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The use of a new Monte Carlo Ser pent code for the cal cu la tion of wa ter-cooled re ac tors is pre -
sented and a cal cu la tion scheme of the fuel as sem bly for VVER-1000 re ac tors de vel oped. The
cal cu la tion of neu tron-phys i cal char ac ter is tics for the fuel as sem bly of VVER-1000 is car ried
out for dif fer ent states and the re sults ob tained by the Ser pent model com pared with the re -
sults of other re ac tor codes. The anal y ses of these re sults are pre sented in the pa per sub mit ted
here. Based on this ar ti cle, the Monte Carlo Ser pent code could be used for neu tron-phys i cal
cal cu la tions of VVER-1000 re ac tors.
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IN TRO DUC TION

A sus tained de vel op ment of nu clear en ergy
needs ap pli ca tion of new types of soft ware for neu -
tron-phys i cal anal y sis of nu clear re ac tors [1-3], as
well as the in ves ti ga tion of ad vanced nu clear re ac tors
[4-7], is cur rently in op er a tion.

Gen er ally, neu tron-phys i cal mod el ling is based
on two types of meth ods: de ter min is tic meth ods and
sto chas tic meth ods (for ex am ple, the Monte Carlo
method) [8]. The base of de ter min is tic meth ods is a
nu mer i cal so lu tion of the neu tron trans port equa tion
(for ex am ple, dis crete or di nate method [9] or char ac -
ter is tic method [10]). Sto chas tic meth ods, such as the
Monte Carlo method, are based on the anal y sis of the
prob a bil i ties of many events by sim u lat ing mil lions of
el e men tary par ti cles for given ma te rial char ac ter is tics
and ge om e try [11]. Monte Carlo meth ods are most
con ve nient for mod el ing re ac tor sys tems with com pli -
cated ge om e tries where de ter min is tic meth ods can not
be ap plied. The most well-known soft ware prod uct us -
ing the Monte Carlo method for cal cu lat ing re ac tor
sys tems is the MCNP code that was de vel oped at the
Los Alamos Na tional Lab o ra tory (LANL, USA) [12,
13].

Other re ac tor codes based on the Monte Carlo
method such as the Ser pent Monte Carlo code [14] are
be ing ac tively de vel oped as well. The de vel op ment of
the Ser pent code started in 2004 at the VTT Tech ni cal
Re search Cen ter (Fin land) and has since gained the

com mit ment of many sci en tists around the world due
to con ve nience, ac cu racy of cal cu la tions and a wide
range of tasks that it can solve [15].

Cur rently, the Ser pent code is be ing ac tively
used for in ves ti gat ing both fast re ac tors and ther mal
re ac tors [16, 17]. In the pa per pre sented here, the au -
thors in ves ti gate the pos si bil ity of us ing the Ser pent
code  for  the  cal cu la tion  of  fuel  as sem blies (FA)
char ac ter is tics for VVER-1000 re ac tors and a ver i fi -
ca tion tool for de ter min is tic codes that cal cu late the
en tire core of the VVER-1000 re ac tor (for ex am ple,
VOY AGE/KRUIZ [18] and HELIOS [19]). This is es -
pe cially ur gent from the view point of the need to de -
velop a gen u ine Ukrai nian de ter min is tic code for the
cal cu la tion of VVER re ac tor cores with West ing house 
fuel [20].

CAL CU LA TION MODEL AND METHOD

Re search aims

The ver i fi ca tion of a re ac tor soft ware which per -
forms cal cu la tions of the phys i cal char ac ter is tics for
nu clear fuel is al ways a com plex task since there is ei -
ther not enough nec es sary ex per i men tal data or (in
case of ho mog e nous mac ro scopic in ter ac tion char ac -
ter is tics), the data is ab sent. There fore, the cross-ver i -
fi ca tion pro ce dure is of ten used. Cross-ver i fi ca tion is
the im ple men ta tion of same set of com par i son cal cu la -
tions with other sim i lar soft ware prod ucts that have al -
ready been ver i fied [21].
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In study [22], the cal cu la tions for FA VVER-1000 
are done with the use of the well-ver i fied codes for
VVER fuel: TVS-M code [23], MCU code [24],
WIMS8A code [25], HELIOS 1.4 code [19], MCNP4B
code [26], and MULTICELL code [27].

The aim of this work is to re peat the cal cu la tions
pre sented in re port [22] by uti liz ing the Ser pent code
for the ver i fi ca tion of soft ware for cal cu la tions of
VVER-1000 fuel.

Model de scrip tion and in put data

Within the scope of the pres ent work, cal cu la -
tions were made for U/Gd FA of a VVER-1000 re ac tor
[28]. The con fig u ra tion of such U/Gd FA is shown in
fig. 1. This FA con sists of the fuel el e ment (FE) of the
main fuel and the mixed ura nium-gad o lin ium fuel
with ox ide Gd2O3 (U/Gd FE). Fuel as sem blies of the
pre sented con fig u ra tion are in use in all cur rent Ukrai -
nian nu clear power plants.

The FA in fig. 1 con sists of: 300 FE, 12 U/Gd FE
[29], 18 in stru men tal tubes and 1 cen tral tube. The ra -
dius of fuel for FE and U/Gd FE: R1 = 0.386 cm, the
outer ra dius of clad ding for FE and U/Gd FE: R2 =
=.0.4582 cm (see fig. 2).

The codes pre sented in Re search aims sec tion
are used for the prep a ra tion of small-group mac ro -
scopic in ter ac tion char ac ter is tics. In the prep a ra tion of 
such char ac ter is tics, cam paign val ues of the fuel tem -
per a ture av er aged by the re ac tor, the cool ing tem per a -
ture and the con cen tra tion of bo ric acid are com monly
used for the cal cu la tion of the change in iso to pic com -

po si tion with burn-up, as well as the base states and de -
rived states [30, 31].

The anal y sis of char ac ter is tics of FA (fig. 1) was
car ried out for the five states shown in tab. 1.

The states in di cated in tab. 1 cor re spond to the
base and de rived states for re ac tors VVER-1000. State 
S1 is the op er at ing poi soned state where the burn-up
cal cu la tion is car ried out with the con cen tra tion of nat -
u ral bo ron in the cool ant of 0.6 gkg–1.

Ser pent code as an in stru ment for re ac tor
cal cu la tions and cal cu la tion model

The Ser pent code has been de vel oped at the VTT 
Tech ni cal Re search Cen tre of Fin land since 2004. Ser -
pent is a Monte Carlo code which uses a con tin u ous
en ergy li brary of neu tron-phys i cal con stants, an ap -
proach sim i lar to that used in the MCNP code for the
de ter mi na tion of the neu tron mul ti pli ca tion fac tor. The 
dif fer ence be tween the Ser pent code and the MCNP
code lies in the use of the Wood cock Delta-Track ing
Method for neu tron trans port sim u la tion, un like the
tra di tional Sur face-to-sur face ray-trac ing method of
the MCNP code. The main ad van tage of the Wood -
cock Delta-Track ing Method is that it greatly sim pli -
fies ge om e try pro cess ing dur ing the cal cu la tion which
leads to a re duc tion in mod el ing time, es pe cially for
com plex ge om e tries [32]. In the pres ent pa per, cal cu -
la tions were done with the help of the Ser pent Monte
Carlo trans port code ver sion 1.1.7 which em ploys the
ENDF/B-VI.8 nu clear data li brary [33].
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Fig ure 1. The con fig u ra tion of con sid ered U/Gd FA;
1 – cen tral tube, 2 – FE with 3.7 % en rich ment in U-235,
3 – in stru men tal tubes, 4 – U/Gd FE (UO2 with 3.6 %
en rich ment in U-235 + 4.0 % Gd2O3)

Fig ure 2. The con fig u ra tion of the el e men tary fuel cell,
where h is the key size

Ta ble 1. Cal cu lated states [22]

State De scrip tion
Fuel

tem per a ture
[K]

Non-fuel
tem per a ture

[K]

Xe-135,
Sm-149

S1 Op er at ing
poi soned state 1027 575 Eq.*

S2 Op er at ing
non-poi soned state 1027 575 0.0

S3 Hot state 575 575 0.0

S4 Hot state with out
bo ron acid 575 575 0.0

S5 Cold state 300 300 0.0

*Eq. In di cates equi lib rium Xe-135 and Sm-149 con cen tra tions



The ge om e try in the Ser pent code is based on
struc tures very sim i lar to the MCNP code [15]. These
struc tures are based on the uni verse-based com bi na -
torial solid ge om e try (CSG) model. The vi su al iza tion
of the FA VVER-1000 cross-sec tion from the Ser pent
code is shown in fig. 3.

In the cal cu la tion scheme pre sented in fig. 3, the
ma te rial com po si tion and geo met ric char ac ter is tics of
the cell are fully con sis tent with those given in [15].

The ENDF/B-VI.8 nu clear data li brary was used
for all cal cu la tions in the pres ent pa per. It con tains data 
for a num ber of tem per a tures – 300, 600, 900, 1200,
1500, and 1800 K for all the iso topes. The tem per a ture
range for light wa ter for the ther mal scat ter ing li brary
has the form: 296, 350, 400, 450, 500, and 600 K [34].

For Monte Carlo sim u la tions, 320 cy cles per
10000 neu trons were used in one neu tron gen er a tion
while dis re gard ing the first 20 cy cles to pro vide a value
of the mean-square de vi a tion of less than  ±0.0003 [35].

RE SULTS AND DIS CUS SION

Neu tron mul ti pli ca tion fac tor cal cu la tions

The neu tron mul ti pli ca tion fac tor is an in te gral
char ac ter is tic of any nu clear fuel sys tem and is one of
the main in for ma tive in di ca tors of the nu clear sys tem's 
state. The cor rect ness of the cal cu lated value of the
neu tron mul ti pli ca tion fac tor will show the cor rect -
ness of the used math e mat i cal mod els, the cor rect ness
of the de vel oped de sign scheme and en sure the cor rect
val ues of in ter ac tion cross-sec tions. In the pres ent pa -
per, we have in ves ti gated the neu tron mul ti pli ca tion
fac tor, the con cen tra tions of the main iso topes and
pin-by-pin power dis tri bu tions. The sim u la tion re sults 
of S1 state with dif fer ent cal cu la tion codes are given in 
tab. 2.

The BIPR code [36] is usu ally used for an a lyz -
ing fuel load ing of VVER re ac tors and the group con -
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Fig ure 3. Cal cu la tion scheme of FA VVER-1000 from the 
Ser pent code;
1 – cen tral tube, 2 – FE with 3.7 % en rich ment in U-235, 3 –
in stru men tal tubes, 4 – U/Gd FE (UO2 with 3.6 %
en rich ment in U-235 + 4.0 % Gd2O3)

Ta ble 2. Ob tained sim u la tion re sults of the mul ti pli ca tion fac tor for S1 state

Burn-up*

[MWdkg–1] MCU TVS-M WIMS8A HELIOS MULTICELL Av er aged** Ser pent
De vi a tion

ser pent from
av er aged [%]

De vi a tion
ser pent from
TVS-M [%]

De vi a tion
ser pent from
HELIOS [%]

0 1.1353 1.1353 1.1328 1.1355 1.1363 1.135 1.1341 0.08 0.10 0.12

1 1.1364 1.1345 1.1303 1.1361 1.137 1.1349 1.1326 0.20 0.17 0.31

2 1.1354 1.1355 1.1318 1.1377 1.1382 1.1357 1.1340 0.15 0.13 0.33

3 1.1388 1.1359 1.133 1.1387 1.1386 1.137 1.1345 0.22 0.13 0.37

4 1.1377 1.1365 1.1341 1.1395 1.1389 1.1373 1.1349 0.21 0.14 0.41

5 1.139 1.1375 1.1358 1.1407 1.1394 1.1385 1.1355 0.26 0.18 0.46

6 1.1408 1.139 1.138 1.1421 1.1404 1.1401 1.1366 0.31 0.21 0.48

7 1.1427 1.1403 1.1392 1.143 1.1414 1.1413 1.1379 0.30 0.21 0.45

8 1.1421 1.139 1.1371 1.1414 1.1404 1.14 1.1369 0.27 0.19 0.40

9 1.1344 1.1346 1.1318 1.1365 1.1363 1.1347 1.1329 0.16 0.15 0.32

10 1.1284 1.1273 1.124 1.1291 1.1295 1.1277 1.1259 0.16 0.12 0.28

11 1.1178 1.1185 1.115 1.1203 1.1209 1.1185 1.1177 0.07 0.07 0.23

12 1.1099 1.1092 1.1058 1.1112 1.1117 1.1096 1.1084 0.10 0.07 0.25

13 1.0996 1.1 1.0966 1.102 1.1025 1.1002 1.0997 0.05 0.03 0.21

14 1.0923 1.091 1.0877 1.0931 1.0935 1.0915 1.0912 0.02 –0.02 0.17

15 1.0827 1.0821 1.079 1.0843 1.0846 1.0825 1.0826 –0.01 –0.05 0.16

20 1.0403 1.0405 1.0383 1.0435 1.0427 1.0411 1.0416 –0.05 –0.11 0.18

25 1.0039 1.0022 1.0017 1.0061 1.0041 1.0036 1.0049 –0.13 –0.26 0.12

30 0.9703 0.9665 0.9681 0.9714 0.9681 0.9689 0.9715 –0.26 –0.51 –0.01

35 0.9415 0.9332 0.9372 0.9391 0.9343 0.9371 0.9401 –0.32 –0.74 –0.11

40 0.9091 0.9025 0.9088 0.9091 0.9029 0.9065 0.9110 –0.49 –0.93 –0.21

*   Here and through out this work the burn-up in units MWdkg–1 of heavy metal are used in all the pa per's ta bles
** Av er aged value of Keff cal cu lated by MCU, TVS-M, WIMS8A, HELIOS, MULTICELL codes in re port [15]



stant is pre pared us ing the TVS-M code for BIPR cal -
cu la tions. In ad di tion, the soft ware prod uct HELIOS is 
widely used in Ukraine for the prep a ra tion of con stant
sup port [31]. There fore, tab. 2 pro vides sep a rate com -
par i sons with TVS-M and HELIOS codes.

The anal y sis of the ob tained re sults shows good
agree ment be tween the neu tron mul ti pli ca tion fac tor
cal cu lated by the Ser pent code com pared with other
codes. There is an in crease in de vi a tion in com par i son
with the TVS-M code, but a sim i lar sit u a tion can be
seen when com par ing the TVS-M code with other
codes  as  well.  Ser pent's  re sults lie in the range of a
0.5 % de vi a tion com pared by HELIOS code re sults,
which is most likely due to the pos si ble un cer tainty of
the in put data (the pres ence or ab sence of dis tant grids,
the for mat of in put of iso to pic com po si tion, etc.).

The cal cu lated iso to pic com po si tions at state S1
are ex ported to other states (S2-S5) and the cal cu la tion 
of the neu tron mul ti pli ca tion fac tor is car ried out in the 
fi nal stage. The cal cu la tion re sults for some burn-up
points are shown in tab. 3. 

The ob tained dif fer ence of iso to pic com po si tion
cal cu la tion for state S1 sim i larly af fects cal cu la tions
re sults for other states in which the iso tope com po si -
tion was ex ported (tab. 3).

The dif fer ence of the neu tron mul ti pli ca tion fac -
tor for dif fer ent states in di cates a change in re ac tiv ity
with a change of pa ram e ters. Ta ble 4 shows the co ef fi -
cients of re ac tiv ity at these burn ing points. 

In tab. 4 we can note lower val ues of co ef fi cients
of re ac tiv ity for fuel tem per a ture in the Ser pent code
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Ta ble 3. Ob tained sim u la tion re sults of the mul ti pli ca tion fac tor for dif fer ent states

State\Burnup
[MWdkg–1] S1 S2 S3 S4 S5

MCU

0 1.1353 1.1779 1.1899 1.2499 1.3197

20 1.0403 1.0809 1.0950 1.1496 1.2192

40 0.9091 0.9432 0.9562 1.0063 1.0632

TVS

0 1.1353 1.1768 1.1900 1.2504 1.3213

20 1.0405 1.0781 1.0928 1.1484 1.2138

40 0.9025 0.9325 0.9460 0.9954 1.0470

WIMS8A

0 1.1328 1.1695 1.1845 1.2433 1.3122

20 1.0383 1.0781 1.0941 1.1477 1.2173

40 0.9088 0.9422 0.9566 1.0041 1.0604

HELIOS

0 1.1355 1.1750 1.1894 1.2490 1.3181

20 1.0436 1.0828 1.0988 1.1535 1.2198

40 0.9092 0.9422 0.9572 1.0063 1.0577

MULTICELL

0 1.1363 1.1776 1.1919 1.2518 1.3164

20 1.0427 1.0835 1.0989 1.1543 1.2192

40 0.9029 0.9368 0.9509 1.0005 1.0505

Ser pent

0 1.1368 1.1720 1.1805 1.2385 1.3137

20 1.0416 1.0825 1.0918 1.1444 1.2175

40 0.9110 0.9449 0.9543 1.0003 1.0594

Ta ble 4. Co ef fi cients of re ac tiv ity

Burn-up [MWdkg–1] MCU TVS-M WIMS8A HELIOS MULTICELL Ser pent

S1-S2 (Xe, Sm ef fects)

0 –4.26 –4.15 –3.67 –3.95 –4.13 –3.53

20 –4.06 –3.76 –3.98 –3.92 –4.08 –4.08

40 –3.41 –3.00 –3.33 –3.30 –3.39 –3.39

S3-S4 (bo ron ef fect)

0 –6.00 –6.04 –5.88 –5.96 –5.99 –5.79

20 –5.46 –5.56 –5.36 –5.48 –5.54 –5.26

40 –5.01 –4.94 –4.75 –4.91 –4.96 –4.59

S3-S2 (fuel tem per a ture, Cb > 0)

0 1.20 1.32 1.50 1.44 1.43 0.85

20 1.41 1.47 1.60 1.60 1.54 0.94

40 1.30 1.35 1.44 1.50 1.41 0.95

S4-S5 (change of fuel tem per a ture
and cool ing tem per a ture)

0 –6.98 –7.09 –6.89 –6.91 –6.46 –7.52

20 –6.96 –6.54 –6.95 –6.63 –6.49 –7.31

40 –5.69 –5.16 –5.63 –5.15 –5.00 –5.92



than in other codes be tween states S3 and S2. This is
be cause the used nu clear data li brary for Ser pent cal -
cu la tions does not con tain data for the tem per a ture of
1027 K. In that case, the cross-sec tions with a tem per a -
ture of 900 K were used. Ac cord ing to [37], in the sec -
ond ver sion of Ser pent code, there is an op tion that al -
lows ad just ing the mi cro scopic cross-sec tions to the
re quired tem per a ture val ues for fuel and other ma te ri -
als. Ta ble 4 also shows that Ser pent code gives a good
match com pared to the MCU, WIMS8A, and HELIOS 
codes. The de vi a tion from the re sults of the TVS-M
code was dis cussed before.

The pin-by-pin power dis tri bu tion

The pin-by-pin power dis tri bu tion makes it pos si -
ble to an a lyze the dis tri bu tion of en ergy in the FA and, as
a re sult, the dis tri bu tion of neu tron flux in the FA. In for -
ma tion about pin-by-pin power dis tri bu tion is im por tant
when an a lyz ing the char ac ter is tics of a fuel in ven tory of
a nu clear re ac tor since it pro vides an op por tu nity to con -
trol the val ues of the en ergy out put in fuel and thus pre -
vent ex cess of heat fluxes pass port val ues. This, in turn,
en sures the safe op er a tion of nu clear fuel.

Fig ure 4 shows the num bers of FE in FA for the
60-de gree sec tor.

Ta ble 5 shows the val ues of pin-fac tors for dif -
fer ent states at sev eral burn-up points for con sid ered
neu tron-phys i cal codes. Pin num bers in tab. 5 are
taken ac cord ing to [15].

Anal y sis of data ob tained in tab. 5 shows that the
re sults of the Ser pent cal cu la tion for the pin-by-pin
power dis tri bu tion pro vide ac cept able val ues in com -
par i son with other codes. It can also be noted that
Monte Carlo codes Ser pent and MCU are in very good
agree ment with each other. In ad di tion to data pre -
sented in tab. 5, the changes of iso tope com po si tion
with burn-up for: transuranium el e ments, Xe, Sm, and
other iso topes are an a lyzed within the scope of the
pres ent in ves ti ga tion. The de vi a tion in the iso to pic
com po si tion for the main iso topes given in [15] agrees
with the de vi a tions ob tained by the Ser pent code.

CON CLU SIONS

A rel a tively new Monte Carlo Ser pent code
which can be used for anal y sis of neu tron-phys i cal

char ac ter is tics for nu clear fuel sys tems, burn-up cal -
cu la tions, prep a ra tion of ho mog e nized mac ro scopic
char ac ter is tics, and sim u la tion of fuel load ing char ac -
ter is tics is pre sented.

A cal cu la tion scheme of the FA for the
VVER-1000 re ac tor was de vel oped with the use of the 
Ser pent code. Per formed cal cu la tions af firm the cor -
rect ness of the de vel oped cal cu la tion scheme for  an a -
lyz ing crit i cal sys tems with VVER-1000 fuel. It can be 
noted that the re sults of Ser pent cal cu la tions are in
good agree ment with the re sults of HELIOS cal cu la -
tions. The de vi a tion of the re sults of Ser pent cal cu la -
tions from the re sults of TVS-M cal cu la tions for in -
creas ing  burn-ups  is  sim i lar to the de vi a tion of
TVS-M re sults from MCU, WIMS8A, and HELIOS
codes. This is very im por tant since the vari a tion in the
cal cu la tion of the neu tron mul ti pli ca tion fac tor equal
to 1 % will give a de vi a tion in the con cen tra tion of bo -
ric acid of 0.5 gkg–1 (de pend ing on the method of con -
stant prep a ra tion) for the cal cu la tion of the re ac tor
cam paign. This de vi a tion of con cen tra tion is very sig -
nif i cant since the er ror in the pre dic tion cam paign time 
can last up to 10 ef fec tive days. But, this de vi a tion will
not have a sig nif i cant ef fect on the er ror in the de ter mi -
na tion of the en ergy-re lease dis tri bu tion.
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Fig ure 4. Num ber ing of cells in FA for cal cu la tion of
pin-by-pin power dis tri bu tion

Ta ble 5. Pin-fac tors

Code

Burn-up per cell [MWdkg–1]

State – S1 State – S2 State – S3 State – S4 State – S5

0 20 40 0 20 40 0 20 40 0 20 40 0 20 40

63 19 6 35 1 6 35 64 6 35 58 6 35 1 6

MCU 1.005 0.965 0.959 0.318 1.048 0.963 0.320 1.062 0.958 0.308 0.953 0.957 0.218 1.084 0.943

TVS-M 0.993 0.983 0.987 0.319 1.032 0.989 0.318 1.037 0.989 0.308 0.972 0.987 0.217 1.070 0.971

WIMS8A 0.998 0.987 0.990 0.336 1.028 0.992 0.333 1.032 0.992 0.323 0.978 0.991 0.229 1.050 0.985

HELIOS 0.981 0.975 0.979 0.329 1.047 0.981 0.327 1.038 0.981 0.317 0.966 0.979 0.222 1.078 0.967

MULTI CELL 0.957 0.979 0.985 0.317 1.045 0.986 0.316 1.037 0.986 0.306 0.967 0.984 0.215 1.056 0.986

Ser pent 1.010 1.000 0.981 0.377 1.015 0.962 0.381 1.041 0.962 0.362 0.979 0.963 0.262 1.044 0.963



The pa pers [38, 39] show that the value of the
dif fu sion co ef fi cient in the „fast” en ergy re gion re -
quires clar i fi ca tion. There fore, con sid er ing the re sults
pre sented in this ar ti cle, it is log i cal to switch to the use
of the sec ond ver sion of the Ser pent code.
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Vitalij V. GAL^ENKO, Ihor [LAPAK, Volodimir GULIK

RA^UNARSKO  TESTIRAWE  GORIVNOG  SKLOPA  VVER-1000  REAKTORA
IZVR[ENO  MONTE  KARLO  SERPENT  KODOM

Primenom novog Monte Karlo Ser pent koda izvr{en je prora~un reaktora hla|enih
vodom i razvijena je prora~unska {ema gorivnog sklopa VVER-1000 reaktora. Prora~un
neutronsko-fizi~kih karakteristika gorivnog sklopa VVER-1000 reaktora ura|en je za razli~ita
stawa, a rezultati dobijeni Ser pent kodom upore|eni su sa rezultatima drugih reaktorskih
programskih paketa. Iz analize ovih rezultata zakqu~uje se da se Monte Karlo Ser pent kod mo`e
koristiti za neutronsko-fizi~ke prora~une VVER-1000 reaktora.

Kqu~ne re~i: VVER-1000, Monte Karlo metoda, reaktorski prora~un, Ser pent kod


