur ing the past four
de cades to solve spa tial ki net ics equa tions. These
meth ods dif fer in terms of ac cu racy, al ge braic sim plic -

ity and com pu ta tional econ omy, e. g., FDM are sim ple
and easy to im ple ment but re quire small mesh sizes
and there fore are very ex pen sive computationally.
Com plete nu mer i cal scheme and step by step al go -
rithm adopted in the pres ent model to 3-D solve neu -
tron dif fu sion equa tion based on im proved quasi-static 
(IQS) ap proach for dif fer ent ge om e tries has been ex -
plained in de tail [7, 9]. The al go rithm has been val i -
dated against va ri ety of tran sient benchmarks for dif -
fer ent types of power re ac tors viz; VVER, PHWR, and 
PWR.

Core ther mal hy drau lics

Nu clear re ac tor core is com prised of many fuel
as sem blies and each fuel as sem bly con sists of large
num ber of fuel pins. To de ter mine the ther mal state of
the core, the re ac tor core is trans formed into equiv a -
lent heated chan nels. Mass, mo men tum, and en ergy
equa tions of the cool ant are solved for these chan nels.
A heated chan nel is gen er ally taken as a rep re sen ta tive
cool ant sub-chan nel within a fuel as sem bly (fig. 3)
which is as sumed to re ceive cool ant only through its
bot tom in let. The fuel and clad heat con duc tion equa -
tions are also solved along with the cool ant equa tions.
These equa tions are gen er ally cou pled to cool ant
equa tions through heat trans fer co ef fi cient. Cross-sec -
tional av er age cool ant quan ti ties are con sid ered so that 
the prob lem is sim pli fied as a lumped pa ram e ter, one
di men sional (ax ial) prob lem i. e., az i muthal/ra dial
vari a tions of cool ant quan ti ties within the chan nel are
ig nored. In the sim plest model, en tire core is rep re -
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sented by a sin gle heated chan nel. This as sump tion
holds good for small cores, where ra dial/az i muthal
vari a tion within the core is much less. For large re ac -
tors, fuel as sem blies which have nearly iden ti cal
power dis tri bu tion are grouped to gether. Cool ant
sub-chan nels rep re sen ta tive of these groups form mul -
ti chan nel TH model of the core. These heated chan nels 
may be in ter con nected along the length if there is pos -
si bil ity of cross-flow among the chan nels. If this
cross-flow is ne glected then the multi chan nel model
be comes the ex ten sion of sin gle chan nel model with
ap pro pri ate bound ary con di tions at in let and out let at
all the chan nels. These pos si ble TH mod els are ex -
plained in fig. 4.

Fuel heat trans fer in the ra dial pin is gov erned by
time de pend ent heat con duc tion equa tion. Time de -
pend ent ra dial tem per a ture dis tri bu tion in the fuel pin
is gov erned by con duc tion equa tion in cy lin dri cal ge -
om e try
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where all sym bols carry their usual mean ing.
The as sump tions in volved in this equa tion are:

(a) Ax ial and az i muthal con duc tion is neg li gi ble.
(b) Vol u met ric heat gen er a tion q''' is uni formly dis -

trib uted over the fuel pel let cross-sec tion, gamma
heat gen er a tion in the gas gap and the clad ding is
ig nored.

(c) Ther mal con duc tiv ity in the fuel pel let and the
clad ding de pends on tem per a ture, burn up and po -
ros ity.

(d) Vol u met ric heat ca pac ity and den sity in fuel pel let
and clad ding are tem per a ture de pend ent.

(e) Ther mal con duc tance in the gas gap is a func tion
of tem per a ture and burn-up. 

Bound ary con di tion which are ap plied to the
heat con duc tion equa tion are,
– Adi a batic bound ary con di tion is ap plied at the in -

ner ra dius of fuel pin
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– The heat flow across the gap is through con duc -
tion, con vec tion, and ra di a tion from fuel sur face
to clad. All these modes of heat trans fer are

clubbed to gether in a sin gle pa ram e ter known as
gap con duc tance (hgap), i. e.
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– The heat flow from the clad outer sur face is
through cool ant forced con vec tion
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Ax ial cool ant trans port is gov erned by the one
di men sional so lu tion of mass, mo men tum and en ergy
equa tions for cool ant. Prop er ties of cool ant are as -
sumed to be con stant at ev ery ax ial mesh i. e., ra dial or
az i muthal vari a tion in the cool ant prop er ties is ig -
nored. In all the PWR, there ex ists a small ra dial pres -
sure gra di ent at the core in let, which van ishes slowly
at the core exit and prac ti cally there is no ra dial pres -
sure gra di ent at the core exit. Thus com pared to ax ial
pres sure drop, which is driv ing force for the cool ant
flow, the ra dial pres sure drop is neg li gi ble. This fea -
ture of PWR fa cil i tates sim pli fi ca tion of cool ant mod -
el ing, i. e., ra dial cool ant flow can be ig nored in the
anal y sis for anal y sis of nor mal cool ant flow con di tion. 
There fore in the ex ist ing cool ant model, ra dial cool ant
mo tion is ig nored and it is as sumed that there is no
cross flow among the as sem blies. This as sump tion
sim pli fies the cool ant prob lem sig nif i cantly and the
core ther mal hy drau lics model be comes a prob lem of
multi chan nels, with chan nel con nected at the in let and 
exit plane only. This has been ex plained in fig. 5.

So lu tion of mass, mo men tum, and en ergy con -
ser va tion equa tions in each chan nel will give the de -
sired cool ant prop er ties along the chan nel. Mass, mo -
men tum and en ergy con ser va tion equa tions for the
sin gle phase fluid in the sub cooled por tion of the
chan nel are given in the fol low ing:
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Fig ure 4. Core equiv a lent ther mal hy drau lics model
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Com plete nu mer i cal scheme and step by step al -
go rithm to si mul ta neously solve fuel heat con duc tion
and cool ant trans port equa tions has been ex plained in
de tail [6]. Mul ti chan nel based core TH model has been 
cou pled to 3-D neu tron ki net ics model in a con ven -
tional ap proach for best anal y sis of va ri ety of core dy -
nam ics sce nar ios.  Com pu ta tional flow chart of the
cou pled model has been ex plained in fig. 6. Com plete
cou pled dy nam ics model (TRIKIN) has been val i -
dated against a se ries of in ter na tional benchmarks
[10-13] spe cif i cally de signed for such cou pled core
dy nam ics mod els. For these val i da tions, core TH
model based on ex ten sive mul ti chan nel sim u la tion
was used, which has been found quite ex pen sive
computationally. A few im prove ments in the core dy -
nam ics mod el ing to en hance com put ing ef fi ciency are
pre sented in the next sec tion.

POWER WEIGHTED
COU PLING SCHEME

In case of light wa ter re ac tors, un der nor mal
cool ant con di tions ra dial pres sure drop among the
cool ant chan nels is neg li gi ble there fore cross-flow of
cool ant among var i ous cool ant chan nels can be ig -
nored. This sim pli fies core TH to one di men sional
model, and there fore for most of the cases re ac tor core
ther mal mod el ing is based on equiv a lent fuel pin sim u -
la tion where only ra dial con duc tion of heat in the fuel
pin and ax ial cool ant trans port are con sid ered.  A very
el e men tary ap proach to model core TH is to sim u late
re ac tor core by sin gle av er age chan nel which is used
for re ac tiv ity feed backs in all fuel as sem blies. Though
this sin gle chan nel sim u la tion min i mizes TH com pu -
ta tional bulk sig nif i cantly, av er ag ing of all chan nels
ren ders fol low ing dis ad van tage.
– Due to av er age chan nel based re ac tiv ity feed back

ap plied to high power fuel as sem blies, power
over shoots in these fuel as sem blies are un der at -
ten u ated due to lower feed back tem per a tures con -
sid ered.

– Sim i larly low power fuel as sem blies un nec es sary
get higher mag ni tude of fuel and cool ant tem per a -
ture cor rec tion.

– Though over all ef fect of these two op po site er rors
leads to rea son ably ac cu rate to tal core re ac tiv ity
and tem per a ture cal cu la tions, 3-D dis tri bu tion of
power and tem per a tures are not the most re al is tic
and ac cu rate, i. e. it re sults in un der es ti mated 3-D
peak ing in the core, which is nei ther re al is tic, nor
con ser va tive.

A power re ac tor core con sists of large num ber of
fuel as sem blies or cool ant chan nels with dif fer ent lev -
els of power and dif fer ent ax ial power pro file, ac cu rate 
3-D core ther mal state es ti ma tion re quires as many TH 
solv ers as many cool ant chan nel.  In strict sense a core
TH model with as many chan nels as num ber of fuel as -
sem blies will be the most ac cu rate for this pur pose but
it will in volve high com pu ta tional bulk. One ap proach
to avoid sim u la tion of all core chan nels is club bing of
cool ant chan nels of iden ti cal power and/or power pro -
file and there fore re duc ing the num ber of cool ant
chan nels to be an a lyzed. Though this ap proach still
does not avoid re quire ment of mul ti chan nel core TH
sim u la tion, which is a sig nif i cant com pu ta tional bur -
den.  In sum mary, the two com mon ap proaches to
model core TH in cou pled 3-D core dy nam ics model
are:
– Core sin gle av er age chan nel TH sim u la tion:

Computationally eco nom i cal but not very re al is tic 
par tic u larly in 3-D pre dic tions.

– Core mul ti chan nel TH sim u la tion: Very ac cu rate,
more re al is tic but computationally ex pen sive.

If one can achieve best es ti mate re sults with
mere lim ited/sin gle chan nel sim u la tions, com put ing
ef fi ciency can be sig nif i cantly im proved. An ef fort has 
been made in the pres ent work to de velop a new cou -
pling scheme which can serve this pur pose. This
scheme lies in be tween sin gle chan nel and mul ti chan -
nel sim u la tion [14]. Core TH sim u la tion is es sen tially
based on sin gle chan nel op tion but re ac tiv ity feed -
backs are not uni formly ap plied to all fuel as sem blies.
Phi los o phy be hind this cou pling scheme is very sim -
ple and it can be un der stood from 2-D, one sixth core
cartogram of a typ i cal VVER 1000 core, shown in fig.
7. Core map is cor re spond ing to steady state cy cle at
fresh core.

In an evolv ing tran sient, if DTf  and DTc are rise
in fuel and cool ant tem per a ture, re spec tively, ob tained 
from an av er age sin gle chan nel sim u la tion, and g is
2-D peak ing fac tor at any fuel as sem bly at a given ax -
ial lo ca tion, then re ac tiv ity feed back at that fuel as -
sem bly will be ap plied based on g DTf and g DTc. Thus,
re ac tiv ity feed back on an av er age pin will be based on
DTf  and DTc  and a fuel as sem bly with higher power
com pared to av er age FA will have higher re ac tiv ity
feed back whereas fuel as sem bly with lower power
com pared to av er age FA will have lower re ac tiv ity
feed back. Ap proach es sen tially as sumes that
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Fig ure 5. Core multi chan nel model
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Fig ure 6. Com pu ta tional flow chart for cou pled core dy nam ics com put ing in TRIKIN code



thermo-phys i cal prop er ties like heat ca pac ity, ther mal
con duc tiv ity, gap con duc tance, etc. of all fuel as sem -
blies are same. It also as sumed iden ti cal cool ant
bound ary con di tions for all heated chan nels. These as -
sump tions may not al ways be true. To dem on strate the
per for mance of pres ent cou pling scheme, a re ac tiv ity
ini ti ated tran sient, Un con trolled with drawal of a con -
trol rod in VVER-1000 core [15] has been an a lyzed.
Fresh core con di tion has been con sid ered. With drawal 
of con trol rod in serts pos i tive re ac tiv ity in the core as
well as dis turbs neu tron flux shape. As a con ser va tive
mea sure with drawal of most ef fec tive rod is con sid -
ered. Prob lem has been an a lyzed us ing three sim u la -
tions namely:
– 3-D ki net ics with sin gle chan nel ther mal hy drau -

lics model with av er age feed back in all fuel as -
sem blies at ev ery ax ial layer,

– 3-D ki net ics with multi chan nel TH model. Each
fuel as sem bly is sim u lated as one heated chan nel,
so to tal 163 chan nels have been sim u lated. This
sim u la tion is termed as “best es ti mate” sim u la -
tion, and

– 3-D ki net ics with sin gle chan nel TH model with
power weighted feed back at all fuel as sem blies.

Re sults of tran sients with all three sim u la tions
are shown in figs. 8, 9, and 10. It can be re al ized that
with sin gle chan nel and multi chan nel sim u la tion re -
sults dif fer sig nif i cantly. How ever with power
weighted feed back op tion, re sults tend to come closer
to best es ti mate re sults, though it take al most half com -
put ing time than that of mul ti chan nel 3-D feed back
op tion. This dem on strates strength of power weighted
cou pling scheme to gen er ate best es ti mate re sults with
re duced ther mal hy drau lic com put ing ef fort for re ac -
tiv ity ini ti ated tran sients.

LIM I TA TION

The ex cel lent re sults ob tained from power
weighted cou pling pre sented in the pre vi ous sec tion

are for first cy cle fresh core con di tions where none of
the fuel as sem bly was ir ra di ated. This sit u a tion fairly
en sures that thermo-phys i cal prop er ties like heat ca -
pac ity, ther mal con duc tiv ity, gap con duc tance, etc. of
all fuel as sem blies in the core are iden ti cal. There fore
as sump tion of power pro por tional tem per a ture rise in
the pro posed power weight cou pling scheme holds
good in this case. How ever it is well known that with
ir ra di a tion, thermo-phys i cal prop er ties of fuel change
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Fig ure 7.  2-D  1/6th  core map of VVER 1000
(with as sem bly peak ing fac tors)

Fig ure 8. Core ther mal power dur ing tran sient

Fig ure 9. Peak fuel cen ter line tem per a ture dur ing
tran sient

Fig ure 10. Core av er age fuel tem per a ture dur ing
tran sient



ap pre cia bly e. g., ther mal con duc tiv ity of UO2 re duces 
with burn-up [16] and gap con duc tance of a PWR fuel
pin im proves with burn-up [17]. There fore lin ear and
pro por tional as sump tion of power weighted cou pling
scheme may not hold good in a re ac tor core con di tion
where two fuel as sem blies of dif fer ent burn-up gen er -
ates same power, i. e., tem per a tures of two dif fer ently
ir ra di ated fuel as sem blies hav ing same power will be
dif fer ent. This ef fect has not been con sid ered in the
pres ent model. A de tailed gen er a tion of data bank
from pre-cal cu lated fuel and cool ant tem per a ture sce -
nar ios for dif fer ent lev els of ir ra di a tions may be used
to im ple ment ap pro pri ate cor rec tion to as sem bly
power fac tors (g) to ac count burn-up and cool ant flow
dis tri bu tion ef fects. This study is in prog ress.

SUM MARY

Anal y sis of re ac tiv ity ini ti ated tran sients at
higher power re quires ac cu rate es ti ma tion of evolv ing
3-D core ther mal state. Mul ti chan nel core ther mal hy -
drau lic model, be ing most ac cu rate op tion for this pur -
pose is computationally very ex pen sive. A novel ap -
proach of power weighted cou pling be tween core
neutronics and TH pre sented in this work re duces the
bulk of core ther mal cal cu la tions to a sig nif i cant ex tent 
with out com pro mis ing ac cu racy of com pu ta tion. Pro -
posed cou pling scheme in volves so lu tion of av er age
cool ant chan nel but em ploys feed back cor rec tion
based on the power of re spec tive fuel as sem blies. This
en sures that fuel as sem blies of dif fer ent power lev els
get dif fer ent feed back ex actly like mul ti chan nel sim u -
la tion and there fore 3-D core dy nam ics pre dic tions
im proves ap pre cia bly. How ever power weighted cou -
pling scheme as sume iden ti cal cool ant flow and uni -
form thermo-phys i cal prop er ties of dif fer ent fuel as -
sem blies. This as sump tion holds good for fresh core
for which ex cel lent re sults for dy namic sim u la tion
have been ob tained, though this may not be valid for ir -
ra di ated core con di tion, as burnup de pend ence of core
state has not been con sid ered in the pres ent model. Ex -
ten sion of pres ent work in re gard to these mi nor im -
prove ments is in prog ress. 
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K. OBAIDURAHMAN, Avina{ J. GAIKVAD

KA  EFIKASNOM  MULTIFIZI^KOM  MODELU  DINAMIKE
NUKLEARNIH  REAKTORA

Dostupnost brzih ra~unara danas omogu}ava dubqe modelovawe slo`enih in`ewerskih
sistema koji ukqu~uju jake multifizi~ke interakcije. Ovo multifizi~ko modelovawe veoma je
potrebno u studijama sigurnosti i nukleranih reaktora, u kojima se ~ine napori {irom sveta da se
na jednom mestu kombinuju znawa iz svih povezanih disciplina da bi se ostvarile najrealnije
simulacije ukqu~enih fenomena. U tom pravcu, spregnuto modelovawe kinetike neutrona u
nuklearnom reaktoru, prenosa toplote goriva i transporta hladioca, predstavqa danas uobi~ajenu 
praksu u analizi prelaznih stawa reaktorskog jezgra. Me|utim, optimizacija izme|u ta~nosti
modelovawa i ekonomije prora~una uvek je bila izazovan zadatak, sa ciqem da se obezbedi
adekvatan stepen pouzdanosti u tako obimnim numeri~kim postupcima. Slo`eno modelovawe
reaktorskog jezgra podrazumeva procenu razvijawa termi~kog stawa trodimenzionalnog jezgra,
{to za uzvrat tra`i skup detaqni termohidrauli~ki model vi{ekanalnog jezgra. Novi pristup
sprezawa ponderisane snage izme|u fizike neutrona i termohidraulike jezgra, predstavqen u ovom 
radu, ima za ciq da u zna~ajnoj meri smawi obim termi~kih prora~una pri modelovawu dinamike
jezgra bez ugro`avawa ta~nosti izra~unavawa. Model spregnutog jezgra potvr|en je na nizu
me|unarodnih standardnih uzora. Ta~nost i efikasnost ra~unawa predlo`enog multifizi~kog
modela prikazane su analizom prelaznih stawa iniciranih reaktivno{}u.

Kqu~ne re~i: multifizi~ko modelovawe, TRIKIN, prostorno-vremenska kinetika,
..........................termohidraulika jezgra, spregnuta dinamika jezgra, sprezawe ponderisane snage


