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The TRIGA 2000 reactor Bandung is proposed to convert from rod-type fuel to plate-type
fuel because there are no manufacturers in the world that still produce rod-type fuel. Calcu-
lating the safety parameters and their reliability related to reactor operation has become an
important thing to do. The objective of this study was to perform the reactor transient calcu-
lation of TRIGA 2000 that uses plate-type fuel. The reactor core modification is based on the
capability of the existing primary coolant system, without changing its flow rates. Ther-
mal-hydraulics calculations related to reactivity insertion accident and loss of flow accident
were analyzed using EUREKA2/RR MTR-DYN, and RELAPS5 codes. The chosen loss of
flow accident scenario is a decrease in flow caused by asudden stop of the pump power supply,
while reactivity insertion accident is conducted by the withdrawal of control rods with maxi-
mum reactivity insertion of 32.33 - 10-5 s-1. The calculated parameters are reactivity, reactor
power, and temperature of the coolant, cladding, and fuel in the hottest channel position. In
general, from a safety point of view, those computer codes were capable of performing the
transient calculations with appropriate results. Based on the calculation results, during the
transient condition of both reactivity insertion accident and loss of flow accident scenario, the

reactor operation safety parameters do not exceed the allowable safety limit.
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INTRODUCTION

The TRIGA MARK 2000 reactor Bandung
(TRIGA 2000) has been operated since 1964 using
rod-type fuel produced by General Atomic USA. Cur-
rently, this rod-type fuel is no longer being produced,
so core conversion to facilitate changing fuel to
plate-type fuel becomes important [1, 2]. To convert
the core, it is necessary to replace the core support so
that plate-type fuel can be used in TRIGA 2000 core.
The fuel element to be used is U3Si2-A1 with 19.7 %
enriched uranium and 2.96 gecm™ uranium density.
This silicide fuel is currently used in the RSG-GAS
multi-purpose reactor and together with its control ele-
ments is produced locally by PT. Industri Nuklir Indo-
nesia (INUKI). The neutronic calculations and core
fuel management have been carried out in this core
conversion. Based on the results of neutronic calcula-
tions, the plate-type fuel can be used in the TRIGA
2000 reactor [3-5].

Along with those neutronic calculations, some
thermal-hydraulic calculation related to the safety of
this conversion is required [6, 7]. Reactor thermal-hy-
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draulic calculation is very important for reactor safety,
and it is necessary to use various numerical simulation
codes as a solver to this calculation [8, 9]. Based on the
earlier study, it is recommended that core coolant flow
need to be modified from upward natural circulation to
downward forced circulation. Furthermore, the reactor
core will be converted without changing the primary
coolant flow rates. It is due to the existing primary cool-
ant pump capability [10]. So, reactor thermal power is
determined to be 1 MW.

As part of licensing the TRIGA MARK 2000
core conversion, safety analysis on reactivity insertion
accident (RIA) and loss of flow accident (LOFA)
which are postulated to occur in the reactor is needed
as part of safety analysis report documents. Thermal
hydraulic analysis conducted using several computer
codes is often used to evaluate the safety of reactor op-
eration. To achieve this purpose, a calculation of RIA
and LOFA scenarios by using some numerical simula-
tion codes is necessary [11, 12]. Various computer
codes have been frequently used to calculate core pa-
rameters during steady-state and transient operation
either in research reactors or nuclear power plants.

The RIA could be analyzed using the MTR-DYN
code [11], which is a coupled neutronic and thermal-hy-
draulic code that has been developed for transient cal-
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culation when there are some disturbances related to re-
activity that occurred on a research reactor. Meanwhile,
the EUREKA2/RR code is also capable of calculating
the transients behavior of RIA [12, 13]. Furthermore,
LOFA could also be analyzed using EUREKA2/RR by
adding a bypass flow model [ 14]. On the other hand, the
RELAPS code [15] is also widely used to calculate the
transient behavior of the light water reactor cooling sys-
tem, including the thermal-hydraulic characteristics of
the research reactor [16].

The objective of this study is to calculate transient
parameters of reactor that converted to use plate-type fuel.
The RIA is calculated using both EUREKA2/RR and
MTR-DYN. Meanwhile, the LOFA scenario is carried out
using EUREKA2/RR and RELAPS codes. The calculated
parameters consist of reactivity, reactor power, and tem-
perature of the coolant, cladding, and fuel at the hottest
channel positions. Those parameters are important to cal-
culate to ensure the safety of reactor operation.

REACTOR CORE DESCRIPTION

The TRIGA 2000 is an open-type research reac-
tor in which the core is surrounded by a graphite re-
flector. In the conversion core, using the plate-type
fuel, the equilibrium core uses 16 standard elements
(FE) and 4 control fuel elements (CE) with 4 classes of
fuel burn up as shown in fig. 1.

Table 1. Fuel element specifications

No Design parameter Values
1 Uranium fuel meat

Width [mm] 62.75

Length [mm] 600.00

Length of fuel plate [mm] 625.00

3 Width of cooling channel [mm)] 67.10

Gap [mm] 2.557

The center of the core is used as central irradia-
tion position (CIP), while irradiation position (IP) is
on the edge of the core. The fuel element consists of 21
fuel plates and each fuel plate consists of an AIMg,
frame sheet and two cover sheets with the same mate-
rial, which enclose the U;Si,-Al dispersed fuel meat
plate. The control element consists of 15 fuel plates
and has the same external cross-section dimensions as
the fuel element. Two of the three fuel element plates
were replaced with aluminum plates. The absorber
consists of two Ag-In-Cd blades coated with stainless
steel (material 1.4541, same as SS321). The shape and
specification of plate-type fuel elements are shown in
tab. 1 and fig. 2.

The TRIGA 2000 has two primary cooling
pumps for removing the heat from the primary coolant
system to the secondary coolant system [17, 18]. In
converting the reactor core, a natural circulation flap
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Figure 1. The equilibrium core configuration [3]
Note: IP = Irradiation position, CIP = Central irradiation positit
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Figure 2. The plate-type fuel element [3]

Table 2. Input data of operating parameter
for calculation

Operating condition Value
1 | Thermal reactor power [MW] 1.00
2 | Primary coolant mass-flow rate [kgs’l] 50.0
3 | Flowrate passes through the active core [%] 84.0
4 | Inlet coolant temperature to the core [°C] 35.0
5 | Inlet coolant pressure to the core [MPa] 0.158

will be installed in the core cooling system. At normal
operation, the core coolant flow is in a downward di-
rection.

METHODOLOGY

Steady-state calculation

In general, to calculate RIA and LOFA transient,
there are two steps in the calculation process, the cal-
culation for steady-state and transient conditions. Re-
lated to the safety aspect, the calculation is focused on
the thermal-hydraulic parameter of the hottest channel
in the core. Furthermore, this calculation uses the input
data shown in tab. 2. Figure 3 is a schematic chart of
the used methodology in the calculations.

The first step of the calculation is determining the
steady-state parameters as an initial condition prior to the
transient modeling. The steady-state benchmarking is
calculated by the COOLOD-N2 code. This code has
been well verified to analyze steady-state thermal-hy-
draulic of research reactor [19, 20].

Neutronic calculation

Y

Steady-state calculation Steady-state calculation
COOLOD-N2, RELAPS, EUREKA2/RR COOLOD-N2, EUREKA2/RR, MTR-DYN

g

Transient calculation of RIA
EUREKA2/RR, MTR-DYN

Transient calculation of LOFA
EUREKAZ/RR, RELAPS

Figure 3. Schematic of steady-state and transient
calculation
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Figure 4. Flow chart diagram for MTR-DYN

The next step is to perform RIA calculation using
EUREKA2/RR and MTR-DYN codes [11]. Mean-
while, thermal hydraulics of LOFA is calculated by
EUREKA2/RR and RELAPS.

The MTR-DYN is a 3-D model of coupled
neutronic, and thermal-hydraulic code used to calcu-
late RTA. The reactivity addition to triggering a criti-
cality transient is simulated by perturbation in a
neutronic calculation, which is very accurate for large
reactivity addition like in control rod withdrawal
events. Therefore, the user is responsible for preparing
neutron cross-section data for both initial and per-
turbed conditions. The macroscopic cross-section of
core materials was generated using WIMSD/5 code
[21], ENDF/B.VIL.1 library and it collapsed its 69
groups of neutron energy into 4 neutron energy
groups. Coupled neutron-dynamics and thermal-hy-
draulics modules could give the best estimation in the
temperature of the fuel, cladding, and the coolant [22,
23]. Figure 4 shows the calculation diagram of the
MTR-DYN code.

The EUREKAZ2/RR is a coupled point kinetic,
neutronic, and thermal-hydraulics code that was de-
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veloped by JAEA Japan. It can be used to calculate the
reactivity accident on research reactors. The code was
modified by adding a heat transfer package for re-
search reactors, and this code is suitable for a system
that operates with low temperature and pressure. In
EUREKA2/RR, the modeling of the core consists of
the upper plenum, bottom plenum, standard fuel ele-
ment, and control element. The core model was di-
vided into 4 channels regions, with one of the channels
in the hottest channel position. In the LOFA model, a
bypass node is added to simulate the model of natural
circulation in case of reverse flow current direction as
shown in fig. 5.

The RELAPS is also a computer code widely used
to simulate a light water reactor for thermal-hydraulic
analysis, interactions of a control system, and transport
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Figure 6. Nodalization for RELAPS

of fluids. This code was developed by the IDAHO
National Engineering Laboratory (INEL) in the USA.
Furthermore, the Innovative System Software (ISS) de-
veloped this code as RELAP/SCDAPSIM/Mod3.4 [15].
In this code, for this study, the reactor core was modeled
into a hot and average channel, with a time-dependent
volume as a model of water above the reactor core, and
water below the reactor core is represented as the heat
sink as shown in fig. 6.

Reactivity insertion accident

The RIA is carried out by withdrawing the con-
trol rod continuously, with a maximum reactivity in-
sertion rate of 32.3 - 107° s7!. The reactor will shut
down when the linear power coming from the neutron
flux detector exceeds 118 % of the nominal power. The
reactivity insertion transient is carried out at 1 MW ini-
tial power, the core is cooled with a forced convection
model with an inlet coolant temperature of 35 °C.

Loss of flow accident scenario

The LOFA scenario is postulated as a decrease in
flow caused by a sudden stop in the coolant pump
power supply. Therefore, the reactor must be protected
against the LOFA. The reactor protection system
(RPS) initiates by sending a Scram signal to the reactor
when the primary coolant flow rate reaches 85 % of'its
normal value of 50 kgs™!, and the delay time for reactor
Scram is 0.5 seconds. The Scram means that the reac-
tor is shut down by dropping the control elements into
the core. During the LOFA transient, the residual cool-
ant flow rate decreases rapidly, in which the downflow
of the primary cooling system only takes 9.0 seconds
[14, 17].

RESULT AND DISCUSSION

Result of steady-state condition

The purpose of calculating the steady state is to
know the parameters on the initial state of the reactor
which operates under normal conditions. The calcula-
tion results of steady-state parameters using various
codes are shown in tab. 3. It shows a good agreement
between all codes used in calculating coolant velocity,
heat flux, and temperature of cladding and fuel. The
highest difference of 5.6 % occurs in the outlet coolant
temperature between EUREKA2/RR and MTR-DYN
code. All codes were used to give consistent results for
steady-state calculation, and all parameters are still
within the limits of the safety of the reactor in normal
operation.



S. Dibyo, et al.: Transient Calculation on Triga 2000 of Plate-Type Fuel Element ..

Nuclear Technology & Radiation Protection: Year 2021, Vol. 36, No. 3, pp. 211-218 215
Tabel 3. Operating parameter of steadystate
Hottest channel COOLOD-N2 EUREKA2/RR RELAP5 MTR-DYN
Coolant velocity [cms’l] 65.37 69.09 69.20 69
Fuel temperature [°C] 57.72 56.40 57.70 58.04
Saturation temperature, TSAT [°C] 113.12 115.67 114.16 114
Onset nucleat boiling temperature, T*ong [°C] 116.38 117.62* 116.12* 115.96*
Cladding temperature, [°C] 57.42 55.60 56.97 57.94
Outlet coolant temperature [°C] 43.04 43.71 43.80 43.08
DNBR** 5.37 7.96 6.15 -
Heat flux [Wm ] 83517 83273 83482 83840

* TONB is calculated by Bergles-Rohsenow corelation; ** DNBR — Departure from Nucleate Boiling Ratio
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Figure 7. Reactor power profile during RIA transient

Result of RIA transient

The RIA calculation is very important to be ana-
lyzed as a design basis accident for TRIGA 2000, espe-
cially in terms of converting it to use plate-type fuel. In
this study, it was performed using both MTR-DYN and
EUREKA2/RR codes. The calculation was started as
reactivity insertion occurring in the reactor at initial
power of 1 MW. In RIA transient, the reactor power is
dependent on core reactivity, as well as feedback reac-
tivity. So, a change in reactor power is affected by a
change in core reactivity. The results of transient core
power calculation are shown in fig. 7. As shown in this
figure, the maximum power generated by MTR-DYN is
1.22 MW which is achieved after 4.31 seconds. Mean-
while, based on the calculation by the EUREKA2/RR,
the maximum power of 1.22 MW is achieved after 4.40
seconds. A comparison of peak time and peak power
between MTR-DYN and EUREKA2/RR codes shows
that ther were no significant differences.

The maximum temperatures of fuel and cladding
are shown in figs. 8 and 9. The calculated maximum fuel
temperature from EUREKA2/RR and MTR-DYN is
64.33 °C and 62.92 °C, respectively. Furthermore, maxi-
mum cladding temperatures are 63.65 °C and 62.79 °C,
respectively. So, the maximum temperature of this tran-
sient is still in good agreement and consistent with the re-
sults of EUREKA2/RR and MTR-DYN.
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Figure 8. Maximum fuel temperature profile during RIA
transient
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Figure 9. Maximum cladding temperature profile
during RIA transient

As we know, the maximum temperature is repre-
sented by the outlet cooling flow. This is the tempera-
ture at which the maximum is reached along with the
axial flow. The outlet coolant flow temperature profile
during the RIA transient is shown in fig. 10. This fig-
ure shows a small difference of 1.1 °C at the beginning
of transient (steady-state calculation), but the curve
pattern of EUREKA2/RR with MTR-DYN confirms
a good agreement.

Calculated maximum temperatures of coolant,
cladding, and fuel are shown in tab. 4. The maximum
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11, the curve pattern of reactor power shows the
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Figure 10. Outlet coolant flow temperature
during the RIA transient

Table. 4. Maximum temperature of coolant,
cladding, and fuel element

Diffe
Parameters | EUREKA2/RR| MTR-DYN | ' [i/r;]’nce
Fuel
temperature [°C] 64.33 62.92 2.19
Cladding
temperature [°C] 63.65 62.79 1.35
Coolant
temperature [°C] 45.76 44.93 1.81

difference between EUREKA2/RR and MTR-DYN
calculations is 2.19 %. Based on tab. 4, there is no boil-
ing in the reactor coolant because the maximum tem-
perature of the coolant is still below the boiling temper-
ature. The maximum temperature of fuel and cladding
is 64.33 °C and 63.65 °C, respectively, on EUREKA2
/RR, which is still below the fuel and cladding melting
points 0f 200 °C and 600 °C. These results indicate that
reactor operation due to RIA is still within safety limits.

Result of LOFA transient

The reactor power calculation is also performed in
the LOFA transient, the Scram triggered as primary coolant
flow rate reaches 85 % after 0.8 seconds. As depicted in fig.

1.2
g (1) —e— RELAP5 |
= (2) === EUREKA2/RR
5]
208 .
a
g
506 i J
£
‘6 U
S04 | 4
S
0.2H{ (2 1
——C (2
P L e, ; >
0 10 20 30 40 50 60 70

Time [s]

Figure 11. Power profile during LOFA transient

the temperature to decrease. Otherwise, coolant flow de-
creases rapidly, while cladding temperature increases for
amoment. Furthermore, the residual decay heat is cooled
by natural convection.

The outlet coolant temperature during LOFA tran-
sient is shown in fig. 14. This figure shows that by de-
creasing the outlet coolant temperature, the difference at
a maximum temperature between the EUREKA2/RR
and RELAPS is 0.4 °C. The difference in the transient
curve from these two codes is caused by several reasons
such as nodalization effect, numerical solution, and ini-
tial conditions, but a decrease in the temperature curve
indicates the consistent trend of the two codes.
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during LOFA transient
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Figure 14. Outlet coolant flow temperature during the
LOFA transient

Table 5. Maximum temperature at hottest
channel under LOFA transient

Parameters EUREKA?2/RR| RELAPS Dif{aﬁnce
Fuel temperature [°C] 58.97 61.48 4.0
temgel?z;it?llrl;g[%] 58.74 60.64 3.1
te?nlgg;;?r(ﬁ):le[?é] 44.78 45.18 0.8

The maximum temperature at the hottest channel
under LOFA transient could be seen in tab. 5. The
maximum difference between EUREKA2/RR and
RELAPS is 4.0 %. There is no boiling on the hottest
channel position, in which the coolant temperature and
cladding temperatures are far below the temperature of
onset nucleate boiling of 116.12 °C or even the satura-
tion temperature of 114.16 °C. In other words, damage
in the fuel elements caused by the melting of fuel clad-
ding could be avoided.

Based on the consistency of the results from
RELAPS5, EUREKA2/RR, and MTR-DYN codes, the
transient state for both RIA and LOFA scenarios is val-
idated to be within the safety margin on TRIGA 2000.
It shows an appropriate transient pattern, as well as a
good agreement for all parameters of reactor power,
cladding temperature, fuel temperature, and coolant
temperatures. In general, at | MW power and mass
flow rate of 50.0 kgs™!, the calculation results show
that reactor operation regarding the core modification
to facilitate its conversion to plate-type fuel was en-
sured within the safety limits.

CONCLUSION

The RIA has been calculated by comparing the
result of EUREKA2/RR with MTR-DYN and the
LOFA has been compared between EUREKA2/RR
and RELAPS. Regarding the modification of the reac-
tor core, using a plate-type of U;Si,-Al silicide fuel,
from the safety point of view, all mentioned codes
were capable of performing the transient calculations
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INPOPAYYH IIPEJA3HUX CTAIbA PEAKTOPA TRIGA 2000
CA TOPUBOM Y BUAY IINIOYA KOPUIIHREILEM RELAPS,
EUREKA2/RR 1 MTR-DYN ITPOTPAMA

Kakoy cBeTy HEMa mpou3Bobaya KOju jolll yBEK IPOU3BOJIE TOPUBO Y BUY LIIMIIKE, IPEJIOKEHO je
na ce peaktop TRIGA 2000 BangyHr ca FOpMBHOM IIMIKOM IPEBENie Y PEAKTOp ca TOPUBOM Y BUAY ILIOYE.
IIpopauyH cUrypHOCHHX IapaMeTapa U BUXOBE NOY3aHOCTH Y BE3HU ca PajloM PeakTopa MOCTao je BaXKaH
3ayaTak. Llnss oBor pajia je 1a ce mpopauyHajy npesiasHa crama peaktopa TRIGA 2000 koju KopucTu TOpuBO
y Bupy mwiode. Mopudukanmja jesrpa peakTopa 3acHOBaHa je Ha MoryhHoctmma moctojeher cucrema
IpUMapHOT XJafuona, 6e3 NpoMeHe HeroBe Op3uHe NpoToKa. TepMoXugpaylnuyku MpOpavyHU KOju ce
OffHOCE Ha aKIUJCHTE YHOIICHa PEaKTUBHOCTH U T'yOUTKA MPOTOKA aHAIIM3UPAHH CYy KOpHIThekheM KO0Ba
EUREKA2/RR, MTR-DYN u RELAPS. OnaOpanu cueHapuo akuyjeHTa ryouTka npoToka je onagajyhu
IIPOTOK XJIAINOIIA W3a3BaH M3HEHAIHUM IIPEKUIOM Hallajama MyMIle, TOK aKIUAEHT YHETe PeakKTUBHOCTH
HaCTaje W3BIAYEH-EM KOHTPOJHMX IIMIKH Ca MAKCHMAJHOM yHETOM peakTmBHomhy om 32,33-107 s7l.
PauynaTu cy mapameTpu peakKTHBHOCTH, CHare peakTopa u TeMIepaType pacxiajHe TeIHOCTH, KOIIYJbUIIe
ropuBa ¥ TOpUBA y MOJIOKA]y HAjTOTUIHjET KaHaja. Y MOrJey CATYPHOCTH, OBH pauyHaPCKU KOJJOBYU OWIIN CY
CIOCOOHM /1a U3BpLIE TPaH3ULMOHE IpopayyHe ca ofrosapajyhum pesynratuma. Ha ocHOBY nmpopauyHa,
TOKOM IIpEJNa3HOI CTama ycjey akUueHaTa YHOIIeHa PeakKTHBHOCTU U CleHapHja ryOMTKa NMpOTOKa,
napaMeTpH pafa peakTopa He Ipeiia3e 103BOJbeHY T'PAaHUIy CHI'YPHOCTHL.

Kwyune peuu: peaxitiop TRIGA 2000, iiaouacitio Zopuso, popauyH peaa3Hux ciliarbd, CUuZypHOCill paoa



