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Analysis of the steady-state and reactivity insertion accident is very important for the safety of
reactor operations. In this study, steady-state and reactivity insertion accident analysis when
the low enriched uranium foil target is irradiated in the reactor core has been carried out. The
analysis is carried out by the best estimate method by using a coupled neutronic, kinetic, and
thermal-hydraulic code, MTR-DYN. The MTR-DYN code is based on the 3-D multigroup
neutron diffusion method. The cell calculations for the target are carried out by the
WIMSD/5 and MTR-DYN code. After reactivity insertion, the coolant, fuel, and clad tem-
perature are observed. The calculation results for the initial power of 1 W showed that the
maximum temperature of the coolant, clad, and fuel are 49.76 °C, 65.01 °C, and 65.26 °C, re-
spectively. Meanwhile, when the reactivity insertion at the initial power of 1 MW, the maxi-
mum temperature of the coolant, clad, and fuel are 72.23 °C, 140.79 °C, and 141.97 °C, re-
spectively. Based on those calculation results during irradiation low enriched uranium foil
target, the temperature in the steady-state and reactivity insertion accident does not exceed

the allowable safety limit.
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INTRODUCTION

Reactor Serba Guna G. A. Siwabessy (RSG-GAS)
is material testing reactor (MTR) type with a nominal
thermal power of 30 MW and an average neutron flux of
2:10'* em?s7!. The RSG-GAS reactor is used for re-
search, isotope production, material testing, and neutron
activation analysis. The facilities are utilized by the
RSG-GAS reactor are one central irradiation position
(CIP), four irradiation positions, five rabbit system facili-
ties, a power ramp test facility, six beam tube facilities,
and neutron doping transmutation. The RSG-GAS reac-
tor is originally designed to use the low enriched fuel
(***U) 0f' 19.75 % with an oxide fuel type (U;04-Al) with
a density of uranium of 2.96 gem™. Since 2002, the reac-
tor uses fuel silicide (U;S1,-Al) with the same density as
the oxide fuel type [1].

The RSG-GAS reactor is utilized for the irradiation
of some targets, such as the target of fission product mo-
lybdenum with the low enriched uranium (LEU), to pro-
duce the Mo, #*™Tc, TeO,, iridium, Sm,0;, Gd,0;,
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and MoO; [2, 3]. Currently, the RSG-GAS reactor irradi-
ates the LEU electroplating target used for the production
of the Mo radionuclide in the core routinely. Previous re-
search showed that the maximum mass of LEU electro-
plating targets of 72 g can be used in the reactor [3]. The
market studies showed that the Asia Oceania region needs
380000 Ci per year of Mo [4-6] , while the domestic
market needs 70000 Ci per year of *Mo. Therefore, the
LEU target becomes dominant in the utilization of the
RSG-GAS reactor.

In optimizing the production of the Mo radionuc-
lide in the RSG-GAS reactor, some calculations should be
carried out. Neutronic parameters have been obtained by
using the in-house BATAN-3DIFF code. The code, al-
ready verified and validated for the first core of RSG GAS
gave good results compared to the experiment [7]. The
neutronic calculation result shows that the LEU foil target
that can be irradiated is 108 g in the reactor core [8]. How-
ever, it is also necessary to perform a safety analysis such
as the reactivity insertion accident (RIA) to ensure the irra-
diation fulfills the safety criterion. Usually, the RIA analy-
sis is carried out by the hot-spot analysis [9-11], where the
maximum radial and axial power peaking factors (PPF)
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are multiplied to be the hot spot factor. This factor is used
to be the input of the kinetic-thermohydraulic analysis.
The hot-spot analysis is a conservative approach, but it is
not realistic because the position of maximum radial and
axial PPF is not in the same location.

In this study, we proposed to use the best esti-
mate method by using the coupled neutronic-ki-
netic-thermal hydraulic code. The realistic condition
can be realized by the best estimate method [12, 13].
The objective of this study is to analyse the steady
-state and the RIA condition during the maximum irra-
diation of the LEU foil target in the reactor core. We
assumed that an accident is initiated by eight control
rods simultaneously withdrawn with the maximum
speed until the reactor protection system scrams the re-
actor, by dropping the control rods into the core. The
safety criterion for the anticipated operational tran-
sients in the RSG-GAS is that the maximum fuel meat
temperature in fuel meat is less than 200 °C and that no
boiling occurs in the reactor core.

The steady-state and RIA parameters were cal-
culated by applying WIMSD/5 [14] and MTR-DYN
[15] codes, respectively. The MTR-DYN code has
been developed for the safety analysis of a material re-
search reactor (MTR) such as an RSG-GAS reactor.
The macroscopic cross-sections were generated by us-
ing the WIMSD/5 code. The reactivity accident was
carried out using the MTR-DYN code, a 3-D coupled
neutronic-kinetic-thermohydraulic code [16]. The
MTR-DYN code is a space and time-dependent, few
group neutron diffusion-based on research reactor
transient analysis code. The heat conduction equation
in a fuel element as a function of time and space is
solved by the finite-difference method, assuming heat
conduction is only in the radial direction. Space func-
tions are solved by finite difference methods and time
functions with implicit schemes.

METHODOLOGY
Description of LEU foil target

The LEU foil target has dimensions of 7.6 cm
x 8.8 cm x 0.0125 cm with a uranium enrichment of
19.8%. The LEU foil is covered with 0.0015 cm thick
nickel foil and placed between two aluminum tubes
welded from both ends. The diameter of the inner and
outer aluminum tubes is 2.621 cm, and 2.799 cm, re-
spectively, and the length of the Al tube is 16.2 cm.
The maximum weight of the target LEU foil that can
be inserted into the tube is 3.0 g. The LEU foil targets
are inserted into a rig that can contain three targets.
The rig is inserted into the stringer, which has an in-
ner diameter of 3.3 cm and an outer diameter of 3.6
cm. Uranium is arranged in capsules, as shown in fig.
1.
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Figure 1. Drawing for the arrangement of uranium foil
target irradiation at the reactor: / — aluminum,

2 —nickel, 3 — uranium foil, 4 — aluminum,

5 — aluminum rod, and 6 — water
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Figure 2. Stringer for irradiation of LEU target foil
(units are in mm) [8]

The insertion of reactivity was carried out when
the LEU foil target is in the RSG-GAS reactor irradia-
tion facility. A stringer is used to accommodate a rig
shown in fig. 2. The rig is placed into a stringer with a
diameter of 3.3 cm and an outer diameter of 3.6 cm and
can be occupied by nine targets maximally. The
stringer is inserted into CIP (D-6, E-6, D-7, and E-7)
with the number of LEU foil on the core as much as
108 g, as shown in fig. 3.
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Figure 3. Configuration of the RSG-GAS reactor core [8], Note: FE — fuel element, CE — control elemet, BE — Be reflector
element, BS — Be reflector element with plug, IP — iradiation position, CIP — central iradiation position,
PNRS - pneumatic rabbit system, HYRS — hydraulic rabbit system, PRTF — power ramp test facility

Analytical code description

The MTR-DYN code [15] was designed to mod-
eling the transient criticality behavior of a research re-
actor when the reactivity addition and primary cooling
system disturbance occurs. The MTR-DYN code
solves the space time-dependent multigroup neutron
diffusion in the 3-D cartesian geometry coupled
neutronic with a thermal-hydraulics module. The code
consists of two main modules, i. e., the neutronic and
kinetic calculation modules, and the thermal-hydrau-
lic calculation module. The adiabatic model is used for
the neutronic and kinetic calculations module.

The thermal-hydraulic module uses a sub-chan-
nel single-phase flow in a 1-D planar geometry model.
The flow rate of cooling water in the downward direc-
tion and the equation of momentum and energy are re-
solved in the direction of the flow. Model of the 1-D
heat transfer perpendicular to the direction of the wa-
ter coolant flow is used to solve the conductive heat
transfer inside the fuel plate and convective heat trans-
fer between the surface of the fuel plate and the water
coolant. Neutronic and thermal-hydraulic couplings
allow the MTR-DYN code to accurately calculate
coolant, fuel, and clad reactivity temperature feedback
as well as density reactivity feedback. Space and
time-dependent control rod movements on the core are
also treated accurately, which provides the best-esti-

mated value of maximum fuel temperature, clad, and
coolant during the transient.

The MTRDY code [15] needs a complete macro-
scopic cross-section for absorption, fission, diffusion,
and scattering and their derivatives to fuel temperature,
temperature, and density moderator. The WIMS/D5
code is used to generate the macroscopic absorption
cross-section, X, the transmission cross-section, v
the diffusion coefficient, D, the scattering, X. The tran-
sient analysis needs delayed neutron data [17], and the
data is taken from the Tuttle data [18] and the delayed
neutron spectrum is taken from Saphier [19].

The neutron few-group cross-section for LEU foil
target, fissile, and non-fissile materials is generated by
the WIMSD/5 cell calculation code. The WIMSD/5
code collapses the 69-neutron energy group to the four
neutron energy groups by the neutron collision probabil-
ity calculation. The neutron cross-section is a function of
the fuel burn-up level, water density, fuel temperature,
and the existence of important neutron poisons, xenon,
and samarium. Cross-section data with the core geome-
try, boundary conditions, thermohydraulic input data
(coolant flow rate, inlet temperature, and pressure in the
core), derivative constant, and transient scenario data are
given to the MTR-DYN code to perform the steady-state
and transient calculations. A diagram of steady-state and
transient calculations using the MTR-DYN code is
shown in fig. 4.
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Figure 4. The MTR-DYN flow chart diagram for reactivity
insertion case [14]

Steady-state and postulated
RIA conditions

The reactivity accidents are postulated to occur
due to all control rods unexpected withdrawal or be-
cause of equipment damage or operator error. The reac-
tor protection system will automatically shut down the
reactor and thus limit the transient level of unintentional
control rod withdrawal to protect the reactor core. The
amount of reactivity insertion is determined from all
control rod near the center of the active core. The maxi-
mum gradient near the center of all control rod height is
0.41 % Akk™' cm™! (Akk™" is reactivity unit). The maxi-
mum control rod speed is 0.0564 cms™!, so the maxi-
mum rate of reactivity insertion is 0.03734 $s~!, includ-
ing a 15 % safety addition.

Reactivity transient at low
power (start-up)

It is assumed that the reactor is operating in the
low power range at the 1 W initial power. The accident
is initiated by assuming that all control rods are simul-
taneously withdrawn and, the reactivity increase due
to a decrease in neutron absorber increases power re-
actor. To terminate power increase, the RSG-GAS re-
actor has a shutdown system that becomes effective at
15 % of the nominal power level. Transient analysis at
high power is carried out at 1 MW initial power. At
the high power, the increased power is triggered by the
signal of overpowering reactor protection. The trigger
value is 114 % of full power. In the calculation, at
an inlet temperature of 44.5 °C, coolant pressure is
0.2 MPa, the cooling rate of the core is 522.30 kgs!,
and the delay time of 0.5 seconds is used as input data.

Table 1. The steady-state calculation for the without
target and with the target

Parameters Wlﬂtl;)r]'lgte]t“EU th;}rlglétEU
Operating power [MW] 30 30
Coolant flow rate [kgm2s™'] 1829.49 1690.79

Coolant velocity [ms '] 2.794 2.832
Average power density [Wm ]|  1.75 10" 1.69 107
Power peaking factors
Axial 1.761 1.762
Radial 1.23 1.24
Steady-state temperatures [°C]
Maximum coolant temperature 67.29 68.47
Maximum clad outer 122.11 12751
temperature
Maximum clad inner 123.48 128.92
temperature
Peak centreline temperature 124.46 129.92
RESULTS AND DISCUSSION

Table 1 shows the steady-state calculation with
and without the LEU target. The cooling flow rate in
the core without LEU target is higher than with LEU
target because the average power density without LEU
target is higher than with LEU target. As the LEU tar-
get is fission material, the average power density in the
core becomes lower than 4.4 %. The slightly lower
power density and the lower coolant flow rate make
the steady-state temperature with a target slightly
higher than without a target. By irradiating the LEU
target, the calculated maximum coolant temperature,
maximum clad outer temperature, maximum clad in-
ner temperature, and peak centerline temperature are
higher by 1.75 %, 4.42 %, 4.41 %, and 4.39 %, respec-
tively. All maximum temperatures are not exceeding
the temperature safety limit.
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Figure 5. Net reactivity and power response at initial
power 1 W
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The RIA analysis is carried out for two condi-
tions, the core with and without LEU target. Net reac-
tivity and power as a function of transient time for 1 W
initial power is shown in fig. 5. After insertion reactiv-
ity, reactor power increases significantly. and after
reaching 4.5 MW reactor shuts down by the reactor
protection system. It can be seen that the reactivity in-
creases linearly because there is no negative reactivity
feedback coming from the fuel element.

For the core with a target, the maximum power
0f 9.32 MW is achieved at the time of 26.03 seconds,
meanwhile, for the core without a target, the maximum
power is 9.67 MW at the time of 26.06 seconds. There
is no significant difference that occurs in the power
transient due to the presence of an LEU target in the
core.

The maximum transient temperature for fuel and
coolant are shown in fig. 6. Table 2 shows that the
maximum temperature of the coolant, clad, and fuel
are 49.76 °C, 65.01 °C, and 65.26 °C, respectively, for
the core with LEU target. The temperature of the cool-
ant increases by 1.34 % compared to the coolant tem-
perature without a target in the core. Meanwhile, the
temperature of cladding and fuel is not significantly
increased when the LEU target is irradiated in the core.
The temperature rise is very sharp because of the small

(1) Fuel temperature witout target LEU
(2) -=— Fuel temperature with target LEU
(38) —— Coolant temperature witout target LEU
(4) - -x - - Coolant temperature with target LEU
70 - T T m|

Maximum temperature [°C]

40 : :

20 25 30 35

Time [s]

Figure 6. Coolant and fuel temperature during transient
at initial power 1 W

Table 2. The maximum temperature at coolant, cladding,
and fuel

Parameters Without LEU| With LEU | Difference

target target [%]

Maximum cooolant 49.09 4976 L34
temperature [°C]

Maximum clgd 64.77 65.01 037
temperature [°C]

Maximum ﬁiel 65.02 65.26 037
temperature [°C]

negative feedback reactivity at the low power. In the
transient reactivity with 1 W initial power, there is no
significant increase in temperature due to irradiation
of the LEU target in the reactor core. Based on the re-
sults shown in tab. 2, no boiling occurred, because the
maximum temperature is less than the boiling limit.

Insertion of reactivity at the initial power of
1 MW is simulated by the withdrawal of all control
rods and the time response of net reactivity and reactor
power during transient shown in fig. 7. The net reac-
tivity is increased linearly from 0 $ (reactivity unit) to
a maximum value of 0.49 § during 18.00 seconds, and
power increases exponentially from 1 MW to maxi-
mum power then starts to decrease because of the neg-
ative feedback reactivity until the reactor scram at
26.41 seconds.

After reactivity insertion for 10 seconds, the reac-
tor power increased significantly, and when the power
reached 118 % the nominal power, the reactor was
scrammed by the reactor protection system. The maxi-
mum power of 35.46 MW was achieved within 30.38
seconds, with target condition, while the maximum
power of 35.60 MW was achieved in 29.36 seconds,
without target condition. In this process, transients de-
pend on the amount of reactivity insertion and negative
reactivity feedback.

The calculation results of the maximum temper-
ature of coolant and fuel during transient at 1 MW ini-
tial power are shown in fig. 8. Compared to reactivity
insertion at the low power, the power rise is flatter at
the high power, because of the effect of the negative
feedback reactivity. There are no significant differ-
ences that occurred in the power transients due to the
presence of the target in the reactor core.

The calculation result of the maximum tempera-
ture is shown in tab. 3. The maximum temperature cool-
ant, clad, and fuel with LEU foil target irradiated in the

(1) Reactivity without target LEU (3) = = Power without target LEU
(2) -=— Reactivity with target LEU  (4)==x == Power with target LEU

4107 1

35-107 - (4

-
3-107 - tﬂ/
-~

25-107 |

Reactor power [W]
Reactivity [$]

2-107 |

15107 -

1:107 |

5:108 |
(1)

0! 1
0 10 20

Time [s]

Figure 7. Net reactivity and power response at initial
power 1 MW
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Figure 8. Coolant and fuel temperature during transient
at initial power 1 MW

Table 3. Maximum temperature with initial power1 MW

Without LEU | With LEU | Difference
target target [%]

Parameters

Maximum coolant
temperature [°C]

Maximum clad
temperature [OC] 133.95 140.79 5.11

Maximum fuel
temperature [°C]

70.86 72.23 1.93

135.11 141.97 5.07

coreare 72.23 °C, 140.9 °C, and 141.97 °C, respectively.
The maximum coolant temperature increases by 1.93 %
with the LEU target in the core. The maximum tempera-
ture of the clad and fuel increases by 5.11 % and 5.07 %,
respectively, when the LEU targets are in the core. The
increase of temperature with the LEU target in the core is
within permitted safety limits.

CONCLUSION

The calculation with the LEU target on the reac-
tor core is carried out in steady-state and RIA condi-
tions. Transient conditions are calculated by the with-
drawal of all control rods when the LEU foil target is
irradiated in the irradiation facility. Calculations result
showed that during RIA at 1 W initial power, and 1
MW initial power the coolant temperature only in-
creases to a maximum of 72.23 °C, which is less than
the saturation temperature. The results of the maxi-
mum temperature of fuel and cladding do not exceed
the safety limits. The negative temperature reactivity
coefficient and Doppler feedback reactivity have an
importantrole in increasing the maximum temperature
of the cladding. By irradiating the 108 g of LEU foil
target in the reactor core, the RSG-GAS reactor can be
to operated safely.
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Cypuan IIMHEM, Tarop Manem CEMBUPUHI, Tykupan CYPBAKTU

AHAJ/IN3A AKIHUJAEHTA YHETE PEAKTUBHOCTU TOKOM O3PAYUBAIbA
METE O]1 YPAHUJYMCKE ®OJ/UJE Y JE3IPY RSG-GAS REAKTORA

AHanu3a CTallMOHAPHOT CTama U aKIMICHTA YHOIICHCM PEakKTUBHOCTU BeOMa je BaKHa 3a
CHTYPHOCT pajia peakTopa. Y OBOM pajly CIPOBEfICHA je aHAIM3a aKIUIEHTA peaKTopa y CTAaONIIOM CTarby U
TIpU YHETO] PEaKTHUBHOCTH Kajja ce HucKooboraheHa ypanmjymcka ¢oiumja o3padyje y je3rpy peakTopa.
Amnanu3a je o0aBlbeHa METOJOM HajOOJbe MPOLEHEe NPUMEHOM CHPETHYTOr HEYTPOHCKOT KMHETHYKOT U
tepmoxuapayanukor MTR-DYN kopna, riae je MTR-DYN kop 3acHOBaH Ha METO[ TPOAUMEH3UOHAIIHE
MyJTUTPYyIHE HeyTpoHcke pudysuje. IIpopauyn henmje ca metom ob6aBibeH je nomohy WIMSD/S un
MTR-DYN kopoBa. Hakon yHomewma peakTWBHOCTH, IpaheHe cy TemmepaType XJIafnuorna, TropuBa u
kourysbuie. Pesynratu npopauyHa 3a noueTHy cHary off 1 W nokasasu cy 1a cy MaKcuMalHe TeMIiepatype
XJ1aiuona, Komrybuie u ropusa 49.76 °C, 65.01 °C u 65.26 °C. MebyTtum, Kafja je yHeTa peaKTUBHOCT IIPH
noyeTHoj cHa3u off 1 MW, MakcumanHa TeMiepaTypa XJaguola, KOlymuile u ropusa uzHocu 72.23 °C,
140.79 °C n 141.97 °C. Ha ocHOBY OBHUX pe3yJiTaTa MpopadyHa, TOKOM O3padnBama (POoJIujyMcKe MEeTe Off
HUCKOOOOraheHor ypaHnujyma, TeMIeparypa y yiecuma npu cTaOUITHOM CTakby U YHETO] PEAaKTUBHOCTH He
IpeJia3d f03BOJbEHY TPAHUILY CUTYPHOCTH.

Kwyune peuu: anaausa yHeitie peakiiu8HOCIIU, ZPAHULA CUZYPHOCTUU (hoauja 00 HUCKO0OoZaheH0Z
yparujyma, MTR-DYN k00



