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Anal y sis of the steady-state and re ac tiv ity in ser tion ac ci dent is very im por tant for the safety of
re ac tor op er a tions. In this study, steady-state and re ac tiv ity in ser tion ac ci dent anal y sis when
the low en riched ura nium foil tar get is ir ra di ated in the re ac tor core has been car ried out.  The
anal y sis is car ried out by the best es ti mate method by us ing a cou pled neutronic, ki netic, and
ther mal-hy drau lic code, MTR-DYN. The MTR-DYN code is based on the 3-D multigroup
neu tron dif fu sion method. The cell cal cu la tions for the tar get are car ried out by the
WIMSD/5 and MTR-DYN code. Af ter re ac tiv ity in ser tion, the cool ant, fuel, and clad tem -
per a ture are ob served. The cal cu la tion re sults for the ini tial power of 1 W showed that the
max i mum tem per a ture of the cool ant, clad, and fuel are 49.76 °C, 65.01 °C, and 65.26 °C, re -
spec tively. Mean while, when the re ac tiv ity in ser tion at the ini tial power of 1 MW, the max i -
mum tem per a ture of the cool ant, clad, and fuel are 72.23 °C, 140.79 °C, and 141.97 °C, re -
spec tively. Based on those cal cu la tion re sults dur ing ir ra di a tion low en riched ura nium foil
tar get, the tem per a ture in the steady-state and re ac tiv ity in ser tion ac ci dent does not ex ceed
the al low able safety limit.

Key words: re ac tiv ity in ser tion anal y sis, safety limit, low en rich ment ura nium foil, MTR-DYN code

IN TRO DUC TION

Re ac tor Serba Guna G. A. Siwabessy (RSG-GAS)
is ma te rial test ing re ac tor (MTR) type with a nom i nal
ther mal power of 30 MW and an av er age neu tron flux of
2×1014 cm2s–1. The RSG-GAS re ac tor is used for re -
search, iso tope pro duc tion, ma te rial test ing, and neu tron
ac ti va tion anal y sis. The fa cil i ties are uti lized by the
RSG-GAS re ac tor are one cen tral ir ra di a tion po si tion
(CIP), four ir ra di a tion po si tions, five rab bit sys tem fa cil i -
ties, a power ramp test fa cil ity, six beam tube fa cil i ties,
and neu tron dop ing trans mu ta tion. The RSG-GAS re ac -
tor is orig i nally de signed to use the low en riched fuel
(235U) of 19.75 % with an ox ide fuel type (U3O8-Al) with 
a den sity of ura nium of 2.96 gcm–3. Since 2002, the re ac -
tor uses fuel silicide (U3Si2-Al) with the same den sity as
the ox ide fuel type [1].

The RSG-GAS re ac tor is uti lized for the ir ra di a tion
of some tar gets, such as the tar get of fis sion prod uct mo -
lyb de num with the low en riched ura nium (LEU), to pro -
duce the 99Mo, 99/99mTc, TeO2, irid ium, Sm2O3, Gd2O3,

and MoO3 [2, 3]. Cur rently, the RSG-GAS re ac tor ir ra di -
ates the LEU elec tro plat ing tar get used for the pro duc tion
of the 99Mo radionuclide in the core rou tinely. Pre vi ous re -
search showed that the max i mum mass of LEU elec tro -
plat ing tar gets of 72 g can be used in the re ac tor [3]. The
mar ket stud ies showed that the Asia Oceania re gion needs
380 000 Ci  per year of 99Mo [4-6] , while the do mes tic
mar ket needs 70 000 Ci  per year of 99Mo. There fore, the
LEU tar get be comes dom i nant in the uti li za tion of the
RSG-GAS re ac tor.

In op ti miz ing the pro duc tion of the 99Mo radionuc-
lide in the RSG-GAS re ac tor, some cal cu la tions should be
car ried out. Neutronic pa ram e ters have been ob tained by
us ing the in-house BATAN-3DIFF code. The code, al -
ready ver i fied and val i dated for the first core of RSG GAS  
gave good re sults com pared to the ex per i ment [7]. The
neutronic cal cu la tion re sult shows that the LEU foil tar get
that can be ir ra di ated is 108 g in the re ac tor core [8]. How -
ever, it is also nec es sary to per form a safety anal y sis such
as the re ac tiv ity in ser tion ac ci dent (RIA) to en sure the ir ra -
di a tion ful fills the safety cri te rion. Usu ally, the RIA anal y -
sis is car ried out by the hot-spot anal y sis [9-11], where the
max i mum ra dial and ax ial power peak ing fac tors (PPF)
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are mul ti plied to be the hot spot fac tor.  This fac tor is used
to be the in put of the ki netic-thermohydraulic anal y sis. 
The hot-spot anal y sis is a con ser va tive ap proach, but it is
not re al is tic because the po si tion of max i mum ra dial and
ax ial PPF is not in the same lo ca tion.

In this study, we pro posed to use the best es ti -
mate method by us ing the cou pled neutronic-ki -
netic-ther mal hy drau lic code. The re al is tic con di tion
can be re al ized by the best es ti mate method [12, 13]. 
The ob jec tive of this study is to ana lyse the steady
-state and the RIA con di tion dur ing the max i mum ir ra -
di a tion of the LEU foil tar get in the re ac tor core. We
as sumed that an ac ci dent is ini ti ated by eight con trol
rods si mul ta neously with drawn with the max i mum
speed un til the re ac tor pro tec tion sys tem scrams the re -
ac tor, by drop ping the con trol rods into the core. The
safety cri te rion for the an tic i pated op er a tional tran -
sients in the RSG-GAS is that the max i mum fuel meat
tem per a ture in fuel meat is less than 200 °C and that no
boil ing oc curs in the re ac tor core.

The steady-state and RIA pa ram e ters were cal -
cu lated by ap ply ing WIMSD/5 [14] and MTR-DYN
[15] codes, re spec tively. The MTR-DYN code has
been de vel oped for the safety anal y sis of a ma te rial re -
search re ac tor (MTR) such as an RSG-GAS re ac tor.
The mac ro scopic cross-sec tions were gen er ated by us -
ing the WIMSD/5 code. The re ac tiv ity ac ci dent was
car ried out us ing the MTR-DYN code, a 3-D cou pled
neutronic-ki netic-thermohydraulic code [16]. The
MTR-DYN code is a space and time-de pend ent, few
group neu tron dif fu sion-based on re search re ac tor
tran sient anal y sis code. The heat con duc tion equa tion
in a fuel el e ment as a func tion of time and space is
solved by the fi nite-dif fer ence method, as sum ing heat
con duc tion is only in the ra dial di rec tion. Space func -
tions are solved by fi nite dif fer ence meth ods and time
func tions with im plicit schemes.

METH OD OL OGY 

De scrip tion of LEU foil tar get

The  LEU  foil  tar get  has  di men sions  of 7.6 cm
×.8.8 cm × 0.0125 cm with a ura nium en rich ment of
19.8 %. The LEU foil is cov ered with 0.0015 cm thick 
nickel foil and placed be tween two alu mi num tubes
welded from both ends. The di am e ter of the in ner and
outer alu mi num tubes is 2.621 cm, and 2.799 cm, re -
spec tively, and the length of the Al tube is 16.2 cm.
The max i mum weight of the tar get LEU foil that can
be in serted into the tube is 3.0 g. The LEU foil tar gets
are in serted into a rig that can con tain three tar gets.
The rig is in serted into the stringer, which has an in -
ner di am e ter of 3.3 cm and an outer di am e ter of 3.6
cm. Ura nium is ar ranged in cap sules, as shown in fig.
1.

The in ser tion of re ac tiv ity was car ried out when
the LEU foil tar get is in the RSG-GAS re ac tor ir ra di a -
tion fa cil ity. A stringer is used to ac com mo date a rig
shown in fig. 2. The rig is placed into a stringer with a
di am e ter of 3.3 cm and an outer di am e ter of 3.6 cm and 
can be oc cu pied by nine tar gets max i mally. The
stringer is in serted into CIP (D-6, E-6, D-7, and E-7)
with the num ber of LEU foil on the core as much as
108 g, as shown in fig. 3.
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Fig ure 1. Draw ing for the ar range ment of ura nium foil
tar get  ir ra di a tion at the re ac tor: 1 – alu minum,
2 – nickel, 3 – ura nium foil, 4 – alu minum, 
5 – alu minum rod, and 6 – wa ter

Fig ure 2. Stringer for ir ra di a tion of LEU tar get foil
(units are in mm) [8]



An a lyt i cal code de scrip tion

The MTR-DYN code [15] was de signed to mod -
el ing the tran sient crit i cal ity be hav ior of a re search re -
ac tor when the re ac tiv ity ad di tion and pri mary cool ing
sys tem dis tur bance oc curs. The MTR-DYN code
solves the space time-de pend ent multigroup neu tron
dif fu sion in the 3-D car te sian ge om e try cou pled
neutronic with a ther mal-hy drau lics mod ule. The code 
con sists of two main mod ules, i. e., the neutronic and
ki netic cal cu la tion mod ules, and the ther mal-hy drau -
lic cal cu la tion mod ule. The adi a batic model is used for 
the neutronic and ki netic cal cu la tions mod ule.

The ther mal-hy drau lic mod ule uses a sub-chan -
nel sin gle-phase flow in a 1-D pla nar ge om e try model.
The flow rate of cool ing wa ter in the down ward di rec -
tion and the equa tion of mo men tum and en ergy are re -
solved in the di rec tion of the flow. Model of the 1-D
heat trans fer per pen dic u lar to the di rec tion of the wa -
ter cool ant flow is used to solve the con duc tive heat
trans fer in side the fuel plate and con vec tive heat trans -
fer be tween the sur face of the fuel plate and the wa ter
cool ant. Neutronic and ther mal-hy drau lic cou plings
al low the MTR-DYN code to ac cu rately cal cu late
cool ant, fuel, and clad re ac tiv ity tem per a ture feed back 
as well as den sity re ac tiv ity feed back. Space and
time-de pend ent con trol rod move ments on the core are 
also treated ac cu rately, which pro vides the best-es ti -

mated value of max i mum fuel tem per a ture, clad, and
cool ant dur ing the tran sient.

The MTRDY code [15] needs a com plete mac ro -
scopic cross-sec tion for ab sorp tion, fis sion, dif fu sion,
and scat ter ing and their de riv a tives to fuel tem per a ture,
tem per a ture, and den sity mod er a tor. The WIMS/D5
code is used to gen er ate the mac ro scopic ab sorp tion
cross-sec tion, Sa, the trans mis sion cross-sec tion, nSf,
the dif fu sion co ef fi cient, D, the scat ter ing, Ss. The tran -
sient anal y sis needs de layed neu tron data [17], and the
data is taken from the Tuttle data [18] and the de layed
neu tron spec trum is taken from Saphier [19].

 The neu tron few-group cross-sec tion for LEU foil
tar get, fis sile, and non-fis sile ma te ri als is gen er ated by
the WIMSD/5 cell cal cu la tion code. The WIMSD/5
code col lapses the 69-neu tron en ergy group to the four
neu tron en ergy groups by the neu tron col li sion prob a bil -
ity cal cu la tion. The neu tron cross-sec tion is a func tion of
the fuel burn-up level, wa ter den sity, fuel tem per a ture,
and the ex is tence of im por tant neu tron poi sons, xe non,
and sa mar ium. Cross-sec tion data with the core ge om e -
try, bound ary con di tions, thermohydraulic in put data
(cool ant flow rate, in let tem per a ture, and pres sure in the
core), de riv a tive con stant, and tran sient sce nario data are
given to the MTR-DYN code to per form the steady-state
and tran sient cal cu la tions. A di a gram of steady-state and
tran sient cal cu la tions us ing the MTR-DYN code is
shown in fig. 4.
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Fig ure 3.  Con fig u ra tion of the RSG-GAS re ac tor core [8], Note: FE – fuel el e ment, CE – con trol elemet, BE – Be re flec tor
el e ment, BS – Be re flec tor el e ment with plug, IP – iradiation po si tion, CIP – cen tral iradiation po si tion,
PNRS – pneu matic rab bit sys tem, HYRS – hy drau lic rab bit sys tem, PRTF – power ramp test facility



Steady-state and pos tu lated
RIA con di tions

The re ac tiv ity ac ci dents are pos tu lated to oc cur
due to all con trol rods un ex pected with drawal or be -
cause of equip ment dam age or op er a tor er ror. The re ac -
tor pro tec tion sys tem will au to mat i cally shut down the
re ac tor and thus limit the tran sient level of un in ten tional 
con trol rod with drawal to pro tect the re ac tor core. The
amount of re ac tiv ity in ser tion is de ter mined from all
con trol rod near the cen ter of the ac tive core. The max i -
mum gra di ent near the cen ter of all con trol rod height is
0.41 % Dkk–1 cm–1 (Dkk–1 is re ac tiv ity unit). The max i -
mum con trol rod speed is 0.0564 cms–1, so the max i -
mum rate of re ac tiv ity in ser tion is 0.03734 $s–1, in clud -
ing a 15 % safety ad di tion. 

Re ac tiv ity tran sient at low
power (start-up)

It is as sumed that the re ac tor is op er at ing in the
low power range at the 1 W ini tial power. The ac ci dent
is ini ti ated by as sum ing that all con trol rods are si mul -
ta neously with drawn and,  the re ac tiv ity in crease due
to a de crease in neu tron ab sorber in creases power re -
ac tor.   To ter mi nate power in crease, the RSG-GAS re -
ac tor has a shut down sys tem that be comes ef fec tive at
15 % of the nom i nal power level. Tran sient anal y sis at
high  power  is car ried out at 1 MW ini tial power.  At
the high power, the in creased power is trig gered by the
sig nal of over pow er ing re ac tor pro tec tion. The trig ger
value  is  114  %  of  full power.  In  the  cal cu la tion,  at
an  in let  tem per a ture  of 44.5 °C, cool ant pres sure is
0.2 MPa, the cool ing rate of the core is 522.30 kgs–1,
and the de lay time of 0.5 seconds is used as in put data.

RE SULTS AND DIS CUS SION

Ta ble 1 shows the steady-state cal cu la tion with
and with out the LEU tar get. The cool ing flow rate in
the core with out LEU tar get is higher than with LEU
tar get be cause the av er age power den sity with out LEU 
tar get is higher than with LEU tar get. As the LEU tar -
get is fis sion ma te rial, the av er age power den sity in the 
core be comes lower than 4.4 %. The slightly lower
power den sity and the lower cool ant flow rate make
the steady-state tem per a ture with a tar get slightly
higher than with out a tar get. By ir ra di at ing the LEU
tar get, the cal cu lated max i mum cool ant tem per a ture,
max i mum clad outer tem per a ture, max i mum clad in -
ner tem per a ture, and peak cen ter line tem per a ture are
higher by 1.75 %, 4.42 %, 4.41 %, and 4.39 %, re spec -
tively. All max i mum tem per a tures are not ex ceed ing
the tem per a ture safety limit.
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Fig ure 4. The MTR-DYN flow chart di a gram for re ac tiv ity
in ser tion case [14]

Ta ble 1. The steady-state cal cu la tion for the with out
tar get and with the tar get

Pa ram e ters With out LEU
tar get

With LEU
tar get 

Op er at ing power [MW] 30 30

Cool ant flow rate [kgm–2s–1] 1829.49 1690.79

Cool ant ve loc ity [ms–1] 2.794 2.832

Av er age power den sity [Wm–3] 1.75 10+8 1.69 10+8

Power peak ing fac tors

Ax ial 1.761 1.762

Ra dial 1.23 1.24

Steady-state tem per a tures [°C]

Max i mum cool ant tem per a ture 67.29 68.47

Max i mum clad outer
tem per a ture 122.11 127.51

Max i mum clad in ner
tem per a ture 123.48 128.92

Peak centreline tem per a ture 124.46 129.92

Fig ure 5. Net re ac tiv ity and power re sponse at ini tial
power 1 W



The RIA anal y sis is car ried out for two con di -
tions, the core with and with out LEU tar get. Net re ac -
tiv ity and power as a func tion of tran sient time for 1 W
ini tial power is shown in  fig. 5. Af ter in ser tion re ac tiv -
ity, re ac tor power in creases sig nif i cantly. and af ter
reach ing 4.5 MW re ac tor shuts down by the re ac tor
pro tec tion sys tem. It can be seen that the re ac tiv ity in -
creases lin early be cause there is no neg a tive re ac tiv ity
feed back com ing from the fuel el e ment.

For the core with a tar get, the max i mum power
of 9.32 MW is achieved at the time of 26.03 seconds,
mean while, for the core with out a tar get, the max i mum 
power is 9.67 MW at the time of 26.06 seconds. There
is no sig nif i cant dif fer ence that oc curs in the power
tran sient due to the pres ence of an LEU tar get in the
core.

The max i mum tran sient tem per a ture for fuel and 
cool ant are shown in fig. 6. Ta ble 2 shows that the
max i mum tem per a ture of the cool ant, clad, and fuel
are 49.76 °C, 65.01 °C, and 65.26 °C, re spec tively, for
the core with LEU tar get.  The tem per a ture of the cool -
ant in creases by 1.34 % com pared to the cool ant tem -
per a ture with out a tar get in the core. Mean while,  the
tem per a ture of clad ding and fuel is not sig nif i cantly
in creased when the LEU tar get is ir ra di ated in the core. 
The tem per a ture rise is very sharp be cause of the small

neg a tive feed back re ac tiv ity at the low power. In the
tran sient re ac tiv ity with 1 W ini tial power, there is no
sig nif i cant in crease in tem per a ture due to ir ra di a tion
of the LEU tar get in the re ac tor core. Based on the re -
sults shown in tab. 2, no boil ing oc curred, be cause the
max i mum tem per a ture is less than the boil ing limit.

In ser tion  of  re ac tiv ity   at   the   ini tial   power  of
1 MW is sim u lated by the with drawal of all con trol
rods and the time re sponse of net re ac tiv ity and re ac tor
power dur ing tran sient shown in fig. 7. The net re ac -
tiv ity is in creased lin early from 0 $  (re ac tiv ity unit) to
a max i mum value of 0.49 $ dur ing 18.00 seconds, and
power in creases ex po nen tially from 1 MW to max i -
mum power then starts to de crease be cause of the neg -
a tive feed back re ac tiv ity un til the re ac tor scram at
26.41 seconds. 

Af ter re ac tiv ity in ser tion for 10 sec onds, the re ac -
tor power in creased sig nif i cantly, and when the power
reached 118 % the nom i nal power, the re ac tor was
scrammed by the re ac tor pro tec tion sys tem. The max i -
mum power of 35.46 MW was achieved within 30.38
sec onds, with tar get con di tion, while the max i mum
power of 35.60 MW was achieved in 29.36 sec onds,
with out tar get con di tion. In this pro cess, tran sients de -
pend on the amount of re ac tiv ity in ser tion and neg a tive
re ac tiv ity feed back.

The cal cu la tion re sults of the max i mum tem per -
a ture of cool ant and fuel dur ing tran sient at 1 MW ini -
tial power are shown in fig. 8. Com pared to re ac tiv ity
in ser tion at the low power, the power rise is flat ter at
the high power, be cause of the ef fect of the neg a tive
feed back re ac tiv ity. There are no sig nif i cant dif fer -
ences that oc curred in the power tran sients due to the
pres ence of the tar get in the re ac tor core.

The cal cu la tion re sult of the max i mum tem per a -
ture is shown in tab. 3. The max i mum tem per a ture cool -
ant, clad, and fuel with LEU foil tar get ir ra di ated in the
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Ta ble 2. The max i mum tem per a ture at cool ant, clad ding, 
and fuel

Pa ram e ters With out LEU 
tar get

With LEU
tar get

Dif fer ence
[%]

Max i mum cool ant
tem per a ture [°C] 49.09 49.76 1.34

Max i mum clad
tem per a ture [°C] 64.77 65.01 0.37

Max i mum fuel
tem per a ture [°C] 65.02 65.26 0.37

Fig ure 6.  Cool ant and fuel tem per a ture dur ing tran sient
at ini tial power 1 W

Fig ure 7.  Net re ac tiv ity and power  re sponse at ini tial
power 1 MW



core are 72.23 °C, 140.9 °C, and 141.97 °C, re spec tively.  
The max i mum cool ant tem per a ture in creases by 1.93 %
with the LEU tar get in the core. The max i mum tem per a -
ture of the clad and fuel in creases by 5.11 %  and 5.07 %,
re spec tively, when the LEU tar gets are in the core. The
in crease of tem per a ture with the LEU tar get in the core is
within per mit ted safety lim its.

CON CLU SION

The cal cu la tion with the LEU tar get on the re ac -
tor core is car ried out in steady-state and RIA con di -
tions. Tran sient con di tions are cal cu lated by the with -
drawal of all con trol rods when the LEU foil tar get is
ir ra di ated in the ir ra di a tion fa cil ity. Cal cu la tions re sult  
showed  that dur ing RIA at 1 W ini tial power, and 1
MW ini tial power the cool ant tem per a ture only in -
creases to a max i mum of 72.23 °C, which is less than
the sat u ra tion tem per a ture. The re sults of the max i -
mum tem per a ture of fuel and clad ding do not ex ceed
the safety lim its. The neg a tive tem per a ture re ac tiv ity
co ef fi cient and Dopp ler feed back re ac tiv ity have an
im por tant role in in creas ing the max i mum tem per a ture 
of the clad ding. By ir ra di at ing the 108 g of LEU foil
tar get in the re ac tor core, the RSG-GAS re ac tor can be
to op er ated safely.
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Ta ble 3. Max i mum tem per a ture with ini tial power1 MW

Pa ram e ters With out LEU
tar get

With LEU
tar get

Dif fer ence
[%]

Max i mum cool ant
tem per a ture [°C] 70.86 72.23 1.93

Max i mum clad
tem per a ture [°C] 133.95 140.79 5.11

Max i mum fuel
tem per a ture [°C] 135.11 141.97 5.07

Fig ure 8.  Cool ant and fuel  tem per a ture dur ing tran sient 
at ini tial power 1 MW
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Surian PINEM, Tagor Malem SEMBIRING, Tukiran SURBAKTI

ANALIZA  AKCIDENTA  UNETE  REAKTIVNOSTI  TOKOM  OZRA^IVAWA
METE  OD  URANIJUMSKE  FOLIJE  U  JEZGRU  RSG-GAS  REAKTORA

Analiza stacionarnog stawa i akcidenta uno{ewem reaktivnosti veoma je va`na za
sigurnost rada reaktora. U ovom radu sprovedena je analiza akcidenta reaktora u stabilom stawu i
pri unetoj reaktivnosti kada se niskooboga}ena uranijumska folija ozra~uje u jezgru reaktora.
Analiza je obavqena metodom najboqe procene primenom spregnutog neutronskog kineti~kog i
termohidrauli~kog MTR-DYN koda, gde je MTR-DYN kod zasnovan na metodi trodimenzionalne
multigrupne neutronske difuzije. Prora~un }elije sa metom obavqen je pomo}u WIMSD/5 i
MTR-DYN kodova. Nakon uno{ewa reaktivnosti, pra}ene su tem per a ture hladioca, goriva i
ko{uqice. Rezultati prora~una za po~etnu snagu od 1 W pokazali su da su maksimalne tem per a ture
hladioca, ko{uqice i goriva 49.76 °C, 65.01 °C i 65.26 °C. Me|utim, kada je uneta reaktivnost pri
po~etnoj snazi od 1 MW, maksimalna temperatura hladioca, ko{uwice i goriva iznosi 72.23 °C,
140.79 °C i 141.97 °C. Na osnovu ovih rezultata prora~una, tokom ozra~ivawa folijumske mete od
niskooboga}enog uranijuma, temperatura u udesima pri stabilnom stawu i unetoj reaktivnosti ne
prelazi dozvoqenu granicu sigurnosti.

Kqu~ne re~i: analiza unete reaktivnosti, granica sigurnosti folija od niskooboga}enog
......................... uranijuma, MTR-DYN kod


