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Tho rium, in this case, 232Th has a higher ther mal neu tron cap ture cross-sec tion than 238U,
which means that more fer tile iso topes can be trans muted and could lead to higher fis sile iso -
tope 233U. In ad di tion, 233U has a good per for mance in the ther mal spec trum. The o ret i cally, a
nu clear re ac tor us ing tho rium fuel can also last lon ger than one us ing ura nium fuel. The use of 
TRISO du plex fuel is pre dicted to pro duce better neutronic be hav ior in a peb ble bed re ac tor.
This work aims to study the ki netic pa ram e ters of a peb ble bed re ac tor with TRISO du plex
fuel. The con fig u ra tion of the TRISO du plex fuel peb ble con sists of an in ner re gion filled
with UO2 TRISO par ti cles and an outer re gion filled with ThO2 TRISO par ti cles sur -
rounded by a graph ite ma trix of fuel peb ble. Three con fig u ra tions with vol ume frac tion of
UO2-ThO2 were con sid ered in this study: 80-20 %, 75-25 %, and 70-30 %. The HTR-10 re -
ac tor was cho sen as a re ac tor model be cause its ge om e try and ma te rial spec i fi ca tions are
known. A se ries of cal cu la tions were con ducted us ing the Monte Carlo trans port code
MCNP6 and ENDF/B-VII.1 nu clear data li brary. The cal cu la tion re sults were then an a lyzed
to in ves ti gate the ef fect of UO2 and ThO2 com po si tions in TRISO du plex fuel on the ki netic
pa ram e ters of the peb ble bed re ac tor with var i ous TRISO pack ing frac tions of 1-50 %. It can
be con cluded that the uti li za tion of TRISO du plex fuel in a peb ble bed re ac tor could sig nif i -
cantly af fect the core mul ti pli ca tion fac tor and ki netic pa ram e ters caused by an in crease in Th
con tent. On the other hand, the  TRISO pack ing frac tion is tak ing part in neu tron mod er a -
tion since a lower pack ing frac tion means higher mod er a tion for fu eled peb ble.
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INTRODUCTION

Tho rium is rec og nized as one of the pos si ble en -
ergy sources in nu clear power plants and is con sid ered 
one of the pos si ble so lu tions to over come the short age of
nat u ral ura nium in the event of a rapid ex pan sion of nu -
clear power. This is be cause tho rium, in this case, 232Th
has a higher ther mal neu tron cap ture cross-sec tion than
238U, which means that more fer tile iso topes can be trans -
muted and could lead to higher fis sile iso tope 233U. The
233U has a good per for mance in the ther mal spec trum. In
ad di tion, the abun dance of tho rium in the Earth's crust
which is pre dicted to be three to four times that of ura nium 
can meet the world's en ergy needs for a lon ger time [1].

Tho rium fuel with var i ous chem i cal forms has been
uti lized in past ex per i men tal and nu clear power re ac tors,
such as PWR (In dian Point I, Shippingport), BWR (Elk
River), MSR (MSRE ORNL), and HTGR (Dragon, Peach
Bot tom, AVR, Fort St Vrain, THTR300) [2]. In the last de -
cade, the po ten tial of tho rium uti li za tion has been stud ied in 
Peb ble Bed Mod u lar Re ac tor (PBMR-400) [3] to re duce

the ac cu mu la tion of plu to nium and mi nor actinides in nu -
clear waste. Neutronic anal y sis of a 50 MW light
wa ter-cooled Small Mod u lar Re ac tor (SMR) uti liz ing
transuranium and tho rium has been re searched [4]. The
Mod u lar Gas Tur bine He lium Re ac tor (GT-MHR) [5] has
in ves ti gated the pos si bil ity of uti liz ing tho rium with
weapon-grade plu to nium (WGrPu). This re ac tor was also
used as a model re ac tor to study re ac tor fuel grade plu to -
nium (RGPu) in the form of a mix ture with 232Th and 238U
fer tile fu els [6]. 

The use of TRISO du plex fuel is pre dicted to pro -
duce better neutronic be hav ior in a peb ble bed re ac tor. It
pro vides higher burnup, better fuel uti li za tion, and lon -
ger cy cle length re sult ing from an im proved ra tio of neu -
tron cap ture in fer tile ma te rial to neu tron ab sorp tion in
fis sile ma te rial. The TRISO du plex fuel is also pre dicted
to have the ca pa bil ity of main tain ing lon ger crit i cal ity,
pro duc ing smaller re ac tiv ity changes, and re duc ing the
po ten tial for plu to nium build-up. The TRISO du plex fuel 
has at trac tive neutronic char ac ter is tics, which of fers pos -
si bil i ties for fu ture stud ies [7].

This work aims to study the ki netic pa ram e ters of
a peb ble bed re ac tor with TRISO du plex fuel. Ki netic
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pa ram e ters play an im por tant role in re ac tor dy namic
anal y sis. The de ter mi na tion of ki netic pa ram e ters is of
ma jor im por tance in re ac tor phys ics cal cu la tions be -
cause it is closely re lated to the tran si tional re ac tiv ity
anal y sis, safety, and con trol of nu clear re ac tors. The re -
ac tor ki netic pa ram e ters con sist of the ef fec tive de layed
neu tron frac tion beff, prompt neu tron life time R, and
neu tron gen er a tion time L. The ex act cal cu la tion of
these pa ram e ters is very cru cial in con duct ing a nu clear
re ac tor tran sient anal y sis to rep re sent the re ac tor per for -
mance dur ing dy namic changes caused by tem per a ture,
con trol rod po si tions, cool ant flow rate, and so on along
with its op er a tion, mal func tion, or even ac ci dent con di -
tion.

The con fig u ra tion of the TRISO du plex fuel
peb ble con sists of an in ner re gion filled with UO2

TRISO par ti cles and an outer re gion filled with
ThO2 TRISO par ti cles sur rounded by a graph ite ma -
trix of fuel peb ble. Three con fig u ra tions with vol -
ume frac tion of UO2-ThO2 were con sid ered in this
study: 80-20 %, 75-25 %, and 70-30 %. The HTR-10 
re ac tor was cho sen as a re ac tor model be cause its
ge om e try and ma te rial spec i fi ca tions are known. A
se ries of cal cu la tions were con ducted us ing the
Monte Carlo trans port code MCNP6 [8] and
ENDF/B-VII.1 nu clear data li brary [9]. The cal cu la -
tion re sults were then an a lyzed to in ves ti gate the ef -
fect of UO2 and ThO2 com po si tions in TRISO du -
plex fuel on the ki netic pa ram e ters of a peb ble bed
re ac tor with var i ous TRISO pack ing frac tions of
1-50 %.

THE HTR-10 REACTOR

The HTR-10 re ac tor was used as a re ac tor model
in this study. It is a peb ble bed re ac tor cooled by he -
lium gas and mod er ated by graph ite with ther mal
power of 10 MW. The main struc tural ma te rial of the
re ac tor used for the top, bot tom, and side re flec tors is
made of graph ite. The chan nels for ten con trol rods,
seven el lip ti cal small ab sorber balls, and three ir ra di a -
tion ex per i ments are lo cated on the in ner side of the re -
flec tor. The twenty he lium flow chan nels are po si -
tioned on the outer side of the re flec tor. The re ac tor
uses he lium flow ing through the space be tween peb -
bles in the core from  top to bot tom with a tem per a ture
of 250 °C and heat ing up to a tem per a ture of 700 °C.
The gen eral re ac tor de sign pa ram e ter is given in tab. 1.

The ba sic ge om e try of HTR-10 con sists of a cy -
lin dri cal core with a di am e ter of 180 cm and an ef fec -
tive height of 197 cm. The ac tive core with a nom i nal
vol ume of 5 m3 con tains ap prox i mately 27 000 spher i -
cal peb bles with a com po si tion of 57 % fuel peb bles
and 43 % mod er a tor peb bles. The pack ing frac tion of
peb bles in the core is 0.61. The mod er a tor peb bles
made of pure graph ite are first dropped ran domly at
the lower part of the core with the same pack ing of

0.61. The fuel peb bles are con tin u ously recirculated
down ward through the core five times us ing a
multi-pass scheme un til reach ing the de sign burnup of
80 000 MWdt–1.

To study the ef fect of TRISO du plex fuel, in this
work the TRISO par ti cle is made up of the fuel ker nel
of UO2 with 17 % en riched 235U. An other TRISO par -
ti cle is made up of the fuel ker nel of ThO2. Each ker nel
is coated by four pro tec tive coat ing lay ers: po rous car -
bon buffer (C), in ner pyrolytic car bon (iPyC), sil i con
car bide (SiC), and outer pyrolytic car bon (oPyC). The
coat ing lay ers act as mul ti ple de fenses and bar ri ers for
fis sion prod uct re ten tion and main tain the in teg rity of
TRISO par ti cles un der a tem per a ture limit of 1600 °C.
The con fig u ra tion of a TRISO du plex fuel peb ble con -
sists of an in ner re gion filled with UO2 TRISO par ti -
cles and an outer re gion filled with ThO2 TRISO par ti -
cles sur rounded by a graph ite ma trix of fuel peb ble.
The fuel peb ble is com posed of UO2 and ThO2 TRISO
coated par ti cles with vol ume frac tions of 80-20 %,
75-25 %, and 70-30 %. The sche matic view of a fuel
peb ble is shown in fig. 1. The TRISO pack ing frac tion
of 1-50 %, de fined as a ra tio of to tal fuel par ti cle vol -
ume to the fuel peb ble vol ume, was con sid ered. The
spec i fi ca tions of fuel and mod er a tor peb bles are given
in tabs. 2 and 3, re spec tively.

By de sign, the HTR-10 core is de vel oped to use
a multi-pass scheme to achieve its 80 000 MWd/t dis -
charge burnup, by con tin u ously mov ing within the re -
ac tor core and re peat ing its jour ney within the core
five times. In this study, the re ac tor core is as sumed to
be loaded with fresh fuel.

CAL CU LA TION MODEL

The MCNP6 code with ENDF/B-VII.1 nu clear
data li brary was used to per form all cal cu la tions. The
MCNP6 is a gen eral-pur pose, con tin u ous-en ergy,
gen er al ized-ge om e try, time-de pend ent, Monte Carlo
trans port code de vel oped by Los Alamos Na tional
Lab o ra tory (LANL) to track many types of par ti cles
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Ta ble 1. The re ac tor de sign pa ram e ter of HTR-10 [10]

Re ac tor pa ram e ter

Ther mal power [MW] 10

In let/out let he lium tem per a ture [°C] 250/700

He lium pres sure [MPa] 3

He lium mass flow rate at full power [kgs–1] 4.3

Num ber of con trol rods 10

Num ber of small ab sorber balls 7

Core spec i fi ca tion

Core di am e ter/height [cm] 180/197

Av er age core power den sity [MWm–3] 2

Num ber of peb bles in full load 27 000

Pack ing a frac tion of peb bles 0.61

Av er age dis charge burnup [MWdt–1] 80 000

Fuel cy cle scheme Multi-pass



over a wide en ergy range. The code has suc cess fully
dem on strated its pow er ful ca pa bil ity in mod el ing 3-D
ex tra-com plex ge om e tries and sim u lat ing neutronic
pa ram e ters of var i ous types of the re ac tor [13-20].

In this work, the mod el ing of HTR-10 is di vided
into two cat e go ries: TRISO du plex with ThO2 and
UO2 par ti cles in side the fuel peb ble and peb bles in the
re ac tor core mod el ing. This model is very im por tant
be fore per form ing the neutronic cal cu la tions such as
crit i cal ity, re ac tiv ity, neu tron spec trum, fuel de ple tion
and burnup, ki netic pa ram e ters, etc.

The TRISO par ti cle model in fuel peb ble

The UO2 TRISO par ti cle was mod eled with a
sim ple cu bic (SC) lat tice. The TRISO par ti cle was
placed in the lat tice cen ter with graph ite ma trix oc cu -
py ing the re main ing re gion out side the par ti cle in the
lat tice. The ThO2 TRISO par ti cle was mod eled with a
sim i lar pro ce dure. The fuel peb ble was mod eled by ar -

rang ing the par ti cle lat tices with a con fig u ra tion of
UO2 TRISO par ti cles in the in ner re gion and ThO2

TRISO par ti cles in the outer re gion of the fuel peb ble.
The 0.5-cm-thick shell graph ite en vel op ing the fu eled
zone was then mod eled to com plete the fuel peb ble
model. Three con fig u ra tions with vol ume frac tion of
UO2-ThO2 were con sid ered in this study: 80-20 %,
75-25 %, and 70-30 %.

The re peated struc ture, con structed by UNI -
VERSE and a com bi na tion of LAT TICE and FILL op -
tions was used to model the fuel peb ble. This struc ture
will raise the in com plete TRISO UO2 and TRISO
ThO2 par ti cles on the spher i cal sur faces of the in ner
and outer re gions of the peb ble-fu eled zone. How ever,
such a con di tion can be ig nored be cause the pack ing
frac tion of TRISO par ti cles which is small or even
larger than 30 % will not sig nif i cantly worsen the cal -
cu la tion re sults [21]. In this spe cific study, the TRISO
du plex pack ing frac tion of 1-50 % was con sid ered to
find the im pacts on the neutronic pa ram e ters of
HTR-10. The MCNP6 model for TRISO du plex par ti -
cle in side fuel peb ble is il lus trated in fig. 2. The iso to -
pic con cen tra tion of the fuel par ti cle (in atom per barn
per cm) is given in tab. 4 . The iso to pic con cen tra tion
of graph ite ma trix and graph ite shell (in at oms per barn 
per cm), which is iden ti cal, is given in tab. 5.

Peb ble model in the re ac tor core

The re ac tor core was mod eled by ar rang ing
27.000 peb bles in the body-cen tered cu bic (BCC) lat -
tice. The lat tice con sists of one fuel peb ble placed at
the cen ter of the lat tice and eight of 1/8 mod er a tor peb -
bles po si tioned at the cor ners of the lat tice. The empty
re gion out side the peb bles in the lat tice was oc cu pied
by he lium cool ant. The com po si tion of 57 % fuel peb -
bles and 43 % mod er a tor peb bles in the re ac tor core
were pre served by re duc ing the ra dius of the mod er a -
tor peb ble from 3 cm to 2.7310 cm. A peb ble pack ing
frac tion of 0.61 was re pro duced by ad just ing the pitch
of the BCC lat tice from 7.1853 cm to 6.8772 cm.
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Fig ure 1. The sche matic view of
fuel peb ble [11]

Ta ble 2. Spec i fi ca tion of fuel peb ble

Fuel peb ble

Fuel com po si tion UO2; ThO2

Fuel peb ble ra dius [cm] 3

Fu eled zone ra dius [cm] 2.5

Graph ite den sity in ma trix/shell [gcm–3] 1.73

Nat u ral bo ron im pu rity in fuel/graph ite
[ppm] 1.0/1.3

TRISO coated par ti cle

Ma te rial Den sity [gcm–3] Outer ra dius [cm]

Ker nel UO2; ThO2 10.40; 9.70 0.0250

Buffer 1.10 0.0340

iPyC 1.90 0.0380

SiC 3.18 0.0415

oPyC 1.90 0.0455

Ta ble 3. Spec i fi ca tion of mod er a tor peb ble [12]

Mod er a tor peb ble ra dius [cm] 3

Graph ite den sity in mod er a tor peb ble [gcm–3] 1.84

Nat u ral bo ron im pu rity in graph ite [ppm] 1.30



The re peated struc ture was also used to model
the re ac tor core which causes the ap pear ance of par tial
peb bles around the core. This in di rectly adds ex tra fuel 
to the core. Ex cess fuel con trib uted by par tial peb bles
can be com pen sated by ap ply ing an ex clu sive zone of
he lium en cir cling the re ac tor core with a thick ness of
1.71 cm. The cone at the bot tom of the core was mod -
eled by ar rang ing mod er a tor peb bles in a BCC lat tice
with he lium in the empty gap be tween the peb bles.
Graph ite re flec tors, he lium flow chan nels, ir ra di a tion
ex per i ment chan nels, and other re ac tor com po nents
such as shut down sys tem chan nels con sist ing of con -
trol rods and small ab sorber balls in the in ner side of
the re flec tor were com pletely mod eled. The MCNP6
model for the ax ial and ra dial views of the re ac tor core

is il lus trated in fig. 3. Since it was in tro duced by
Lebenhaft in 2001 [22], this mod el ing pro ce dure was
used as a ref er ence for com pu ta tion mod els in nu mer -
ous pub li ca tions [23-29].

RE SULTS AND DIS CUS SION

All cal cu la tions were con ducted us ing KCODE
and KSRC op tions pro vided in MCNP6. The KCODE
op tion was per formed by sim u lat ing 250 000 neu trons
in each cy cle of 250 cy cles tracked and av er aged in a
ran dom step di rected by in ter ac tion prob a bil i ties. The
50 cy cles were dis carded to en sure the fis sion source
con ver gence. The real neu tron his tory starts from neu -
tron sources spec i fied by the KSRC op tion and is lo -
cated at the cen ter of the core. Ther mal neu tron scat -
ter ing li brary S (a, b) was used to con sider the
in ter ac tion of ther mal neu trons with all graph ite con -
tained in the en tire peb bles and the whole re ac tor at
low en ergy be low 4 eV. The KOPTS card was ac ti -
vated to cal cu late the ki netic pa ram e ters of the peb ble
bed re ac tor. All con trol rods were set to be in a com -
plete with drawal po si tion. The outer bound ary of the
re ac tor sys tem was as sumed to be in vac uum con di -
tion. The max i mum rel a tive sta tis ti cal er ror of keff, R,
L, and beff cal cu la tions are 0.045 %, 0.077 %, 1.116 %, 
and 6.931%, re spec tively.

The cal cu la tion re sults of the ef fec tive mul ti pli -
ca tion fac tor keff are il lus trated in fig. 4. The keff is de -
fined as the ra tio of the num ber of neu trons pro duced
by fis sion in one gen er a tion to the num ber of neu trons
lost through ab sorp tion and leak age in the pre ced ing
gen er a tion. This fac tor de pends on var i ous pa ram e ters 
which also vary with tem per a ture and are re lated to re -
ac tor safety. From the fig ure, it can be ob served, that
Du plex fuel has a lower keff value than the com monly
used UO2 fuel. This is be cause the ThO2 that oc cu pies
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Fig ure 2. The MCNP6 model for (a) TRISO du plex par ti cle and (b) fuel peb ble

Ta ble 4. The iso to pic con cen tra tion of TRISO par ti cle

Ker nel UO2 Ker nel ThO2

235U 3.992067×10–3 230Th 5.078813×10–6

238U 1.924449×10–2 232Th 2.516960×10–2

O 4.647329×10–2 O 5.034935×10–2

10B 1.849637×10–8 10B 1.849637×10–8

11B 7.445022×10–8 11B 7.445022×10–8

Coat ing lay ers

Buffer SiC

C 5.51513×10–2 28Si 4.40195×10–2

iPyC/oPyC 29Si 2.24945×10–3

C 9.52614×10–2 30Si 1.49008×10–3

C 4.77590×10–2

Ta ble 5. The iso to pic con cen tra tion of graph ite ma trix
and graph ite shell [12]

Graph ite ma trix Graph ite shell

C 8.674169×10–2 C 8.674169×10–2

10B 2.244010×10–8 10B 2.244010×10–8

11B 9.032424×10–8 11B 9.032424×10–8



the du plex fuel with a cer tain vol ume frac tion causes
the mass of 235U to de crease. The higher the vol ume
frac tion of ThO2 in du plex fuel, the lower the core keff

value. The 232Th iso tope which has a higher ther mal
neu tron cap ture cross-sec tion than 238U loaded in the
core is not strong enough to com pen sate for UO2 to in -
crease the keff value. It can be noted here, that the keff

value shows a ten dency to in crease at low pack ing
frac tions to reach a max i mum value be fore de creas ing
with in creas ing pack ing frac tions. The ef fect of neu -
tron mod er a tion is be hind this ten dency.

Max i mum keff val ues are achieved by du plex fu els
for con fig u ra tions with vol ume frac tions of 80 %
UO2-20 %  ThO2  (1.16150 ±  0.00037), 75  %  UO2-25 % 
ThO2 (1.14850 ± 0.00038), and 70 % UO22-30 % ThO2

(1.13547 ± 0.00038) at TRISO pack ing frac tions of 15
%, 20 %, and 20 %, re spec tively. Con sis tently, the core
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Fig ure 3. The MCNP6 model for (a) the ax ial and (b) ra dial views of the re ac tor core

Fig ure 4. Ef fec tive mul ti pli ca tion fac tor keff



which is only loaded with UO2 fuel achieves the high est
keff value (1.20631 ± 0.00038) at the same pack ing frac -
tion of 15 %. Af ter the op ti mal keff value is reached, the
ther mal neu tron pop u la tion de creases sig nif i cantly with
in creas ing pack ing frac tion. The in creas ing TRISO
pack ing frac tion will in crease the load ing of heavy met -
als in the re ac tor core which con se quently re duces the ra -
tio of mod er a tors to heavy met als. This re sults in an in -
crease in the neu tron cap ture cross-sec tion and a
de crease in the re pro duc tion fac tor which in turn re duces
the keff value.

The cal cu la tion re sults of the ki netic pa ram e ters
are de picted in figs. 5-7. The ki netic pa ram e ters are
sig nif i cant in the safety anal y sis of nu clear re ac tors
and an ac cu rate cal cu la tion of these pa ram e ters is very
im por tant in dy namic anal y sis for re ac tors op er a tion,
es pe cially in fast tran sients. One of the ki netic pa ram e -
ters that char ac ter ize the time be hav ior of the neu tron
pop u la tion is the prompt neu tron life time R. The R has
an im pact on the time scale of the re ac tor core re sponse 
to changes in re ac tiv ity. In re ac tor ki net ics, the R is de -
fined as the time be tween the birth of a neu tron from
fis sion and its loss due to leak age, par a sitic ab sorp tion, 
or ab sorp tion in fuel. This pa ram e ter is im por tant in
de ter min ing the time de pend ence of ex cur sions in
which the re ac tiv ity ex cess is so great that the re ac tor

is crit i cal or near crit i cal on the prompt neu trons alone
with out the de layed neu tron con tri bu tion.

In fig. 5 the R is pre sented. It can be seen that, if
the pack ing frac tion in creases, the R will ex po nen tially
de crease. This is due to the hard en ing of the neu tron
spec trum by a de crease in fuel load ing caused by the
re duced pack ing frac tion. The du plex fuel for con fig u -
ra tion with a vol ume frac tion of 70 % UO2-30 % ThO2

shows the high est R than con fig u ra tions with other vol -
ume frac tions. The neu tron gen er a tion time L is re -
lated to the R. It is a mea sure of the time re quired for a
change in the nu clear re ac tor mul ti pli ca tion fac tor in
af fect ing the neu tron pop u la tion. For a crit i cal sys tem,
the R is equal to the L which means that the time of neu -
tron re moval is equal to the time for neu tron cre ation.
A sim i lar trend of L to that of R are shown in fig. 6, if
the pack ing frac tion in creases the L will ex po nen tially 
de crease. The du plex fuel for con fig u ra tion with a vol -
ume frac tion of 70 % UO2-30 % ThO2 also pro vides
the high est L com pared to con fig u ra tions with other
vol ume frac tions. The higher ThO2 vol ume frac tion in
du plex fuel clar i fies better con trol la bil ity of the re ac -
tor at any TRISO pack ing frac tion.

The ef fec tive de layed neu tron frac tion beff as
part of the ki netic pa ram e ters is also an im por tant pa -
ram e ter for re ac tor dy nam ics. Its value is af fect ing
neu tron dy nam ics dur ing tran sient cal cu la tion for re -
ac tiv ity in ser tion i. e,. from con trol rod dis place ment,
void frac tions, Dopp ler ef fect, etc. In gen eral, de layed
neu trons frac tion and its de cay con stant in nu clear re -
ac tors af fect re ac tor con trol la bil ity which is re lated to
re ac tor power change rate. If there is no de layed neu -
tron, the re ac tor power could in crease in such a short
time that could lead to sig nif i cant dam age. A smaller
beff in di cates a smaller frac tion of neu trons ap pear as
de layed neu trons which makes a faster re ac tor re -
sponse to a re ac tiv ity, in versely, a larger beff  could lead 
to a slower re sponse dur ing re ac tiv ity in ser tion which
makes it eas ier to con trol the re ac tor. 

The re sults of the beff of each con fig u ra tion
shown in fig. 7 do not in di cate the reg u lar ity of change
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Fig ure 5. Prompt neu tron life time R

Fig ure 6. Neu tron gen er a tion time L

Fig ure 7. Ef fec tive de layed neu tron frac tion beff



even though the de layed neu tron frac tions of the 232Th, 
238U, and 235U iso topes have con sid er able dif fer ences
from each other as a standalone heavy metal ma te rial.
The beff, sta tis ti cal er ror, and de cay con stants of each
fuel com po si tion in 15 % and 20 % pack ing frac tions
are shown in tab. 6. The beff fluc tu ates within 3 times of 
sta tis ti cal er ror of each de layed neu tron group which
makes the vari a tion in fuel com po si tion con sid ered in
this study is not show ing sig nif i cant changes or trends. 
Also, con sid er ing that this study is only fo cused on
fresh fuel at the be gin ning of the cy cle, fis sile ma te rial
233U is not pro duced yet, which makes its con tri bu tion
to de layed neu tron frac tion not be ing ac counted to this
study. Some sen si tiv ity anal y sis re gard ing the geo met -
ri cal mod el ing of TRISO pack ing frac tion on MCNP
and its cor re la tion to heavy metal com po si tion is
needed to make sure that beff is only re lated to fer tile
ma te rial com po si tion at the be gin ning of the cy cle.

Sig nif i cant change might be shown if de ple tion
cal cu la tion is car ried out, but it will be part of the fur -
ther cal cu la tion. Ta ble 6 also shows that add ing ThO2

in the fuel at the BOC is not di rectly af fect ing b, since
only de layed neu tron groups 2, 4, 5, and 6 show some
sort of trend in in creas ing the beff which is still in side
the beff sta tis ti cal er ror, de cay con stant bi of de layed
neu tron pre cur sor bi also do not change dras ti cally.
These find ings could lead to some sta tis ti cal con clu -
sion that beff in BOC is not af fected by the ad di tion of
ThO2 into the fuel ker nel. De ple tion cal cu la tion re -
lated to fuel burnup might show it better later.

CON CLU SION

A study on the ki netic pa ram e ters of a peb ble bed 
re ac tor with TRISO du plex fuel has been con ducted
through a se ries of cal cu la tions with MCNP6 code and

ENDF/B-VII.1 li brary. It can be con cluded that the uti -
li za tion of TRISO du plex fuel in a peb ble bed re ac tor
could sig nif i cantly af fect the core mul ti pli ca tion fac tor 
and ki netic pa ram e ters caused by an in crease in Th
con tent. On the other hand, the TRISO pack ing frac -
tion is tak ing part in neu tron mod er a tion since a lower
pack ing frac tion means higher mod er a tion for fu eled
peb ble. The cal cu la tion re sults show that the max i -
mum keff val ues are achieved by du plex fu els for con -
fig u ra tions with  vol ume  frac tions of  80 % UO2-20 %
ThO2, 75 % UO2-25 % ThO2, and 70 % UO2-30 %
ThO2 at TRISO pack ing frac tions of 15 %, 20 %, and
20 %, re spec tively. At any TRISO pack ing frac tion,
the higher ThO2 vol ume frac tion in du plex fuel gives a
higher prompt neu tron life time R and the neu tron gen -
er a tion time L which ex po nen tially de creases while
the TRISO pack ing frac tion in creases. The beff val ues
do not in di cate the reg u lar ity of change with TRISO
pack ing frac tion changes, which turns out that in this
study, some sen si tiv ity cal cu la tion of the MCNP geo -
met ri cal model for the HTR core might be needed to
know how much beff is af fected by fuel com po si tion.
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ZUHAIR, Vahid LUTFI, R. Andika Putra DVIXAJANTO, Anis ROHANDA, SUVOTO

STUDIJA  KINETI^KIH  PARAMETARA  REAKTORA  SA
[QUNKOVITIM  TRISO  DVOJNIM  GORIVOM

Torijum 232Th, u ovom slu~aju, ima ve}i popre~ni presek za zahvat termi~kih neutrona od
238U, {to zna~i da plodniji izotopi mogu biti transmutovani i dovesti do fisibilnijeg izotopa
238U. Pored toga, 233U ima dobra svojstva u termi~kom spektru. Teoretski, nuklearni reaktor koji
koristi torijumsko gorivo tako|e mo`e trajati du`e od reaktora koji koristi uranijumsko gorivo. 
Predvi|a se da }e upotreba TRISO dvojnog goriva proizvesti boqe neutronsko pona{awe u
reaktoru sa {qunkovitim slojem. Ovaj rad ima za ciq prou~avawe kineti~kih parametara
reaktora sa {qunkovitim slojem od TRISO dvojnog goriva. Konfiguracija TRISO dvojnog
gorivnog {qunka sastoji se od unutra{weg regiona ispuwenog UO2 TRISO ~esticama i
spoqa{weg regiona ispuwenog ThO2 TRISO ~esticama okru`enog grafitnom matricom od
gorivnog {qunka. U radu su razmatrane tri konfiguracije sa zapreminskim udelom UO2-ThO2:
80-20 %, 75-25 % i 70-30 %. Za model reaktora izabran je reaktor HTR-10 sa poznatom geometrijom i
specifikacijom materijala. Serija prora~una sprovedena je kori{}ewem Monte Karlo
transportnog koda MCNP6 i ENDF/B-VII.1 biblioteke nuklearnih podataka. Rezultati prora~una
zatim su analizirani da bi se ispitao uticaj sastava UO2 i ThO2 u TRISO dvojnom gorivu na
kineti~ke parametre reaktora sa {qunkovitim slojem, sa razli~itim TRISO frakcijama
pakovawa od 1-50 %. Mo`e se zakqu~iti da bi kori{}ewe TRISO dvojnog goriva u reaktoru sa
{qunkovitim slojem moglo zna~ajno uticati na faktor multiplikacije jezgra i kineti~ke
parametre uzrokovane pove}awem sadr`aja torijuma. S druge strane, TRISO frakcija pakovawa
u~estvuje u usporavawu neutrona jer ni`a frakcija pakovawa zna~i ve}e usporavawe za {qunak sa
gorivom.

Kqu~ne re~i: kineti~ki parametar, reaktor sa {qunkovitim slojem, TRISO dvojno gorivo,
.........................MCNP6, ENDF/B-VII.1


