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The super multi-func tional cal cu la tion pro gram for nu clear de sign and safety eval u a tion is a
gen eral, in tel li gent, ac cu rate and pre cise sim u la tion soft ware sys tem for the nu clear de sign
and safety eval u a tions. The heavy wa ter re ac tor has a much stron ger mod er a tion power and
much lon ger dif fu sion length of the thermalized neu trons. The pa per in tends to show the ver -
i fi ca tion and val i da tion of SuperMC3.2 with a heavy-wa ter-mod er ated lat tice named the deu -
te rium crit i cal as sem bly which is very sim i lar to the Can ada Deu te rium Ura nium type re ac tor
and se lected from the in ter na tional re ac tor phys ics ex per i ment eval u a tion pro ject. The cal cu -
la tion re sults were com pared with the ref er ence cal cu lated re sults and the ex per i men tal data
from In ter na tional Re ac tor Phys ics Ex per i ment Eval u a tion Pro ject. The fi nal ob tained re -
sults proved the ac cu racy, con ve nience and uni ver sal ity of SuperMC, and pri mar ily ver i fied
the ap pli ca bil ity of SuperMC in nu clear anal y sis of heavy wa ter re ac tor.

Key words: Monte Carlo, SuperMC, heavy wa ter re ac tor, ver i fi ca tion and val i da tion,
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IN TRO DUC TION

A nu clear power plant is al ways de signed with a
con ser va tive ap proach, which can not at tain the best
eco nomic ef fi ciency. The high-fi del ity sim u la tion
with re al is tic mod els can ob tain more re li able and pre -
cise re sults, which are very use ful for nu clear de vices
de sign, con struc tion and op er a tion to im prove se cu rity 
and econ omy. There fore, the ca pac ity of high-fi del ity
sim u la tions has be come one of the most im por tant as -
sess ments of nu clear de sign codes [1, 2]. For the pur -
pose of en sur ing the re li abil ity of the codes, the ver i fi -
ca tion and val i da tion of dif fer ent ap pli ca tions should
be done in se quence us ing re al is tic ex per i men tal re ac -
tor bench mark models.

The Super Multi-func tional Cal cu la tion Pro gram
for Nu clear De sign and Safety Eval u a tion (SuperMC) 
[3, 4] is a gen eral, in tel li gent, ac cu rate and pre cise sim u -
la tion soft ware sys tem for nu clear de sign and safety
eval u a tion, which has in te grated the au to matic ge om e -
try and phys ics mod el ing mod ule, ef fi cient and ac cu rate 
par ti cle trans port cal cu la tion mod ule and in tel li gent vi -
su al iza tion mod ule and been de vel oped by the FDS
team [5]. The lat est ver sion of SuperMC can ac com -
plish the trans port cal cu la tion of n, g, de ple tion cal cu la -
tion, ac ti va tion cal cu la tion and shut down dose rate cal -

cu la tion, and can be ap plied for crit i cal ity and shield ing
de sign of re ac tors, med i cal phys ics anal y sis, etc. The
SuperMC has been ver i fied and val i dated by more than
2000 bench mark mod els and ex per i ments, such as the
In ter na tional Crit i cal ity Safety Bench mark Eval u a tion
Pro ject (ICSBEP), Shield ing In te gral Bench mark Ar -
chive and Da ta base (SINBAD), and the com pre hen sive 
ap pli ca tions from the re ac tors in clud ing the In ter na -
tional Ther mo nu clear Ex per i men tal Re ac tor (ITER),
FDS-II, IAEA-BN600, IAEA-ADS, BEAVRS, HM,
TCA, etc. [6-14]

The heavy wa ter re ac tor (HWR) has a much
stron ger mod er a tion power and much lon ger dif fu sion
length of the thermalized neu trons than PWR on ac -
count of us ing deu te rium ox ide as a mod er a tor. Fur -
ther more, the HWR can use nat u ral ura nium as fuel
and gen er ate the plu to nium. In or der to prove that
SuperMC can be ap plied in the HWR neutronics anal -
y sis, the ver i fi ca tion and val i da tion (V&V) of
SuperMC3.2 with the HWR model is in dis pens able. In 
this pa per, one heavy-wa ter-mod er ated lat tice was se -
lected from the In ter na tional Re ac tor Phys ics Ex per i -
ment Eval u a tion Pro ject (IRPhEP) [15], which is the
deu te rium crit i cal as sem bly (DCA) [16]. Ac cord ing to 
the fea ture of HWR, the fis sion re ac tion of 235U (F25),
cap ture ra tio of 238U and epi ther mal cap ture ra tio of
238U (r28) are cal cu lated, and the re sults are com pared 
with the ex per i men tal data and the MCNP5 [17] ref er -
ence re sults to prove the ac cu racy.
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The struc ture of this pa per is as fol lows: the de -
tailed pro cess of mod el ing is shown in Sec tion 2, and
the cal cu la tion re sults are shown in Sec tion 3. Fi nally,
Sec tion 4 is for the con clu sion.

MODEL PRO CESS

The DCA model [18] is a tank-type crit i cal as sem -
bly with a max i mum power of 1 kWth, a heavy-wa -
ter-mod er ated, boil ing-light-wa ter cooled, and pres -
sure-tube-type re ac tor de vel oped in Ja pan. There are
ten con fig u ra tions of the DCA mod els which have been
car ried out, vary ing the lat tice-pitch of 22.5 or 25.0 cm
and sim u lat ing cool ant void frac tions among 0, 30, 70,
87, and 100 %. In this pa per, only the B1-7 core from the 
re port was se lected, which is the con fig u ra tion of the
DCA model with the 25.0 cm lat tice pitch, 70 % cool ant
void frac tion and the mea sured cool ant level is 102.5
cm. This sec tion will dem on strate the pro ce dure of
mod el ing DCA by SuperMC3.2 with au to matic ge om e -
try and phys ics mod el ing func tions.

Ge om e try mod el ing

Ac cu rate mod el ing is an ex ten sive task which is
the pre con di tion of the high-fi del ity sim u la tion. One of
the ad vanced ca pa bil i ties of SuperMC is au to matic and
ac cu rate ge om e try mod el ing, which can con vert the
CAD mod els into the Monte Carlo cal cu la tion file with a
con struc tive solid ge om e try (CSG) rep re sen ta tion. Fur -
ther more, the fis sion re ac tors al ways con sist of a bulk of
re peated struc tures which are an ob sta cle for en hanc ing
the modeling sys tem ef fi ciency. Ac cord ingly, a
CAD-based hi er ar chi cal mod el ing method was de vel -
oped to pro mote the ef fi ciency of mod el ing the com plex
hi er ar chi cal struc tures and large-scale mod els [19]. The
new CAD-based method not only cre ates the de tailed
mod els, but also keeps the re la tions of dif fer ent com po -
nents in the re ac tor. Then the hi er ar chi cal struc tures and
re peated struc tures can be gen er ated and be used for ac -
cel er at ing the ge om e try nav i ga tion in the SuperMC cal -
cu la tions.

Mod el ing the whole DCA model with the
CAD-based Hi er ar chi cal Mod el ing Method to be ex -
act is a top-down de tailed pro ce dure, be cause the DCA 
model can be di vided into sev eral lev els such as
core®as sem bly®pin®sub-re gions. The DCA model 
con sists of 95 CANDU fuel chan nel as sem blies sur -
rounded by the D2O cool ant, and each as sem bly has
three fuel rods rings. The new method sup ports cre at -
ing the re la tions which are the con nec tions of each lev -
els and the ar range ments of the com po nents as sem bled 
in the whole re ac tor re gion. More over, the re la tions
are com bined with all unique CAD mod els called
meta-ge om e try to rep re sent the whole re ac tors. There -
fore, the method only con verts the meta-ge om e try and

then the other ge om e tries can be gen er ated by cor re -
spond ing re la tions. This method is sharply re duc ing
the cost of mod el ing.

The de tailed mod els of DCA are shown in fig. 1,
which are vi su al ized by SuperMC3.2. On the left of
the pic ture is the tree in ter face that de scribes the re la -
tions be tween theof lev els and dif fer ent com po nents. 
The right side of the pic ture shows the vi su al iza tion in -
ter face in which the mod els se lected by the left trees
will be vi su al ized. The left tree in ter face gen er ated by
the re la tions sup ports many types of model screens,
such as ma te rial, level num ber, uni verse num ber and
col ors. The model screens are con ve nient for man ag -
ing the huge scale of mod els and choos ing the mod els. 

SuperMC3.2 sup ports rapid 2-D sec tion vi su al -
iza tion. Fig ure 2 il lus trates the cross-sec tion of the
model, vi su al ized by the SuperMC and com pares it to
the ref er ence mod els [18]. It can be de ter mined that the 
vi su al iza tion re sults are in good agree ment.

Phys ics mod el ing

In ad di tion, phys i cal at trib utes such as ma te ri als, 
source dis tri bu tion, tal lies and cal cu la tion con di tions
(both trans port and de ple tion) can be as signed in ter ac -
tively by the graph i cal user in ter face in SuperMC3.2.
The DCA core com prises seven types of ma te ri als and
the fuel clus ter is filled by the UO2 (1.2 wt. %) pins
which are shown in fig. 3. The DCA case was run in the 
k-eigenvalue crit i cal ity mode which em ployed 5000
gen er a tions with 50,000 neu tron his to ries per gen er a -
tion. Re sults from the first 100 gen er a tions were dis -
carded. 

CAL CU LA TION RE SULTS
AND ANAL Y SES 

Af ter the cal cu la tion mod els of HWR were cre -
ated, the code to code com par i son in crit i cal ity cal cu -
la tions has been done be tween SuperMC3.2 and
MCNP5 ref er ence re sults from the IRPhEP re ports.
The com par i son of cal cu la tion re sults of keff were

Q. Gan, et al.: Ver i fi ca tion and Val i da tion of SuperMC3.2 with Heavy Wa ter ...
Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2020, Vol. 35, No. 1, pp. 24-29 25

Fig ure 1. Mod el ing and vi su al iza tion of the DCA mod els
in SuperMC3.2



shown in tab. 1. Fur ther more, some parts of the re sults
were val i dated by the ex per i men tal data which will be
dem on strated as fol lows. The nu clear data used in the
SuperMC cal cu la tion is ENDF/B-VI [20].

The DCA fuel chan nel con sists of three con cen -
tric rings of fuel pins as shown in fig. 3, where the val -
ues of the neu tron flux are tal lied.  Each ring is di vided
into three parts to meet the ex per i men tal sit u a tion,
where the first part is be low 40 cm, the sec ond part is
from 40 cm to 60 cm and the last parts is above 60 cm.
The code to code com par i son re sults of the fis sion re -
ac tion of 235U (F25) and cap ture ra tio of 238U (C28) are 
shown in tab. 2. The val ues of F25 and C28 in each re -
gion have good con sis tence with the MCNP5 ref er -
ence re sults. Con sid er ing the big gest de vi a tion is less
than 0.4 %, it is con cluded that the re sults from
SuperMC3.2 are very close to MCNP.

The ra dius power dis tri bu tions of each as sem bly
in the DCA model cal cu lated by SuperMC3.2 and
com pared with MCNP5 ref er ence re sults were il lus -
trated in fig. 4. The hot test as sem bly is 38.65 (MeV/g)
and the sym met ric re gions are al most equal. Mean -
while, the code to code com par i son re sults of the
power dis tri bu tion be tween the SuperMC3.2 and
MCNP were de picted in dif fer ent col ors. The max ab -
so lute rel a tive er ror of the two codes is 1.11 %, and the
av er age er ror is 0.27 %. There fore, it is can be de ter -
mined that the SuperMC3.2 ob tained the more ac cu -
rate re sults in this re gion and the ac cu racy of the
SuperMC3.2 can be proved.

Based on the tally data, the epi ther mal cap ture
ra tio of 238U (r28) and the mi cro scopic ther mal fis sion
re ac tion of 235U (F25) can be cal cu lated to be com -
pared with the ex per i men tal data. The r28 can be de -
fined by the eq. (1) [18]
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where s c
28 rep re sents the mi cro scopic cross-sec tion

for the 238U cap ture re ac tion, and f is the neu tron flux. 
The ECd – the cad mium (Cd) cut off en ergy which is
de fined as 0.46eV ± 0.0002. The cap ture re ac tions
rate of 238U un der and above the cut off en ergy are tal -
lied sep a rately to cal cu late the value of r28. In the
mea sure ment, the Cd cover can cap ture most of the
ther mal neu trons, whereas most of the epi ther mal
neu trons can pass through the cover to the in side U
foil. There fore, the mea sure ment of the U foil with
the Cd cover can be com pared with the U foil with out
the Cd cover to cal cu late the value of r28. The mi cro -
scopic ther mal fis sion re ac tions (F25) in three lay ers
are tal lied by re ac tion of to tal fis sion be low the en -
ergy which is de fined as 0.46 eV as well. The cal cu la -
tion re sults are nor mal ized with the low est val ues of
layer 1. There were two dif fer ent tally sub di vi sions
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Fig ure 2. The XY sec tion of the DCA model and
com par i son with ref er ence mod els; (a) XY sec tion of the
ref er ence model, (b) XY sec tion od DCA mod els

Fig ure 3. The fuel chan nel of the DCA reactor



pre pared in the IRPhEP ref er ence re port, the first is
from the 40 cm to 60 cm above the fuel bot tom named
stan dard tally re gions and the sec ond are large tally

re gions which is the en tire re gion un der the D2O
level. In this pa per, the fol low ing re sults are eval u -
ated with large tally re gions.
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Ta ble 1. The code to code com par i son of the val ues of keff with MCNP5 and SuperMC3.2

DCA MCNP5 SuperMC3.2 Bench mark data
(C-M)/M [%] (C-E)/E [%]

ID keff (M) keff (C) keff (E)

B1-7 0.99570 ± 0.00021 0.99579 ± 0.00021 1 0.01 0.42

Ta ble 2. The com par i son of F25 and C28 in three lay ers of the fuel chan nel

DCA MCNP5 SuperMC3.2 Com par i son re sults of
two codes [%]Re gions Sub-re gions Cal cu la tion quan ti ties Cal cu la tion quan ti ties

Height h [cm] F25 C28 F25 C28 F25 C28

Ring 1

h < 40 10.8655 ± 0.0003 0.111803 ± 0.0004 10.85915 ± 0.0005 0.112023 ± 0.0007 0.0584 0.1968

40 < h < 60 8.87892 ± 0.0004 0.090493 ± 0.0004 8.87834 ± 0.0006 0.09074 ± 0.0007 0.0065 0.2729 

h > 60 13.8843 ± 0.0003 0.14801 ± 0.0004 13.8778 ± 0.0004 0.148538 ± 0.0006 0.0468 0.3567

Ring 2

h < 40 13.2418 ± 0.0002 0.124622 ± 0.0002 13.2395 ± 0.0005 0.12493 ± 0.0006 0.0174 0.2471 

40 < h < 60 10.8399 ± 0.0002 0.101007 ± 0.0003 10.8379 ± 0.0005 0.101267 ± 0.0007 0.0185 0.2574

h > 60 16.7333 ± 0.0002 0.163673 ± 0.0002 16.7410 ± 0.0004 0.164233 ± 0.0005 0.0460 0.3421

Ring 3

h < 40 18.5155 ± 0.0002 0.156496 ± 0.0002 18.5087 ± 0.0004 0.156717 ± 0.0006 0.0367 0.1412

40 < h < 60 15.1886 ± 0.0002 0.127056 ± 0.0002 15.1893 ± 0.0005 0.127292 ± 0.0006 0.0046 0.1857

h > 60 23.2164 ± 0.0001 0.203957 ± 0.0002 23.2195 ± 0.0004 0.204472 ± 0.0005 0.0134 0.2525

Fig ure 4. Re sults and rel a tive de vi a tions in the ra dial power dis tri bu tion be tween SuperMC3.2 and the ref er ence MCNP
re sults



The r28 of rings 1-3 is cal cu lated by the eq. (1)

and listed in the tab. 3. The big gest de vi a tion oc curred

in ring 3 at 7.1 % with 3.7 % of ex per i men tal un cer -

tainty. Ring 2 achieved the best agree ment with the ex -

per i men tal data with the 0.5 % de vi a tion, which was

much lower than the 4.0 % un cer tainty. It was better

than that of ring 1, where the rel a tive de vi a tion was 3.3 

% with the 4.3 % ex per i men tal un cer tainty. Ta ble 4

shows the com par i son of F25 val ues among the

MCNP5, SuperMC3.2 and ex per i men tal data. The re -

sults which were ob tained al most equal be tween the

two MC codes. The max de vi a tion be tween the sim u -

la tion and ex per i ment is un der 3 % which can be con -

sid ered as an ac cept able re sult. Based on the cal cu la -

tion re sults from SuperMC3.2 we can con cluded that

they are in good agree ment with the ex per i men tal data, 

con sid er ing the al most same de vi a tions of the MCNP5 

re sults and ex per i men tal data. 

From the afore men tioned re sults, it can be de ter -

mined that the edge re gions of the fuel clus ter have a

higher pro por tion of thermalized neu trons be cause of

the much lon ger dif fu sion length. Mean while, the pro -

por tion of fis sion neu tron es cape to the cap ture of 238U

in the edge re gions is higher than in the cen ter re gions.

The fuel rods in ring 3 con trib ute more power to the

core than other re gions in one fuel clus ter. How ever,

the power dis tri bu tion of the whole core con forms to

the com mon rule that it is the hot test in the mid dle and

low on all sides.

CONCLUSION

An HWR model se lected from IRPhEP named
DCA was ap plied in the V&V pro ce dure of the
SuperMC code. The DCA pin-by-pin mod els were
cre ated by the ad vanced au to mat i cally mod el ing sys -
tem of SuperMC. Be cause the HWR has a much stron -
ger mod er a tion power and much lon ger dif fu sion

length of the thermalized neu trons, the fis sion re ac tion 
of 235U, cap ture ra tio of 238U and epi ther mal cap ture
ra tio of 238U are cal cu lated and val i dated by the ex per i -
men tal data. Fur ther more, the power dis tri bu tions of
the core were cal cu lated and com pared with the ref er -
ence re sults from the MCNP5 code. The fi nal ob tained 
re sults have shown that the re sults from SuperMC
agree well with the ex per i men tal data and other ref er -
ence re sults. The works which is shown in the pa per
has com pleted a se ries of tests of SuperMC3.2 and has
proved the ac cu racy, con ve nience and uni ver sal ity of
SuperMC and that the pre lim i nary ap pli ca tion of
HWR nu clear anal y sis can be trusted.
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Ta ble 3. Val i da tions of the cal cu la tion re sults r28 with the ex per i men tal data from IRPhEP

Re gions
Cal cu la tion re sults (C28) r28

De vi a tion
(C-E)/E) [%]E < 0.46 eV 0.46 eV < E < 20 M eV Cal cu la tion data (C) Ex per i men tal data (E)

Ring 1 0.144935 ± 0.0005 0.186170 ± 0.0005 1.284507 1.243 +3.3

Ring 2 0.178661 ± 0.0006 0.190503 ± 0.0006 1.066280 1.060 +0.5

Ring 3 0.253101 ± 0.0004 0.210005 ± 0.0004 0.829726 0.893 –7.1

Ta ble 4. Val i da tions of the cal cu la tion re sults F25 with the ex per i men tal data from IRPhEP

Re gions

Fis sion re ac tion
(<0.46 eV) F25 dis tri bu tion (nor mal ized by Ring 1) De vi a tion

MCNP5 SuperMC 3.2 MCNP5 (CM) SuperMC 3.2(CS) Ex per i men tal
data (E)

(CM-E)/E [%] (CS-E)/E [%]

Ring 1 29.2683 29.2541 1 1 1 – –

Ring 2 36.2343 36.2375 1.238 1.239 1.208 +2.5 +2.6
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]uen GAN, [enpeng JU, Li|uen HAO, \ing SUNG, Peng~eng LUNG

VERIFIKACIJA  I  VALIDACIJA  SuperMC3.2  PROGRAMA  NA  MODELU 
TE[KOVODENOG  REAKTORA  SA  KRITI^NIM  DEUTERIJUMSKIM  SKLOPOM

Super multifunkcionalni pro gram SuperMC3.2, za prora~un nuklearnog dizajna i
procene sigurnosti predstavqa op{ti, inteligentan, ta~an i precizan simulacioni softverski
sistem za nuklearni dizajn i sigurnosne procene. Te{kovodni reaktor ima mnog ja~u mo}
usporavawa i mnogo ve}u du`inu difuzije termi~kih neutrona. Namera je ovde da se prika`e
verifikacija i validacija SuperMC3.2 programa sa re{etkom koja je moderirana te{kom vodom,
nazvanom deuterijum kriti~ni sklop. Sklop je vrlo sli~an kanadskom reaktoru tipa deuterijum
uranijum koji je izabrana iz Me|unarodnog projekta evaluacije eksperimentalne reaktorske
fizike, IRPhEP. Rezultati izra~unavawa upore|eni su sa referentnim izra~unatim rezultatima i 
eksperimentalnim podacima iz IRPhEP. Kona~ni dobijeni rezultati dokazali su ta~nost,
prakti~nost i univerzalnost SuperMC programa i prvenstveno potvrdili primenqivost ovog
programa u nuklearnoj analizi te{kovodnih reaktora.

Kqu~ne re~i: Monte Karlo, SuperMC, te{kovodni reaktor, verifikacija, validacija,
..........................deuterijumski kriti~an sklop


