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An ac cu rate anal y sis of the flow tran sient is very im por tant in safety eval u a tion of a nu clear
power plant. In this study, anal y sis of a WWER-1000 re ac tor is in ves ti gated.  In or der to per -
form this anal y sis, a model is de vel oped to sim u late the cou pled ki net ics and ther mal-hy drau -
lics of the re ac tor with a sim ple and ac cu rate nu mer i cal al go rithm. For ther mal-hy drau lic cal -
cu la tions, the four-equa tion drift-flux model is ap plied. Based on a multi-chan nel ap proach,
core is di vided into some re gions. Each re gion has dif fer ent char ac ter is tics as rep re sented in a
sin gle fuel pin with its as so ci ated cool ant chan nel. To ob tain the core power dis tri bu tion,
point ki netic equa tions with dif fer ent feed back ef fects are uti lized. The ap pro pri ate ini tial and 
bound ary con di tions are con sid ered and two sit u a tions of de creas ing the cool ant flow rate in
a pro tected and un pro tected core are an a lyzed. In ad di tion to anal y sis of nor mal op er a tion
con di tion, a full range of ther mal-hy drau lic pa ram e ters is ob tained for tran sients too. Fi nally,
the data ob tained from the model are com pared with the cal cu la tions con ducted us ing
RELAP5/MOD3 code and Bushehr nu clear power plant data. It is shown that the model can
pro vide ac cu rate pre dic tions for both steady-state and tran sient con di tions.
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INTRODUCTION

Re cent re searches in area of the nu clear power
plants safety have sig ni fied the ne ces sity of pre dict ing
the plant be hav ior dur ing nor mal and tran sient con di -
tions. In this re spect, de sign ba sis ac ci dents are one of
the most im por tant tran sients in the nu clear re ac tor
safety. In stan ta neous jam ming of one pri mary cool ant
pump set shaft, which would re sult in rapid cool ant
flow de crease through the re ac tor core, is one of these
ac ci dents. For such events, the most un fa vour able mo -
ment is the time when the ac ci dent starts, be cause in
this case, si mul ta neous loss of cool ant flow rate takes
place in other loops of the re ac tor. It is ex pected that
dur ing this ac ci dent, the re ac tor pro tec tion sys tems
mit i gate the con se quences. How ever, if this sys tem
does not work prop erly, the ac ci dent would cause un -
fa vour able con di tions in terms of core cool ing.

Al most no anal y sis re gard ing un con trolled loss
of flow ac ci dent of a WWER-1000 re ac tor is re ported
in the avail able lit er a ture, while con trolled loss of flow 
tran sient is ad dressed by some re searches us ing ther -
mal-hy drau lic codes. In this re spect, Grudev and Pav -
lo va [1] per formed the loss of flow tran sient at par tial

power con di tions caused by the trip of one main cool -
ant pump by a RELAP5/MOD3.2 model.
Ad di tion ally, a loss of flow tran sient anal y sis was de -
scribed for Kozloduy WWER-1000 nu clear power
plant by ASTRA plant an a lyzer, while the at ten tion
was fo cused on the pri mary side be hav ior [2]. More -
over, Noori-Kalkhoran et al. [3], in ves ti gated the ef -
fects of de crease of cool ant flow rate in a
WWER-1000 core by cou pling PARCS/CO BRA-EN
codes.

Dif fer ent com pu ta tional meth ods and mod els
can be used to eval u ate re sponse of the sys tems in dif -
fer ent sit u a tions. Nev er the less, find ing the most ap -
pro pri ate tech nique for a spe cial is sue is a vi tal task.
To tally, there are two main as pects in an a lyz ing a tran -
sient: ther mal-hy drau lic and ki net ics. Based on the
ther mal-hy drau lic as pect, al though there is no net void 
at the out let of a PWR (here a WWER-1000 re ac tor)
un der nor mal op er at ing con di tions, boil ing can oc cur
through out most of the core dur ing some tran sients.
The drift-flux model, which is de vel oped by Zuber and 
Findlay [4], can be con sid ered as one of the most com -
monly ap plied mod els for pre dic tion of the two-phase
flows [5]. This model is an ap prox i mate for mu la tion in 
com par i son with the more rig or ous two-fluid for mu la -
tion. There fore, one can greatly re duce the dif fi cul ties, 
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com monly en coun tered when em ploy ing a two-fluid
model, such as math e mat i cal com pli ca tion and nu mer -
i cal in sta bil ity caused by in ter fa cial in ter ac tion terms
[6]. How ever, be cause of its sim plic ity and ap pli ca bil -
ity to a wide range of two-phase flow prob lems of
prac ti cal in ter est, the drift-flux model is of con sid er -
able im por tance in two-phase flow stud ies [7].

Re ac tor ki net ics, as an other im por tant as pect, can be 
an a lyzed by dif fer ent mod els. This model pro vides the
power be hav ior of the core dur ing anal y ses. In fact, re ac tor 
pro tec tion sys tem is re spon si ble for con trol ling the sys -
tem. If all the ex ter nal con trol mech a nisms of a re ac tor fail
to re spond to tran sients, the re ac tor be hav ior is de ter mined 
solely by the re ac tiv ity feed backs of the re ac tor. There fore, 
our ob jec tive in this ar ti cle is sim u lat ing the be hav ior of a
WWER-1000 nu clear re ac tor dur ing both pro tected and
un pro tected loss of flow tran sients. To take into ac count
both of these sit u a tions, neutronic be hav ior of the re ac tor
is cal cu lated by us ing the point ki net ics model.

Fi nally, in or der to val i date the ob tained re sults,
RELAP5 and fi nal safety as sess ment re port (FSAR)
data of the Bushehr nu clear power plant (NPP), are
used. It is shown that the sys tem pa ram e ters such as re -
ac tor power, fuel and cool ant tem per a tures, pres sure
and void frac tion dis tri bu tion can be ac cu rately de ter -
mined for this ac ci dent.

COMPUTATIONAL MODEL

Thermal-hydraulic model

For mu la tion of the flow field equa tions is based on
a four-equa tion drift-flux model, in this pa per. The most
im por tant as sump tion as so ci ated with the drift-flux
model is that the dy nam ics of two phases can be ex -
pressed by the mix ture-mo men tum equa tion with a ki ne -
matic con sti tu tive equa tion spec i fy ing the rel a tive mo -
tion be tween phases [8]. The one-di men sional un steady
forms of the bal ance equa tions are [9]
–  mix ture con ti nu ity equa tion
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–  mixture mo men tum bal ance
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–  mixture enthalpy-en ergy bal ance
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It should be men tioned that the phys i cal val ues
and pa ram e ters pres ent in these re la tions are ex plained 
in the nomenclature sec tion.

Constitutive models and materials

The equa tions listed in the pre vi ous sec tion are
not com ple mented with out ap ply ing the ap pro pri ate
con sti tu tive equa tions. On the other hand, two most
im por tant pa ram e ters used in the area-av er aged ve loc -
ity in the mass con ti nu ity of the gas phase in drift-flux
model are C0 the dis tri bu tion pa ram e ter and Vgj, the
drift ve loc ity, which rep re sent the ef fects of void dis -
tri bu tion, and the rel a tive ve loc ity be tween the phases, 
re spec tively. To ob tain these pa ram e ters val ues, a
through out sur vey of the lit er a ture is per formed and
the most ap pro pri ate data are es tab lished in the pres ent 
study [8, 10, 11]. The area-av er aged ve loc ity can be
com puted from [9]

V j C jgj g gj= - = + -n n ( )0 1 (5)

Dif fer ent heat-trans fer and flow con di tions are
com prised in the pre sented model based on the con sid -
ered sit u a tion. Heat trans fer co ef fi cient is ap plied to
re late the heat trans ferred to fluid and the heat pro -
duced in the heat struc ture. Fur ther more, flow re sis -
tance fac tor is ap plied to the mo men tum bal ance equa -
tion to es ti mate the fric tion pres sure drop in a fluid
flow ing through a chan nel. Ac cord ingly, the main cor -
re spond ing cor re la tions for both flow re sis tance fac tor 
and con vec tion heat trans fer co ef fi cient are listed in
tab. 1 for dif fer ent flow re gimes.

Fi nally, the vapour gen er a tion rate per unit vol -
ume is cal cu lated [16]
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Table 1. Flow regimes, heat transfer and flow resistance factor correlations

Regime Heat transfer Regime Flow resistance

Single phase Dittus-Boelter [12] Single phase
Darcy factor Re < 2100 [15]

Blasius  2100 < Re < 30000 [15]
McAdams Re > 30000 [15]

Nucleate boiling Chen correlation [13] Two phase EPRI correlation [14]

Critical heat flux EPRI correlation [14] – –



where the quan tity of e, as the pump ing fac tor, is de -
fined by
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In the above model, the enthalpy cor re spond ing
to the bub ble de par ture point, which is de noted as the
crit i cal enthalpy, is es ti mated from
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It should be men tioned here that the thermo-phys i -
cal prop er ties of wa ter and steam are cal cu lated us ing the
cor re la tions from the in ter na tional stan dard IAPWS-
-IF97 [17], while the prop er ties of the heated struc tures
ma te ri als (den sity, ther mal con duc tiv ity and spe cific
heat) are taken from tem per a ture de pend ent cor re la tions
of MATPRO-11 [18].

Kinetic and decay heat model

Power gen er a tion in the re ac tor core con sists of
two parts: (1) the prompt power from fis sion (ki netic
en ergy of fis sion frag ments), (2) de cay heat from
short-lived and long-lived fis sion prod ucts. The time
de pend ent be hav ior of the prompt power gen er a tion is
cal cu lated from a point-ki net ics model with six groups 
of de layed neu trons
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The ap pro pri ate ini tial con di tions for eqs. (9)
and (10) are
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The re ac tiv ity R(t), con sists of the ex ter nal re ac -
tiv ity Rext, de scrib ing the con trol rod mo tion, and the
feed back re ac tiv ity RFB de scrib ing the de pend ency of
power on the fuel tem per a ture, cool ant tem per a ture
and cool ant den sity

  R t R t R t R t R t( ) ( ) ( ) ( ) ( )= + + +ext fuel coolant density  (12)

The ex ter nal re ac tiv ity de scribes the re ac tiv ity
ef fects of the con trol rods while the re ac tiv ity feed -
back con tri bu tions are cal cu lated by the fol low ing
func tions

R t T t Tfuel fuel fuel ref, fuel( ) [ ( ) ]= -h (13)

R t T t Tcoolant coolant coolant ref,coolant( ) [ ( ) ]= -h (14)

R t tdensity density coolant ref,coolant( ) [ ( ) ]= -h r r (15)

where T is the tem per a ture and h – the re ac tiv ity co ef -
fi cient. All the av er age val ues are cal cu lated ap ply ing
a vol u met ric av er ag ing pro ce dure. For un pro tected
core sit u a tion, the term Rext in eq. (12) is omit ted and
only feed back ef fects play the role of con trol ling the
re ac tor. To tal pro duced power in the core is sum of the
de cay heat power and power ob tained from the point
ki net ics equa tions. De cay heat is cal cu lated based on
the Amer i can Na tional Stan dard for de cay heat power
in light wa ter re ac tors, ANSI/ANS-5.1-1979.

Fuel heat transfer model

While bal ances equa tions de scribe ther mal-hy -
drau lic char ac ter is tics of the fluid flow, ther mal be -
hav ior of the fuel rod is eval u ated by one-di men sional
heat con duc tion equa tion. Heat bal ance equa tion in
cy lin dri cal co or di nate in un steady form is writ ten as
[19]
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where, the ther mal source den sity, q?, de pends on both 
po si tion and time. The heat trans fer model, which im -
plies a wall-heat ing model and a heat trans fer model
from a heated wall to the fluid's bulk, com putes the
tem per a ture dis tri bu tion in the fuel at each ax ial seg -
ment. At the clad-cool ant in ter face, the con vec tion
bound ary con di tion is ap plied. Heat trans fer be tween
cool ant and clad may take place by nat u ral or forced
con vec tion, nu cle ate, tran si tion or fully de vel oped
boil ing, de pend ing on the flow re gime. The heat trans -
fer co ef fi cient is eval u ated ex plic itly while the wall
and fluid tem per a ture are treated im plic itly. Equa tion
(17) rep re sents this re la tion

¢¢ = - +q ht T Tn n
wall wall coolant( ) 1 (17)

It should be noted that here the fuel rods are in
the forms of cyl in ders. The cen tral holes in them,
which are typ i cal of a WWER-1000 re ac tor, are con -
sid ered in this anal y sis. There fore, the zero heat flow
out of the in ner sur face of a fuel rod is used as an other
bound ary con di tion in the fuel heat trans fer model [19]
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where r is the ra dius of the rod and rin ner is the ra dius of
the fuel rod hole.

NUMERICAL SOLUTION METHOD

The ba sic gov ern ing equa tions as well as con sti -
tu tive re la tions con struct our ba sic math e mat i cal
model. For cool ant, based on the fi nite dif fer ence
scheme, im plicit ap proaches are em ployed to as sure the
nu mer i cal sta bil ity and com pu ta tional ef fi ciency. Us ing 
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a stag gered ar range ment of the vari ables based on fig. 1, 
bal ances equa tions of mass and en ergy are in te grated
over the mesh cells faces (from j – 1 to j) while mo men -
tum equa tion is in te grated be tween the cen tres of the
mesh cells (from D to U). The state vari ables of pres -
sure, tem per a ture and void frac tion are cell-cen tred
while the flow vari able is de fined on junc tions. Im plicit
Eu ler method is ap plied for the tem po ral de riv a tive
discretization (n + 1 for new time and n for old time). On 
the cell faces, sub scripts for the cell-cen tred quan ti ties
are U and D, while on the cell faces j in cre ments are
used (e. g. j,  j + 1, …). With these back grounds, the dif -
fer ence equa tions are ob tained as fol lows
–  mixture con ti nu ity equa tion
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–  gas con ti nu ity equa tion
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–  mixture mo men tum bal ance
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–  mixture enthalpy-en ergy bal ance
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Ad di tion ally, to ob tain the dif fer ence equa tion
for heat con duc tion equa tion, the struc tures are di -
vided into an ar bi trary num ber of mesh cells. The tem -
per a tures are lo cated at the edges of the mesh cells
while the ma te rial prop er ties are eval u ated in the cen -
tres of the cells (fig. 2).

Fi nite dif fer ence ap prox i ma tion of the heat con -
duc tion equa tion is ob tained by in te grat ing eq. (16)
be tween cen tres of two ad ja cent mesh cells, i. e. from
ri – 1/2 to ri + 1/2. Since an im plicit scheme is cho sen for
tem po ral discretization of eq. (16), the dif fer ence
equa tion for the in te rior points in the fuel rod be comes
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For nu mer i cal so lu tion of the or di nary dif fer en -
tial equa tions of the point ki net ics model, a fourth-or -
der Runge-Kutta method is used since these equa tions
are in the form of or di nary stiff dif fer en tial equa tions.
Be cause of the stiff ness as so ci ated with these equa -
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Fig ure 1. Nodalization scheme in the nu mer i cal mod el ling

Fig ure 2. Fuel rod nodalization scheme in nu mer i cal
mod el ling



tions, it is nec es sary to choose a nu mer i cal method
with the ca pa bil ity to take into ac count this char ac ter -
is tic. Runge-Kutta method, ap plied in this pa per, has
fourth-or der ac cu racy, which is higher than con ven -
tional first-or der meth ods. How ever, this method does
not have the com plic ity as so ci ated with higher or der
meth ods. There fore, it is ap pro pri ate to be ap ply it in
the pre sented model. Ad di tion ally, when try ing to ap -
prox i mate the so lu tion of a stiff dif fer en tial equa tion,
the step size con sid ered in the discretization pro cess
should be small enough to pre vent un sta ble so lu tions.
In this study, time step size is cho sen in such a way that
an ac cu rate so lu tion can be at tained. The max i mum
time step for the re ac tor ki net ics ad vance ment is one
per cent of the hy dro dy namic time step. If this time step 
does not re sult to a sta ble so lu tion, it is re duced un til a
sta ble so lu tion is at tained. This pro ce dure is re peated
in each time step. 

The set of pre sented discretized cou pled equa -
tions should be solved nu mer i cally. In fig. 3, a sim ple
scheme of the cal cu la tion flow chart is shown. Flow
chart has three main parts. In the fluid so lu tion part,
cool ant pa ram e ters will be cal cu lated us ing heat trans -
fer rate from clad to cool ant as in put from fuel rod cal -
cu la tions. In the sec ond and the third parts, fuel rod pa -
ram e ters and to tal power are cal cu lated from heat
con duc tion and point ki net ics equa tions, re spec tively.
Al though, the main cal cu la tion pro ce dure is not as
sim ple as this scheme and each part it self in cludes
some sub-sec tions. In fig. 4, a more elab o rate scheme
is shown for cal cu la tions. 

Un known main pa ram e ters of the pres sure, tem -
per a ture and void frac tion dis tri bu tions, are es ti mated.
Mean while, each pa ram e ter is con verged in a sep a rate
it er a tion loop. Fur ther more, dur ing each loop just a
spe cific pa ram e ter is up dated while all other main pa -
ram e ters are kept with out change. This scheme con tin -
ues for all the ax ial in ter vals. Af ter ac quir ing the val -
ues of all the pa ram e ters, the cal cu la tions starts in the
next time step us ing old val ues as ini tial val ues. Cal cu -
la tions stop when the tran sient end ing time is reached.
To make cer tain the cal cu la tions con sis tency, ini tial
guesses of pa ram e ters in each time step is ob tained
from the pre vi ous time step val ues. This scheme
makes it er a tions pro ceed fast and ac cu rate. 

Fuel rod heat con duc tion equa tion is solved with
a Gauss elim i na tion method to ob tain the tem per a ture
dis tri bu tion of the fuel rod. The last part of the cal cu la -
tions is de voted to ki net ics equa tions, which cal cu lates 
the to tal core power. This power is then dis trib uted be -
tween core fuel rods based on the power dis tri bu tion
fac tors.  

Fi nally, in or der to es ti mate the in let flow dis tri -
bu tion to each chan nel, it is as sumed that the to tal flow
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Fig ure 3. Re la tion be tween three dif fer ent main
so lu tion parts

Fig ure 4. Flow chart of the so lu tion



is first en tered to lower ple num and then, it flows
through out the chan nels (fig. 5). There fore, the flow
through each chan nel is es ti mated us ing an it er a tive
scheme, search ing for the flow val ues that re sult in a
unique pres sure drop for all the chan nels in lets. How -
ever, be cause the cross-sec tional area of the in let flow,
ple num and the chan nels are dif fer ent, the dy namic
head loss for abrupt flow area change is con sid ered
too. Since no heat is pro duced in the ple num, only con -
ti nu ity and mo men tum con ser va tion equa tions are
solved for the ple num model. 

Ini tial and bound ary con di tions for fluid equa -
tions are in let pres sure, tem per a ture, and to tal cool ant
mass flow rate. For ki net ics equa tions ex ter nal re ac tiv -
ity, as a func tion of time and ini tial re ac tor power,
should be known.

RESULTS AND DISCUSSION

WWER-1000 reactor 

WWER-1000 re ac tor is a ves sel Rus sian-type
pres sur ized wa ter re ac tor with a four-loop pri mary
sys tem. Some of the main spec i fi ca tions of a
WWER-1000 re ac tor (hear, Bushehr NPP) which are
used in this ar ti cle are pre sented in tab. 2. The fuel as -
sem blies in the core are di vided into three groups
based on the power dis tri bu tion. Ra dial power peak ing 
fac tor for each fuel as sem bly, ra dial power peak ing
fac tor of fuel rods in each as sem bly and three con stant
sub-fac tors (ax ial power peak ing fac tor, en gi neer ing
safety fac tor and un cer tainty co ef fi cient) are as sessed
to es ti mate the power dis tri bu tion in each group.
More over, the in di vid ual cor re spond ing chan nels of
the fuel as sem blies are lumped to gether to give an
equiv a lent flow chan nel. Spe cif i cally, in or der to per -
form the cal cu la tions in the pres ent study, the core is
di vided into four par al lel chan nels (three heated chan -
nels and an un heated by pass chan nel).

Chan nels are ax i ally di vided into 10 equal in ter -
vals while the fuel rods are di vided into thir teen ra dial
in ter vals with four in ter vals in clad and gap, and oth ers 
in the fuel.

Verification of the model

Since the full-scale ex per i ments in area of the nu -
clear power plants safety are usu ally un prac ti cal, re sults 
of the pro posed model are as sessed through out com par -
ing with the re sults from Bushehr NPP FSAR and the
RELAP5/mod3 code. Anal y sis of the Bushehr NPP un -
der con di tion of jam ming of one re ac tor cool ant pump
is per formed us ing code DINAMIKA-97, which is a
Rus sian anal y sis code. Code DINAMIKA-97 is in -
tended for an a lyz ing the re ac tor plant con di tions in -
clud ing nor mal op er at ing con di tions and an tic i pated
op er a tional oc cur rences [20]. On the other hand, The
RELAP5/MOD3, which is a well-known sys tem anal y -
sis code, uses non-equi lib rium, two-fluid par tially im -
plicit gen eral model for ther mal-hy drau lic anal y sis. The 
RELAP5/MOD3 code is de vel oped for best-es ti mate
tran sient sim u la tion of the nu clear re ac tor sys tems dur -
ing pos tu lated ac ci dents. More de tails of phys i cal mod -
els in RELAP5/MOD3 can be found in the code man ual 
ref er ence book [21]. 

Steady-state results

Ba sic pa ram e ters of the sys tem un der steady-state
con di tions are sum ma rized in tab. 3. From this ta ble, it is
ob vi ous that the cal cu lated val ues ob tained by the model
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Fig ure 5. Cool ant flow dis tri bu tion in ple num
A1-A4 – chan nel ar eas, Ai – in let flow area

Ta ble 2. Re ac tor spec i fi ca tions [20]

Re ac tor core op er at ing con di tions Value

Sys tem pres sure [MPa] 16.0

Re ac tor ther mal power [MWt] 3120

In let cool ant flow rate [m3h–1] 80000.0

Cool ant tem per a ture at the core in let [K] 293

Max i mum lin ear heat flux [Wcm–1] 448

Fuel

Hole di am e ter in the fuel pel let [mm] 1.5

Fuel pel let out side di am e ter [mm] 7.57

Clad ding out side di am e ter [mm] 9.1

Fuel pel let ma te rial UO2

Clad ding ma te rial  Zr-1% Nb al loy

Length of fuel rod [mm] 3530.0

En gi neer ing safety fac tor 1.16

Un cer tainty co ef fi cient 1.04

Max i mum ra dial peak ing fac tor of hot rod 1.6

Fuel as sem bly flow area [mm2] 25400.0

Fuel as sem bly wet ted per im e ter [mm] 9681.12

Fuel as sem bly heated per im e ter [mm] 8919.0

Ef fec tive de lay neu tron frac tion 0.007

Gen er a tion time [s–1] 0.00002

Fuel tem per a ture co ef fi cient of re ac tiv ity
[°C–1] –0.000018

Cool ant  tem per a ture co ef fi cient of
re ac tiv ity [°C–1] –0.0001



agree well with the nor mal op er a tion val ues re ported in
FSAR and those ob tained by RELAP5/mod3 code.
Steady-state re sults de ter mine the ini tial con di tions for
tran sient cal cu la tions.

Transient calculations

Tran sient con sid ered in this pa per is in stan ta -
neous jam ming of shaft of cool ant pump, which would 
re sult to rapid cool ant flow de crease through the re ac -
tor core. Two sit u a tions of loss of flow in pro tected and 
un pro tected cores are con sid ered. For pro tected loss of 
flow (with scram en abled), it is as sumed that the re ac -
tor scram will oc cur within 1.9 s from the mo ment of
tran sient ini ti a tion. With con sid er ing con stant mo tion
ve loc ity of the con trol rods, their re ac tiv ity change
ver sus time is as signed as the ex ter nal re ac tiv ity to the
ki net ics equa tions. To per form the anal y ses, some ini -
tial and bound ary con di tions are ex tracted from FSAR
data (tab. 2). Based on the flow coast down char ac ter -
is tics of the Bushehr NPP pri mary pumps, the cool ant
flow rate de cays ex po nen tially with time based on the
data de picted in fig. 6, for both cases of tran sients. In
ad di tion, in let core tem per a ture and out let pres sure as
other bound ary con di tions change dur ing tran sient.
These con di tions are as signed as in put to the prob lem
(fig. 7).

With solv ing point ki net ics equa tions, to tal
power his tory of the core is ob tained and de picted in
fig. 8. It is ev i dent from the fig ure that re ac tor power
de creases rap idly with time af ter the con trol rods en ter
the core. Be fore this time, power es sen tially de pends
on the neutronic and ther mal-hy drau lic feed backs. Af -
ter scram, the power is de ter mined to tally based on the
de cay heat val ues. The re sults are in good agree ment
with re sults ob tained from point ki net ics model of the
RELAP5 code and FSAR data.

With this power trend, figs. 9-11 show the core
out let tem per a ture of the cool ant as well as max i mum
fuel and clad outer sur face tem per a tures. The tem per a -
tures start in creas ing from ini ti a tion of the tran sient
and be fore scram oc curs, be cause of loosing of core
mass flow rate. How ever, af ter scram ini ti a tion these
tem per a tures de crease due to a sud den de crease in re -

ac tor power and higher speed of de creas ing power in
com par i son  to the cool ant flow rate.

The in let cool ant mass flow rate to chan nels ob -
tained from RELAP5 code and the flow di vi sion
model of this study are com pared in fig. 12.

In ad di tion to afore men tioned tran sient, a more
se vere con di tion of loss of flow tran sient with out core
pro tec tion is stud ied in this pa per. For this tran sient, it
is as sumed that only feed backs con trib ute to the so lu -
tion. Re ac tiv ity in tro duced by feed back de creases
power to some ex tent; how ever, this is not as ef fec tive
as rod scram, in con trol ling the re ac tor. Other bound -
ary and ini tial con di tions are as sumed same as be fore
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Ta ble 3. Cal cu lated ther mal-hy drau lic pa ram e ters for the typ i cal WWER-1000 re ac tor

Pa ram e ter Ob tained re sults RELAP5 re sults FSAR re sults [20]

Fuel in ner sur face max i mum tem per a ture [K] 2161.0 2120.0 2113.15

Clad outer sur face max i mum tem per a ture [K] 623.9 623.7 <625.15

Mean cool ant tem per a ture at core exit [K] 597.9 598.2 598.15

Cool ant max i mum tem per a ture at hot fuel chan nel [K] 610.0 609.0 n. a.

Channel 1 in let ve loc ity [ms–1] 5.120 5.07 n. a.

Channel 2 in let ve loc ity [ms–1] 5.133 5.10 n. a.

Channel 3 in let ve loc ity [ms–1] 5.151 5.13 n. a.

Mean cool ant den sity at hot fuel assembly out let 629.3 633.1 n. a.

Mean cool ant den sity at core exit [kgm–3] 666.4 665.1 664.0

Fig ure 6. Rel a tive core in let mass flow rate

Fig ure 7.  Rel a tive re ac tor in let tem per a ture and out let
pres sure



in this con di tion. To tal power change of the re ac tor is
shown in fig. 13. Re sults for max i mum cool ant, fuel
and clad tem per a tures, are de picted in figs. 14-16.
Cool ant and clad out side tem per a tures start in creas ing
with de creas ing of the cool ant flow rate in this con di -
tion, while the fuel max i mum tem per a ture de creases
since the rate of flow change is larger than the power
de crease.

More over, it is pos si ble for the cool ant to be -
come two-phase dur ing this tran sient. Since the pro -
posed model is ca pa ble of sim u lat ing a two-phase flow 
by tak ing ad van tage of drift-flux model, the void frac -
tion is ob tained. The re sults for the max i mum value of
the void frac tion are shown in fig. 17. A good agree -
ment be tween the re sults as cer tains the abil ity of the
pre sented two-phase sim u la tion.

In or der to show the com pat i bil ity be tween fuel
and cool ant pa ram e ters, void frac tion dis tri bu tion along 
the chan nels is shown in fig. 18 for time of 20s dur ing
this tran sient and the re sults are com pared with the re -
sults ob tained from RELAP5 code. Al though there are
some dis crep an cies be tween the re sults due to dif fer ent
so lu tion meth ods, it is con cluded that the model pre -
sented in this pa per can es ti mate void frac tion.

CONCLUSION

From the ob tained  re sults, it can be con cluded
that in the case of a flow tran sient with scram, the re ac -
tor re mains in safe con di tion and all the tem per a tures
are con trolled from in creas ing be yond the safety is -
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Fig ure 8. To tal rel a tive power of the re ac tor

Fig ure 9. Core out let cool ant tem per a ture for tran sient
with scram

Fig ure 10. Max i mum fuel tem per a ture for tran sient
with scram

Fig ure 11. Max i mum clad out sur face tem per a ture for
tran sient with scram

Fig ure 12. In let mass flow rate dis tri bu tion in each chan nel



sues; how ever, if scram can not work well, only feed -
backs' roles are taken into ac count, which are not as ef -
fec tive as the role of the con trol pro tec tion sys tem.
Fi nally, a good agree ment be tween the com pu ta tional

re sults by two sets of the mod els (two-fluid in
RELAP5 and drift-flux in the pres ent study) is ob -
tained, which proves the ap pli ca bil ity and ac cu racy of
the pro posed model.
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Fig ure 13. To tal rel a tive power of the re ac tor for
tran sient with out scram

Fig ure 14. Core out let tem per a ture for tran sient with out
scram

Fig ure 15. Max i mum fuel tem per a ture for tran sient
with out scram

Fig ure 16. Max i mum clad out sur face tem per a ture for
tran sient with out scram

Fig ure 17. Max i mum void frac tion for tran sient with out
scram

Fig ure 18. Void frac tion dis tri bu tion along the chan nels
for sim u la tion time of 20 s 
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NOMENCLATURE

A – cross-sec tional area, [m2]
C – spe cific heat, [kJkg–1 °C]
Ci – neu tron pre cur sor con cen tra tion of group i, [kgm–3]
D – di am e ter, [m]
f – fric tion co ef fi cient
g – grav ity ac cel er a tion, [ms–2]
h – spe cific enthalpy, [kJkg–1]
ht – heat trans fer co ef fi cient, [Wm–2K–1]
J – su per fi cial ve loc ity, [ms–1]
k – ther mal con duc tiv ity, [Wm–1K–1]
m – mass flow rate, [kgs–1]
Nu– Nusselt num ber, (=blk–1)
P – pres sure, [Pa]
Pr – Prandtl num ber, (=Cmk–1)
Pe – Peclet num ber, (=Re Pr)
q – heat ing power, [W]
Re – Reynolds num ber, (=Dvrm–1)
R – re ac tiv ity, [$]
r – ra dius, [m]
St – Stanton num ber, (=Nu/Pe)
T – tem per a ture, [K]
t – time, [s]
V – vol ume, [m3]
v – ve loc ity, [ms–1]
z – height, [m]

Greek sym bols

a – void fraction

bi – de layed neu tron frac tion of group i

G – vapour gen er a tion rate per unit vol ume, [kgs–1m–3]

D – difference

e – pump ing factor

L – neu tron gen er a tion time, [s]

li – de cay con stant of pre cur sor group i, [s–1]

m – dy namic vis cos ity, [kgm–1s–1]

z – per im e ter, [m]

r – den sity, [kgm–3]

t – time con stant, [s]

Sub scripts and superscripts

" – flux

"' – per vol ume
cr – crit i cal
fg – sat u rated liq uid vapour dif fer ence
g – gas
gj – su per fi cial gas
h – heated
i – in ner
l – liq uid
m – mix ture
0 – dis tri bu tion
p – con stant pres sure
sat – sat u rated
w – wall
z – ax ial co-or di nate

Math e mat i cal sym bols

<> – area av er aged quan tity
<<>> – void frac tion weighted area av er aged quan tity

– mean value
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Gon~ BAGHBAN, Mohsen [AJESTEH, Maxid BAHONAR, Reza SAJAREH

SIMULACIJA  I  ANALIZA  NORMALNIH  I
PRELAZNIH  STAWA  REAKTORA  WWER-1000

Precizna analiza toka prelaznog stawa veoma je va`na za ocenu sigurnosti nuklearne
elektrane. U ovom radu sprovedena je analiza reaktora WWER-1000, i u tom ciqu razvijen je model
koji simulira spregnutu kinetiku i termo-hidrauliku reaktora pomo}u jednostavnog i preciznog
numeri~kog algoritma. Za termo-hidrauli~ne prora~une primewen je model ~etiri jedna~ine sa
driftovanim fluksom. Jezgro je izdeqeno u nekoliko oblasti u saglasnosti sa vi{ekanalnim
pristupom, pri ~emu svaka oblast prikazuju}i jednu gorivnu {ipku sa odgovaraju}im kanalom za
hla|ewe ima sopstvene karakteristike. Da se dobije raspodela snage u jezgru, kori{}ene su
jedna~ine ta~kaste kinetike sa razli~itim povratnim spregama. Razmatrani su odgovaraju}i
inicijalni i grani~ni uslovi  i analizirana su dva slu~aja slabqewa ja~ine toka hladioca u
za{ti}enom i neza{ti}enom jezgru. Pored analize uslova za normalan rad, dobijeni su
termo-hidrauli~ni parametri za prelazna stawa u punom opsegu. Na kraju, kori{}ewem podataka o
nuklearnoj elektrani Bu{er, rezultati dobijeni modelom upore|eni su sa prora~unima
izvr{enim programom RELAP5/MOD3. Pokazano je da model obezbe|uje precizna predvi|awa i
stabilnih i prelaznih stawa.

Kqu~ne re~i: RELAP5, model driftovanog fluksa, nuklearni reaktor, nuklearna elektrana,
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