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The pres ent work stud ies the ef fect of in tro duc ing MOX fuel on West ing house AP1000
neutronic pa ram e ters. The neutronic cal cu la tions were per formed by us ing the MCNP6 code
with the ENDF/B-VII.1 li brary and the new re lease of  the ENDF/B-VIII, the AP1000 core
with three 235U en rich ment zones (2.35 %, 3.40 %, and 4.45 %). The ob tained re sults showed 
that the sim u lated model for the AP1000 core sat is fies the op ti mi za tion cri te ria as a West ing -
house ref er ence. The re sults which in cluded: ef fec tive mul ti pli ca tion fac tor, keff, de layed neu -
tron frac tion, beff, ex cess re ac tiv ity, rex, shut down mar gin, tem per a ture re ac tiv ity co ef fi cients,
whole core de ple tion, neu tron flux, power peak ing fac tor and core power den sity, were cal cu -
lated and com pared with the avail able pub lished re sults. The keff in the cold zero power was
found to be 1.20495 and 1.20247 with the ENDF/B-VII.1 and the ENDF/B-VIII li brar ies,
re spec tively, which matches the value of 1.205 pre sented in the AP1000 De sign Con trol Doc -
u ment for the UO2 fuel core. On the other hand, keff in the cold zero power was found to be
1.19988 and 1.19860 for MOX core with the ENDF/B-VII.1 and the ENDF/B-VIII li brar -
ies, re spec tively, which show good re cep tion and con firm the safety of the de sign and ef fi cient
mod el ing of AP1000 re ac tor core.
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IN TRO DUC TION

Pres sur ized wa ter re ac tors (PWR) con sti tute the
large ma jor ity of world nu clear power plants and are
one of the three types of light wa ter re ac tors (LWR),
the other types be ing boil ing wa ter re ac tors (BWR)
and super criti cal wa ter re ac tors (SCWR) [1]. Egypt is
cur rently build ing a nu clear power pro ject in
Addabaa. This pro ject uti lizes the pres sur ized wa ter
re ac tor tech nol ogy of Rus sian or i gin. There fore, it is
im por tant to ac quire ex pe ri ence in eval u at ing PWR
neutronic per for mance. The AP1000 is a two-loop
1000 MWe PWR, and it is an up dated ver sion of
AP600. Pas sive safety sys tems are used to pro vide sig -
nif i cant and mea sur able im prove ments in plant sim pli -
fi ca tion, safety, re li abil ity, in vest ment pro tec tion and
plant costs. The AP1000 uses mas tered and proven
tech nol ogy, which is based on over 35 years of PWR
op er at ing ex pe ri ence around the world [2]. 

The AP1000 re ac tor core is a 17×17 typ i cal as -
sem bly that uses Zirlo as clad ding, (see fig. 1 and tab. 1.
The core has 157 fuel as sem blies, each hav ing 264 fuel
rods, 24 con trol rod guide tubes and a neu tron mon i tor
guide tube (see figs. 2 and 3).The fuel as sem blies are ar -
ranged in a pat tern form ing ap prox i mately a right cir cu -
lar cyl in der. Fuel as sem blies of three dif fer ent en rich -
ments 2.35 %, 3.40 %, and 4.45 % were used in the
ini tial core load ing [3]. Re ac tiv ity is con trolled by the
move ment of con trol rod as sem blies and by chang ing
the bo ric acid con cen tra tion in the cool ant [4].

The fea si bil ity of  MOX fuel uti li za tion in PWR
has been dem on strated in nu clear power plants such as
the AP1000 re ac tor. Fetterman [5] stud ied the AP1000 
core de sign with 50 % of MOX load ing. The pur pose
was to dem on strate that the AP1000 is able to meet the
Eu ro pean re quire ment for MOX uti li za tion with out
any re ac tor de sign changes. A 100 % UO2 core de sign
was com pared with a mixed MOX/UO2 core de sign.
The re ac tiv ity, power and fuel per for mance re sults
were dis cussed. The AP1000 was able to meet the Eu -
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ro pean re quire ment for the next gen er a tion of Eu ro -
pean pas sive plants and core de signs with 100 % UO2

and with MOX load ings of up to 50 %.
Wash ing ton and King [6] stud ied the abil ity of

the AP1000 re ac tor in plu to nium and mi nor ac ti nide
trans mu ta tion with a ge netic search al go rithm. The
study ob jec tive was to use light wa ter re ac tors in plu to -
nium and mi nor ac ti nide trans mu ta tion. The SCALE
6.1 and DA KOTA cou pled model was used in three
stages. The neutronic cal cu la tions for the AP1000
were eval u ated for trans mu ta tion plu to nium and mi -
nor actinides.

The pur pose of this pa per is to de ter mine and
pres ent the neutronic pa ram e ters of the West ing house
AP1000 re ac tor, and in ad di tion to dem on strate that
the AP1000 is ca pa ble of com ply ing with MOX fuel
uti li za tion with out sig nif i cant changes in the de sign of
the plant. The re ac tor pa ram e ters in cluded crit i cal ity,
power peak ing fac tor, ex cess re ac tiv ity, bo ron con cen -
tra tion and to tal shut down re ac tiv ity. Neutronic cal cu -
la tions were per formed by MCNP6 code with
ENDF/B-VII.1 and the newly re leased ENDF/B-VIII.

Cur rent prac tice uses MOX fuel typ i cally for a
frac tion of 30-50 % of the to tal core, while the rest of
the core con sists of con ven tional UO2 as sem blies.
This strat egy avoids some tech no log i cal lim i ta tions
that would af fect 100 % MOX-loaded cores in cur rent
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Fig ure 1. The AP1000 re ac tor core con fig u ra tion [7]

Ta ble 1. AP1000 re c tor core pa ram e ters [4]

Pa ram e ters Value

Core con fig u ra tion

Ac tive core equiv a lent di am e ter 304.038 cm

Ac tive fuel height first core, cold 426 cm

Fuel as sem bly

To tal fuel as sem blies 157

Rod ar ray 17×17

Rods per as sem bly 264

Rod pitch 1.26 cm

To tal power 3400 MWth

Fuel rod

Outer di am e ter 0.94996 cm

Gab thick ness 0.0165 cm

Clad thick ness 0.0572 cm

Clad ma te rial ZIRLO™

Clad den sity 6.5 gcm–3

Ma te rial UO2 sintered

Den sity (% of the o ret i cal) 95.5 %

En rich ment of UO2

Re gion 1 2.35 %

Re gion 2 3.40 %

Re gion 3 4.45 %

Di am e ter 0.8192 cm

Length of fuel pel let 0.98298 cm

Den sity of UO2 10.4 gcm–3



LWR, since none of them have been de signed for this
spe cific pur pose [8]. In or der to meet these re quire -
ments, all the fuel as sem bles of re gions 2 and 3 were
not changed since they con tain Py rex and IFBA rods
ar range ments. The 48 fuel as sem blies from re gion 1
with the en rich ment of 2.35 % were re placed by MOX
as sem blies as in fig. 4, since they have not any Py rex or 
IFBA rod ar range ments; this was the best con fig u ra -
tion with out hav ing to change the fuel as sem bly de sign 
vari ables and keep ing the ef fec tive mul ti pli ca tion fac -

tor value be low 1.205 as stated in the West ing house
ref er ence [4].

The plu to nium iso to pic com po si tion de pends on
the re ac tor type and burnups of the re pro cessed fuel.
Fuel de sign ers adopted two fac tors: the plu to nium
equiv a lence for mu la tion and the con sid er ation of the
fis sile plu to nium con tent to en able the cor rect choice
of the plu to nium con tents and the MOX fuel batch and
to avoid de te ri o ra tion of  fuel qual ity. For LWR fuel
and in a PWR 2 % 239Pu in the plu to nium iso to pic com -
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Figure 2. Ar range ment of the PY REX ods in the fuel as sem bly [7]

Figure 3. Ar range ment of the IFBA rods in the fuel as sem bly [7]



po si tion is sug gested to avoid power peak ing since 2
% 239Pu pro duces  6 % power peak ing fac tor [9]. In or -
der to keep these re quire ments the MOX fuel used in
this sim u la tion was with 2 % fis sile 239Pu and the per -
cent of MOX fuel was 30.57 % of the to tal core. The
MOX and plu to nium iso to pic com po si tions used in
this sim u la tion are pre sented in tab. 2.

MA TE RIAL AND METHOD

A 3-D model was de signed to sim u late the re ac -
tor neutronic pa ram e ters and com pare UO2 fuel and
MOX fuel. The sim u la tion was per formed with the lat -
est Monte Carlo code ver sion with MCNP6 [10] by the 
ENDF/B-VII.1 and the ENDF/B-VIII cross-sec tion li -
brar ies [11]. Ta ble 3 shows the ma te rial com po si tions
used in the sim u la tion.

The ENDF/B-VIII cross sec tion li brary has
max i mum changes for neu tron re ac tions on nuclides
in clud ing actinides which af fect nu clear crit i cal ity
sim u la tions. Two of the most im por tant re-eval u ated
iso topes are 235U and 238U. The re-eval u ated pa ram e -
ters in clude the fol low ing:

Cap ture and fis sion cross-sec tions val ues

The cap ture cross-sec tions have been re duced
when com pared with the ENDF/B-VII.1 in the 0.5-2 keV 
re gion, but with in creased en er gies up to 80 keV. The fis -
sion cross sec tion eval u a tion cor re sponds to that in the
ENDF/B-VII.1 with un cer tain ties that are around 0.4 %
higher for in ci dent en er gies that are be low ap prox i -
mately 15 MeV.

Neu tron mul ti plic ity v

Neu tron mul ti plic ity v was re-eval u ated and ex -
panded be low 30 eV to in clude fluc tu a tions. Un like
the ENDF/B-VII.1 where v is con stant over a wide
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Fig ure 4. The MOX core con fig u ra tion

Ta ble 2. The MOX fuel iso to pic com po si tion
235U 3.8879×10–5 240Pu 9.9154×10–4 16O 4.6330×10–2

238U 1.9159×10–2 241Pu 3.6732×10–4

238Pu 8.3986×10–5 241Am 1.0664×10–4

239Pu 2.1706×10–3 242Am 2.5174×10–4



range of in ci dent neu tron en ergy, the ENDF/B-VIII
has not a con stant v but its value var ies as the in ci dent
neu tron en ergy var ies.

Ther mal neu tron con stants 

New eval u a tions of ther mal neu tron con stants
(TNC) show a neu tron mul ti plic ity re duc tion and a fis -
sion cross-sec tion in cre ment as com pared with the
ENDF/B-VII.1 eval u a tions at ther mal en ergy, tab. 4 [12].

The (n, f) prompt fis sion neu tron spec trum

The ENDF/B-VIII eval u a tion for the prompt fis -
sion neu tron spec trum (PFNS) mean en ergy is clearly
more flex i ble than that of the ENDF/B-VII.1, but fits
well to ex per i men tal data. The new av er age re leased
neu tron en ergy be came 2.00 ± 0.01 MeV, and on the
other hand it was 2.03 MeV in ther mal range [13]. 

The (n, n') and (n, xn) cross sec tions

The ENDF/B-VIII eval u a tion for the to tal in -
elas tic scat ter ing cross-sec tion (n, n') is slightly de -
creased than the last ENDF/B-VII.1 eval u a tion. The
ENDF/BVIII eval u a tion for the (n, xn) sec ond ary neu -
tron  was n't changed, but showed a dif fer ence above
14 MeV [14].

Nubar

Eval u a tors use the pa ram e ter nubar to study crit -
i cal ity prob lems, since crit i cal ity is highly sen si tive to

nubar. A num ber of sim u la tions have shown that the
use of the new TNC and PFNS of the ENDF/B-VIII
pro duce  mar gin ally higher keff val ues than that of the
ENDF/B-VII.1 [14].

RE SULTS AND DIS CUS SIONS

The be gin ning of cy cle

The first sim u la tions were per formed in cold
con di tions in or der to de ter mine the ef fec tive mul ti pli -
ca tion fac tor keff, the de layed neu tron frac tion beff, the
ex cess re ac tiv ity rex and the shut down mar gin (SDM).
The re sults are shown in tab. 5.

The keff value was in a com pat i ble range for UO2

clean core (with out con trol rods and chem i cal con -
trol). The AP1000 clean core was de signed with ini tial
keff = 1.205. The keff re sult showed good agree ment
with the AP1000 (DCD ([4] and the pub lished data
[15-17].

The keff value in MOX was slightly smaller than
the ob tained UO2 re sults (1.20495 and 1.20247, re -
spec tively). The dif fer ences in the re ac tiv ity be tween
the two types of fuel arose from dif fer ent fis sile ma te -
rial, which was 235U in UO2 while fis sile ma te ri als
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Ta ble 3. Ma te rial com po si tions

Ma te rial Iso tope Com po si tion (mass frac tion) Ma te rial Iso tope Com po si tion (mass frac tion)

UO2(2.35w/o) 10.47 gcm–3 ZrB2

5.42 gcm–3

5010 0.0187

92235 5.56094375×10–4 5011 0.1713

92238 2.28162251×10–2 40090 0.416745

8016 4.67446389×10–2 40091 0.090882

40092 0.138915

40094 0.140778

40096 0.02268

UO2 (3.40 w/o) 10.47 gcm–3 PY REX
2.299 gcm–3

5010 0.007

92235 8.04549293×10–4 5011 0.0319

92238 2.23251989×10–2 8016 0.5522

8016 4.67501601×10–2 14028 0.3772

14029 0.0191

14030 0.0126

UO2(4.45 w/o) 10.47 gcm–3

92235 1.0529963×10–3

H2O 1 gcm–3

1001 0.111

92238 2.2324844×10–2 8016 0.889

8016 4.6755681×10–2

He gap 0.0001604 gcm–3 2003 0.00000137

2004 0.99999863

Ta ble 4. The TNC val ues for the ENDF/B-VII.1,
the ENDF/B-VIII and stan dards 2017

B-VII.1 B-VIII.0 Stan dards 2017

sf (b*) 584.99 586.8 587.2(1.4)

sg(b) 98.69 99.4 99.3(2.0)

sel (b) 15.11 14.11 14.09(22)

vtot 2.4367 2.4298 2.4250(50)

a 0.1687 0.1694 0.1690

*1b = 10–28m2



were 239Pu and 241Pu in MOX. The higher val ues of
ther mal fis sion and ab sorp tion cross-sec tions of 239Pu
re sulted in lower ther mal flux in MOX as sem blies
com pared to UO2 as sem blies [18].

The beff val ues were 0.00676 ± 0.00011 and
0.00633 ± 0.00017 with the ENDF/B-VII.1 and the
ENDF/B-VIII, re spec tively, for UO2 fuel. The frac tion 
of 235U fis sion de layed neu tron yields was cal cu lated
by Sembiring  et al., [19] as 0.00695 ± 0.00013 by us -
ing the ENDF/B-VII.1, while AP1000 de sign value
was beff = 0.0075 [4]. The pres ent re sults showed a
good agree ment with the pub lished ones.

For MOX core, beff value is in a rel a tively ac -
cept able range com pared with that of UO2 one
(0.00521 and 0.00676 with the ENDF/B-VII.1, re -
spec tively, and 0.0052 and 0.00633 with the
ENDF/B-VIII re spec tively). The 239Pu had a de layed
neu tron frac tion sig nif i cantly smaller than 235U and so
MOX cores re sponded more quickly than UO2 cores
[18]. The rex value in UO2 was very close to the
AP1000 value (0.170124) and it was in good agree -
ment with the other ref er ences. The shut down mar gin
cal cu lated was 4.92 % which is in good agree ment
with West ing house ref er ence (5.6 %). The rex value
was within an ac cept able range for MOX core as well.

One of the most im por tant safety pa ram e ters of
any nu clear re ac tor is how its re ac tiv ity re sponds to the 
change in tem per a ture. This pa ram e ter is the tem per a -
ture co ef fi cient of re ac tiv ity and it should be neg a tive,
which means that as tem per a ture in creases, the re ac -
tiv ity should  de crease [20]. The tem per a ture co ef fi -
cient of re ac tiv ity is di vided into the mod er a tor tem -
per a ture co ef fi cient aT,M and the fuel tem per a ture
co ef fi cient or dopp ler co ef fi cient (DC). Their cal cu -
lated val ues are shown in tab. 6.

For the AP1000 re ac tor, the aT,M fell within the
range of 0 to –40 pcm/F, while the DC fell within the

range of –3.5 to –1.0 pcm/F. The most im por tant con -
sid er ation was that aT,M and DC re sults ob tained from
this sim u la tion agreed with those cal cu lated in
AP1000 De sign Con trol Doc u ment [4] and were neg a -
tive which meant that any in crease in tem per a ture re -
sulted in a de crease in re ac tor re ac tiv ity and power
[20]. The MOX fuel re sulted in a slightly larger Dopp -
ler Co ef fi cient and a sig nif i cantly larger mod er a tor
tem per a ture co ef fi cient [18].

The mid dle of cy cle

The MCNP6 was used to sim u late the core per -
for mance over time. The be hav ior of keff over time for
AP1000 core is shown in fig. 5. It is clear that keff is
very con sis tent with ref er enced data [15-17]. Data in
fig. 5 re veal that the re ac tor can op er ate 18 months
with keff greater than the unity, which is con firmed in
the AP1000 (DCD) [4]. The vari a tion of Burnup with
time for UO2 and MOX cores with the ENDF/B-VII.1
is shown in fig. 6. 

When com par ing the fis sion cross-sec tions in the
eval u ated nu clear data files, the ENDF/B-VII.1 and the
ENDF/B-VIII, one can find that the ther mal fis sion
cross sec tion for 235U dif fers by 1.81b  (586.8 b in the
ENDFB/B-VIII and 584.99b in the ENDF/B-VII.1). 
More over, the to tal neu tron mul ti plic ity v was found to
be greater with the ENDF/B-VIII (0.1694) than with the 
ENDF/B-VII.1 (0.1687), fig. 5. These dif fer ences may
be the re sult of the in crease in keff es pe cially with the
burn time in UO2 fuel when us ing the ENDF/B-VIII
[12, 14].

In re la tion to MOX fuel, the ENDF/B-VIII, 239Pu
prompt fis sion neu tron spec trum (PFNS) co mes from
three dif fer ent eval u a tions of Los Alamos. At ther mal en -
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Ta ble 5. The re sults of the be gin ning of cy cle for UO2 and MOX core

Data source keff Rel a tive er ror beff Rel a tive er ror rex SDM %

UO2

MCNP6 (ENDF/B-VII.1) (cur rent re sult) 1.20495 0.00012 0.00676 0.00011 0.17009 4.92

MCNP6 (ENDF/B-VIII) (cur rent re sult) 1.20247 0.00046 0.00633 0.00017 0.168 –

AP1000 (DCD) [4] 1.205 – 0.0075 0.17012 5.60

WIMS9 [15] 1.2038 0.100 – 0.16929 –

Ser pent code [17] 1.20201 0.00051 – 0.16958

MCNP6 [19] – – 0.00695 0.00013 – –

MCNP6 (ENDF/B-VII.1) 1.19988 0.00018 0.00521 0.00019 0.1665 –

MOX MCNP6 (ENDF/B-VIII) 1.19860 0.00014 0.0052 0.00013 0.165 –

Ta ble 6. Tem per a ture re ac tiv ity co ef fi cients cal cu la tions

Data source aT,M (pcm*/F) DC (pcm/F) aTo tal (pcm/F)

UO2

MCNP6 (ENDF/B-VII.1) (cur rent re sult) –11.0418 –1.4966 –12.5384

MCNP6 (ENDF/B-VIII) (cur rent re sult) –8.28 –1.32 –9.6

AP1000 (DCD) De sign Lim its [4] 0 to –40 –3.5 to –1.0

AP1000 (DCD) Best es ti mate [4] 0 to –35 –2.1 to –1.3

MOX
MCNP6 (ENDF/B-VII.1) –10.92 –0.903 –11.823

MCNP6 (ENDF/B-VIII) –9.083 –0.965 –10.048

*1 pcm = 10–5



er gies, the PFNS is a very slightly mod i fied ver sion of the 
ENDF/B-VII.1, so that its shape re mains very sim i lar to
the orig i nal in the ENDF/B-VII.1 PFNS. Re cent in for -
ma tion which ex plains the dis crep an cies be tween the
leg acy of 239Pu PFNS mea sure ments was in cluded in the
new eval u a tion by in creas ing un cer tain ties. In con clu -
sion, the re sults of 239Pu were slightly dif fer ent from the
ENDF/B-VII.1 and the ENDF/B-VIII [14]. Be cause of
the lower amount of 235U in MOX fuel than in UO2, the
vari a tion in keff  was very small, fig. 5.

The end of cy cle (EOC) of UO2 fuel

The 235U is the fis sion able ma te rial in the core
which grad u ally de creases through out core life time.
More over, the pro duc tion of 239Pu and 241Pu in creases
to wards the EOC [13]. From startup un til the EOC, the
fis sile com po nent 235U is de pleted and other fis sile
com po nents are pro duced when 238U is trans muted to
higher actinides, par tic u larly 239Pu and 241Pu. Fig ures
6 and 7 pres ent the con sump tion of the fuel and the
pro duc tion of Pu iso topes and other actinides that
buildup in the core, re spec tively.

Re sults in figs. 7 and 8 show good agree ment
with the AP1000 (DCD) [4] and other cal cu lated re -

sults [7, 16, 17]. As the burnup level rises, the amount
of to tal fis sion prod ucts (FP) in the core in creases. The
FP are neu tron ab sorb ers and have a strong neg a tive
ef fect on the core's neu tron econ omy as time passes.

To main tain con stant power through out core
life time, flux must con stantly change to com pen sate
for iso to pic trans for ma tions caused by neu tron ir ra di a -
tion. The main com pet ing fac tors in the pro cess are the
con sump tion/pro duc tion of fis sile nuclides, the de ple -
tion of  burnable poi sons and the ac cu mu la tion of fis -
sion prod ucts in the core. At the BOC, the burnable
poi sons are at full strength, but as time evolves the
pow er ful ther mal neu tron ab sorber 10B is de pleted and
con se quently less ther mal neu trons are re moved from
the sys tem [7].

The cu mu la tive ef fect trans lates to an in crease in
neu tron flux [7]; this ef fect can be seen clearly in fig. 9
which pro vides the pro file of the av er age neu tron flux
in fuel el e ments. Fig ure 10 shows the power dis tri bu -
tion for the AP1000 core in units of MW. The power
was cal cu lated by MCNP us ing the F4 tally, then the
tally was nor mal ized to the steady-state ther mal power 
of a crit i cal sys tem by the scal ing fac tor men tioned be -
low. It can be seen that the power peaks are in the mid -
dle core as sem blies for 2.35 % en rich ment.
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Fig ure 5. The keff vari a tion with time for UO2 and MOX
cores

Fig ure 6. The vari a tion of burnup with time for UO2 and
MOX cores

Fig ure 7. Con sump tion of fuel with burnup in UO2 fuel

Fig ure 8. Pro duc tion of Pu iso topes and other actinides
with burnup in UO2 fuel
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The end of cy cle (EOC) of MOX fuel

The burnup re sults for MOX core are de picted in 
figs. 11-13. In the UO2 core, the 235U was the fis sion -
able ma te rial which was grad u ally de pleted with time,
and other fis sile com po nents were pro duced when
238U was trans muted to higher actinides par tic u larly
239Pu and 241Pu. The cu mu la tive ef fect was that the
pro duc tion of 239Pu and 241Pu lev els in creased to wards 
the EOC [7]. On the other hand, in MOX core the fis -
sion able ma te ri als orig i nally in the core were 235U and
239Pu, so the 239Pu amount grad u ally in creased due to
the trans mu ta tion of 238U to 239Pu plus the orig i nal
amount found. As time passed, 239Pu amount de -
creased due to fis sion; that was why the 239Pu in -
creased then de creased in fig. 11.

Fig ure 13 shows the MOX core power dis tri bu -
tion in unit of MW. The power peak ing fac tor was
found to be 1.855 and 1.979 for UO2 and MOX cores
re spec tively.

The vari a tion be tween the re sults of two li brar -
ies, the ENDF/B-VII.1 and the ENDF/B-VIII, was
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  Fig ure 9. The AP1000 neu tron flux with neu tron en ergy

Fig ure 10. Core power
dis tri bu tion for  UO2

re ac tor (MW)

  Fig ure 11. Con sum ma tion of 239Pu in MOX with burnup

Fig ure 12. Pro duc tion of higher iso topes in MOX with
burnup



small. The con sum ma tions and pro duc tions of MOX
fuel are shown in tab. 7. It shows that the vari a tions oc -
curred in the iso tope mass in tons for all MOX fuel
com po si tions.

The fuel used in MOX as sem blies was char ac ter -
ized by a re duced en rich ment in ura nium, which was
de pleted and by a con tent of weap ons-grade and other
re ac tor-grade plu to nium. The higher val ues of ther mal 
fis sion and ab sorp tion cross-sec tions of 239Pu had two
im por tant ef fects:
– The ther mal flux in MOX as sem blies was lower

than in LEU as sem blies [18].
– The pins lo cated at MOX/UO2 in ter faces pre -

sented a se vere power peak ing [18].
The first ef fect de serves a better de scrip tion. The 

ther mal neu tron flux in MOX as sem blies is sub stan -
tially lower than in LEU ones and also the fast flux is

slightly smaller. This means that the burnup for UO2

fuel will be faster than that of MOX as shown in fig. 6.
The fast-to-ther mal ra tio in MOX is al most twice 

that of UO2. These facts lead to some par tic u lar phe -
nom ena. One of the most im por tant phe nom ena is the
re duc tion in re ac tiv ity value of neu tron-ad sorb ing ma -
te ri als. The ef fec tive ness of bo ric acid (H3BO3) that is
used to off set the burnup of the fuel and of the burnable 
ab sorber, is re duced since it is a ther mal ab sorber [16,
17]. 

One of the most im por tant pa ram e ters is the ef -
fec tive de layed neu tron frac tion beff. If beff has a lower
value, more neu trons ap pear as prompt neu trons.
There fore, the ki netic re sponse of the re ac tor is
quicker. 239Pu has a de layed neu tron frac tion that is
sig nif i cantly smaller than 235U. MOX cores also re -
spond more quickly than UO2 cores, tab. 5.
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Ta ble 7. The burnup of MOX fuel with the ENDF/B-VII.1 and the ENDF/B-VIII

92235 92238 95241

Time ENDF/B-7 ENDF/B-8 ENDF/B-7 ENDF/B-8 ENDF/B-7 ENDF/B-8

0 2.355 2.355 79.20 79.20 0.1228 0.1228

100 2.298 2.299 79.15 79.15 0.1258 0.1255

200 2.243 2.243 79.10 79.10 0.1286 0.1281

300 2.189 2.189 79.05 79.05 0.1314 0.1306

400 2.137 2.136 78.99 79.0 0.1341 0.133

500 2.086 2.086 78.94 78.94 0.1367 0.1353

600 2.035 2.036 78.89 78.89 0.1392 0.1375

94238 94239 94240

Time ENDF/B-7 ENDF/B-8 ENDF/B-7 ENDF/B-8 ENDF/B-7 ENDF/B-8

0 0.09552 0.09552 2.479 2.479 1.137 1.137

100 0.09498 0.09509 2.48 2.479 1.138 1.138

200 0.09498 0.09527 2.48 2.479 1.139 1.139

300 0.09534 0.09583 2.478 2.476 1.14 1.141

400 0.09596 0.09668 2.475 2.473 1.141 1.142

500 0.09676 0.09773 2.471 2.467 1.143 1.144

600 0.09771 0.09894 2.466 2.461 1.145 1.146

Fig ure 13. Core power
dis tri bu tion for MOX re ac tor
(MW)



The MOX fuel re sults in a slightly larger Dopp -
ler co ef fi cient and a sig nif i cantly larger mod er a tor
tem per a ture co ef fi cient is shown in tab. 6. This con di -
tion can be con sid ered in ac ci dent sce nar ios char ac ter -
ized by the over cool ing of the core; the over cool ing of
MOX fuel will re sult in a larger in crease in re ac tiv ity
than that of UO2 fuel [18].

CON CLU SION

In this in ves ti ga tion, the AP1000 re ac tor core was
mod eled by us ing the MCNP6 code. The model was val i -
dated by com par ing with the de sign con trol doc u ment
(DCD) of the AP1000 and the pub lished data. The sim u -
la tion re sults of the cur rent study, in clud ing core re ac tiv -
ity, cold zero power (CZP) neutronic pa ram e ters, tem -
per a ture re ac tiv ity co ef fi cients, core power dis tri bu tion,
neu tron flux, core re ac tiv ity vs. fuel burnup and power
peak ing fac tor were in good agree ment with the DCD.
The mul ti pli ca tion fac tor keff was found to be 1.20495
com pared to 1.205 for the AP1000 DCD. The de layed
neu tron frac tion beff was found to be 0.00676 com pared
to 0.0075 for the AP1000 DCD.  The tem per a ture re ac -
tiv ity co ef fi cients have also dem on strated val ues close to
those in DCD. The dis tri bu tion of fuel burn-up and con -
tent of trans uranic nuclides pro duced in the AP1000 core 
were suc cess fully cal cu lated and the anal y sis showed a
con sis tent re sult com pared to ref er ence data. The pro -
duc tion of TRU and fuel con sump tion showed also a
good agree ment with DCD. The re sults showed the ac cu -
racy of the MCNP6 code in cal cu lat ing the re ac tor power
in ad di tion to es tab lish ing a pre cise eval u a tion of the
neutronics pa ram e ters by means of the two
ENDF/B-VII.1 and ENDF/B-VIII li brar ies. A new core
with MOX fuel was an a lyzed keep ing the fuel as sem bly
ge om e try. The mul ti pli ca tion fac tor keff was found to be
1.19988 which meant that it was in the rea son able area.
The de layed neu tron frac tion beff was found to be 0.0052. 
This was be cause the 239Pu had a de layed neu tron frac -
tion which was sig nif i cantly smaller than 235U. The tem -
per a ture re ac tiv ity co ef fi cients for  MOX fuel were
slightly higher than those for UO2 fu els.

AU THORS' CON TRI BU TIONS

S. M. Reda and I. M. Gomaa shared the pre -
sented idea car ried out the calculations, and wrote the
manu script. All authros dis cussed the re sults and con -
trib uted to the fi nal ver sion of the manu script.
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Sonia M. REDA, Ibrahim M. GOMA, Ibrahim I. BA[TER, Esmat A. AMIN

UTICAJ  MOH  GORIVA  I  ENDF/B-VIII  BIBLIOTEKE  NA  IZRA^UNAVAWE 
NEUTRONSKIH  PARAMETARA  AP1000  REKATORA  POMO]U  MCNP6  PROGRAMA

Prou~avan je uticaj uvo|ewa MOX goriva na neutronske parametre Vestinhausovog
AR1000 reaktora. Neutronska izra~unavawa jezgra reaktora AP1000 sa tri zone oboga}ewa 235U
(2.35 %, 3.40 %, i 4.55 %) izvr{ena su upotrebom MCNP6 koda sa bibliotekom ENDF/B-VII.1 i novim
izdawem ENDF/V-VIII. Dobijeni rezultati pokazali su da simulirani model jezgra AP1000
reaktora zadovoqava kriterijume optimizacije kao u Vestinghausovoj referenci. Rezultati koji
su ukqu~ivali: efektivni faktor umno`avawa keff, frakciju zakasnelih neutrona beff, vi{ak
reaktivnosti rex, granicu zaustavqewa, temperaturne koeficijente reaktivnosti, potro{wu
celog jezgra, neutronski fluks, faktor maksimalne snage i gustinu snage jezgra, izra~unati su i
upore|eni sa dostupnim objavqenim podacima.

Utvr|eno je da je keff za hladan reaktor nulte snage 1.20495 i 1.20247, sa bibliotekama
ENDF/B-VII.1 i ENDF/B-VIII, {to odgovara vrednosti od 1.205 predstavqenoj u AP1000 kontrolnom 
projektnom dokumentu za jezgro sa gorivom UO2. S druge strane, utvr|eno je da keff, pod istim
uslovima, iznosi 1. 19988 i 1.19860 za MOX jezgro prora~unato kori{}ewem biblioteka
ENDF/B-VII.1 i ENDF/B-VIII, {to pokazuje dobar odziv, potvr|uje sigurnost projekta i efikasno
modelovawe jezgra reaktora AP1000.

Kqu~ne re~i: rektor AP1000, MOX gorivo, neutronski parametri, MCNP6, ENDF/B-VIII


