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Abstract

The 1 M W  TRIGA MARK II research reactor at Malaysian Nuclear Agency achieved initial criticality on June 
28, 1982. The reactor is designed to effectively implement the various fields o f  basic nuclear research, 
manpower training, and production o f  radioisotopes. This paper describes the reactor parameters calculation 
for the PUSPATI TRIGA REACTOR (RTP); focusing on the application o f  the developed reactor 3D model for  
criticality calculation, analysis o f power and neutron flux distribution and depletion study o f TRIGA fuel. The 
3D continuous energy Monte Carlo code MCNP was used to develop a versatile and accurate fu ll model o f the 
TRIGA reactor. The model represents in detailed all important components o f the core and shielding with 
literally no physical approximation.

Abstrak

Reaktor penyelidikan 1 M W  TRIGA MARK II  di Agensi Nulear Malaysia mencapai kegentingan awal pada 28 
Jun 1982. Reaktor ini direka bentuk untuk melaksanakan pelbagai bidang penyelidikan asas nuklear,latihan 
tenaga kerja dan penghasilan radioisotop. Kertas kerja ini menerangkan tentang pengiraan parameter reaktor 
bagi RTP; menfokus kepada aplikasi model 3D reaktor yang telah dibangunkan untuk tujuan pengiraan 
kegentingan, analisis taburan kuasa dan fluks neutron dan kajian penyusutan bahan api TRIGA. Kod 3D Monte 
Carlo, MCNP dengan tenaga selanjar telah digunakan untuk membangunkan model lengkap reaktor TRIGA 
yang serba boleh dan tepat. Model ini mewakili secara terperinci semua komponen penting teras dan perisai 
tanpa ada struktur fizikal yang diringkaskan.
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INTRODUCTION

As computational power continues to increase, it becomes more practical to utilize Monte Carlo methods to 
perform neutronic calculations. Monte Carlo methods have gained interest due to the ability to more accurately 
model complex 3-dimesional geometries. Recently, some of the reactor parameters were analyzed by Monte 
Carlo model using MCNP code. The diffusion code, TRIGLAV has been used previously for most of the 
neutronic analysis and core management. TRIGLAV is a deterministic code, based on diffusion approximation 
of transport equation, which uses WIMSD program to calculate a unit cell averaged cross section data. 
TRIGLAV program package is developed for reactor calculations of mixed cores in TRIGA Mark II research 
reactor. It can be applied for fuel element burnup calculations, for power and flux distributions calculations and 
for critically predictions. The main aim of this work was to perform neutronic calculation using MCNP model of 
the PUSPATI TIRGA Reactor which was developed recently.

The Malaysian 1MW PUSPATI TRIGA Reactor (RTP) was designed to effectively implement the various fields 
of basic nuclear research and education. It incorporates facilities for advanced neutron and gamma radiation 
studies as well as for isotope production, sample activation, and student training. RTP has reached its first 
criticality on 28 Jun 1982 with excess reactivity of $0.15. It uses standard TRIGA UZrH16 fuel of 8.5wt%, 
12wt% and 20wt% with 20% of U-235 enrichment. It has cylindrical core arrangement and surrounded with 
graphite reflector and cooled by natural convection. The top and bottom grid plate is made of Al-6061. RTP 
has 4 control rods which are made up of boron carbide, see Table 1. Three of them are from fuel follower type 
and the other is air follower. The fuel follower control rods (FFCR) made up of 8.5wt% UZrH16 and B4C 
absorber on top of the fuel section. RTP used mainly for beam experiments, samples analyses, education and



trainings. The reactor utilizes hydride fuel which is a homogeneous mixture of uranium and zirconium hydride 
(UZrH). The ZrH is used as main moderator. The core consists of 8.5, 12 and 20w/o% fuel elements, 4 control 
rods, some graphite elements and central thimble. The cross-sectional view of Core-14, Core-0 (critical core) and 
Core-1 is shown in Figure 1, 2 and 3 respectively. Elements are arranged in seven circular rings and the spaces 
between the fuel rods are filled with water that acts as coolant and moderator.

Table 1, the details specification of TRIGA fuel elements and control rods
Fuel Element Fuel Follower Control

Rod
Geometrical data

Radius of Zr rod (cm) 0.3175 0.3175
Radius of fuel (cm) 1.765 1.665

Air gap (cm) 0.05 0.05
Cladding (cm) 0.05 0.05

Fuel composition
Mass of uranium

Mass of U235
Uranium (wt%) 022.58. 8.5

Enrichment (wt%) 19.7 19.7
H:Zr ratio 1.6 1.6
Absorber B4C

Natural Boron (%) 80%

Figure 1, RTP Core-14 configuration



Figure 2, RTP Core-0 configuration

Figure 3, RTP Core-1 configuration

METHOD 

Approach to criticality simulation

Approach to criticality was performed (1982) on the basis of inverse-multiplication method. Criticality is 
approached by adding the fuel rods in the core. Inverse-multiplication rate is measured. Plot of inverse- 
multiplication rate versus fuel mass is made after each fuel loading step, and the critical mass is estimated by 
extrapolating the curve to zero. MCNP has a direct method of calculating the keff, the KCODE command. Using 
the KCODE command, MCNP approximates keff by estimating the number of fission neutrons produced per 
fission neutron started for a given generation. By repeating this process for thousands of generations MCNP 
arrives at a good approximation of a multiplication factor. The KCODE command was applied for every fuel 
load from 5 fuel elements until 66 fuels to simulate the criticality experiment and another 20 fuels were added to 
provide an additional data point for comparison with experimental results.

The same simulation was performed using TRIGLAV, but it started the calculation with 66 fuel elements to 
adjust the axial buckling value. The same axial buckling value used for each fuel load. Note that in TRIGLAV 
simulation, every location in the core either occupied by a fuel element, control rod, irradiation channel or left 
empty, is treated explicitly as a homogeneous region equivalent to the unit cell. The unit cell group constants 
were calculated with the WIMSD program using WIMS library integrated in the TRIGLAV package. The unit 
cell homogenisation was done with the simple flux and volume weighting. While MCNP geometry model 
followed the actual reactor geometry as accurately possible and reasonable. Some simplifications were done to 
an extent which did not affect keff significantly. The cross section data used, taken directly from the continuous 
energy ENDF/B-VI cross section libraries.



Neutron flux and power distribution

The easiest way for calculating the neutron flux and power density distribution can be done by using the 
superimposed mesh tally card, FMESHn (for the present only type 4 tallies are permitted). FMESH card allows 
the user to define a mesh tally superimposed over the problem geometry. By default, the mesh tally calculates 
the track length estimate of particle flux, averaged over a mesh cell. If we use the tally multiplier card for fission 
together with the mesh tally and scale the results to appropriate power level, we can obtain flux and power 
density distribution. The FMESH card is extremely powerful and useful method also for calculating flux 
distributions, power peaking factors, etc. The fission density and flux distribution were calculated in the 
following way. A meshes of 250 x 250 x 1 (length * width x height) cells, in which the neutron flux or fission 
density were calculated, was superimposed over the reactor core. Each cell measured 0.2 cm x 0.2 cm x 2.0 cm 
(at the middle plane of the fuel in the fuel element), meaning that the flux and the fission density were averaged 
over the 2.0 cm of fuel element middle plane height. In order to obtain a better resolution inside the fuel element, 
another set of calculation with the same number of meshes but each cell measured 0.08 cm x 0.08 cm x 1 cm 
which is represent the power density for fuels in B-Ring.

The power peaking factors are the link between the nuclear and thermal-hydraulics analysis of the reactor core as 
they define maximumpower released locally in the core. Hot rod power peaking factor f hr, is defined as the ratio 
between the maximum power released by one fuel rod (Prod)max, and the average rod power (Prod)av in the core:

f hr (Prod)max / (Prod)av (1)

(Prod)av = P/N (2)

where P is the reactor power and N  is the number of fuel rods in the core. The power released by each fuel rods, 
calculated using TRIGLAV and MCNP code. Since the MCNP results are normalized to one source neutron, the 
result of F7 tally (fission power released in fuel meat volume) has to be properly scaled. The F7 tally result was 
normalized to reactor power of 1MW to get the actual power using the following equation;

Pwatt/g = (pF7Mev/g) x (Source strength) x ( 1 /k f  x (1.6E-13Watt.s/Mev) (3)

Source strength = (P^re x v) /  (1.6E-13watt.SMev x 200Mev/fssion) (4)

Where pF7  is F7 tally output, P is power in tally cell, Pcore is reactor power in watt and v  is number of neutron
emitted per fission. Flux was also normalized using the same equation except that it do not need watt -  MeV
conversion factor.The energy released in a nuclear fission reaction is distributed among a variety of reaction 
products. The majority of the fission energy appears as the kinetic energy of the fission fragments and is 
deposited essentially at the point of fission. About 97 % of the recoverable fission energy is deposited directly in 
the fissile material. In our calculation of the power distribution we will assume that power density is proportional 
to fission density. In other word that means that we assume that all of the recoverable fission energy is deposited 
at the point of fission. We will also assume that there are no temperature feedback effects and that there is only 
one fissile isotope in the system.

Fuel depletion

The MCNPX, with KCODE and BURN cards were used to calculate burnup and fuel depletion. The MCNPX 
(MCNP extended) is a general-purpose Monte Carlo N-Particle code that has been developed as an extension of 
the MCNP code. The integration of CINDER90 into the MCNPX (version 2.60 and 2.70) Monte Carlo radiation 
transport code provides a high-fidelity completely self-contained Monte-Carlo-linked depletion capability in a 
well established, widely accepted Monte Carlo radiation transport code that is compatible with most nuclear 
criticality (KCODE) particle tracking features in MCNPX. MCNPX depletion tracks all necessary reaction rates 
and follows as many isotopes as cross section data permits in order to achieve a highly accurate temporal nuclide 
inventory solution. CINDER 90 has inherent decay and 63-group cross-section data library for 3400 isotopes.

The total number of initial particles and of cycles has been chosen in order to obtain a standard deviation on keff 
that is lower than 100 pcm. This standard deviation is generally considered acceptable for burnup calculations, 
and it allows the possibility to obtain a reasonably short calculation time. The total irradiation length has been set 
to reach around 1000 MWhrs burnup. In order to utilize the “Burn” feature within MCNPX, the MCNPX input 
deck must be set up in the KCODE criticality mode. In this mode, the user defines a number of neutron source



locations within the nuclear fuel. The code then generates (virtual) neutrons at these locations and runs particle 
histories for each particle generated.

For fission reactions, it follows the histories of each of the neutrons through the user-defined number of cycles 
(or neutron generations). From this probabilistic neutron transport calculation, the calculated neutron flux can 
then be determined. This calculated neutron flux must then be multiplied by the flux normalization parameters 
(e.g. power level) in order to determine the “true” time-step neutron flux which then is used with CINDER90 to 
determine the nuclide reaction rates. Along with the nuclear decay libraries, MCNPX can then determine the 
nuclide concentrations at each time step in the problem. The burnup and depletion calculation were also 
performed using the TRIGLAV computer code.

RESULTS AND DISCUSSION

Approach to criticality simulation

As can be seen in Figure 4, dispite of different method and approach in keff calculations, both MCNP and 
TRIGLAV are in a very good agreement and verified each other. Large discrepancy between calculated and 
experimental results can be seen at a very low keff value. This may be due to the relatively small number of 
signals received by the detector as a result of its relatively large distance from the acvtive core region. When the 
number of fuels added, neutron flux level increased, thus it increases signals received by the detector until finally 
it represent the real multiplication factor value of the system. Finally after 66 number of fuels inserted in the 
core, the core became critical.

Number of fuel element (FE)

Figure 4, Approach to criticality curve, criticality achieved at 66 number of fuels.

MCNP and TRIGLAV prediction of the keff value for the critical core loading are in a very good agreement with 
the experimental results. TRIGLAV calculated result for the critical core is almost the same with the measured 
one while MCNP overestimated the measured keff with the error of ±27pcm (±$0.04). Both calculation and 
experimental results for multiplication factor of the critical and the first operational core of RTP are presented in 
table 2. The differences between these two results are believed to be the effect of uncertainty in MCNP model, 
where some of the exact geometry and material data were difficult to obtain or unavailable. The discrepancy 
found in TRIGLAV calculation maybe due to the simplification of the model itself. Both TRIGLAV and MCNP 
overestimated experimental result for the first operational core with the error of ±302pcm (±$0.39) and ±416pcm 
(±$0.53) respectively.

Table 2, keff values comparison
MCNP TRIGLAV Measurement

Critical core 1.0013200 1.0010508 1.0010510

Operational core 1.0567700 1.0556225 1.0526100



Geometry sensitivity studies were performed to estimate which parts of the RTP geometry need to be described, 
and which can be omitted without a substantial loss of accuracy of the model in terms of keff results. The 
influence of all simplifications was investigated using a series of MCNP models; compared to the complete RTP 
model as shown in Table 3. It was hard to estimate the contribution of a particular simplification (below 
statistical error of MCNP). For the reason, a combined effect was estimated. The maximum change in keff was an 
increase in keff of +7206 ±17 pcm when fuel cladding was replaced with water. It is likely that this error is 
mainly due to increase in moderation and neutron absorption in cladding materials was completely neglected.

Table 3, Reactivity Differences Compared with Complete Core Geometry Model
Core & Fuel Geometry A$ Apcm (±17pcm)

no cladding (replaced with water) 10.30 7206
no Zr rod (replaced with fuel) 1.57 1098

no beamports and thermal column 0.14 94
no rotary rack 0.09 61

no end cap 0.08 55
no air gap in FE 0.03 19

no central thimble
no moly disk 0.03 20
no gridplate

no reflector casing_____________ -0.04___________ -28
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Figure 5, Side (left) and top (right) views of RTP MCNP complete model

Sensitivity studies of the material composition were performed for the UZrH density and U-235 mass. 
Sensitivity study on UZrH density gave approximately ± 565 pcm ($0.80) in keff per 0.1g/cm3 uncertainty in 
UZrH density. Varying U-235 mass in each fuel had an effect on reactivity of approximately ± 621 pcm ($0.89) 
per 1g change of U-235 mass in each fuel (which means 66g change for the whole core with 66 fuel elements). 
Both results for UZrH density and U-235 mass uncertainty effect can be seen in Figure 6 and Figure 7 
respectively.
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Figure 6, Effect of UZrH density uncertainty
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Figure 7, Effect of U-235 mass uncertainty



Neutron flux and power distribution

Calculated fission density radial distribution is presented in Figure 8. It can be observed that the peaking is 
extremely localized and that water gaps and different fuel elements influence only its first neighbors. Such 
effects cannot be treated properly by diffusion calculations of the entire reactor even if finite differences and pin 
by pin approximation were used. In-rod power density gradients due to the heterogeneities in the core such as 
water gaps and differences in uranium concentration can be clearly seen. Local fission density peaks at the edges 
of the fuel rods in all rings are also noticeable, see Figure 9. Thermal flux radial distribution is presented in 
Figure 10. Large depressions of thermal flux inside the fuel elements, especially the several locations in the F 
ring filled with 20wt% fuel type are clearly seen. Local thermal flux peaks inside the water gaps between the fuel 
elements are also recognizable. The keff predicted by MCNP for Core-14 was 1.12728 ±0.00071 which is higher 
than the measured one which is 1.091036, this is expected since the MCNP does not taking into account the fuel 
burnup.

Figure 8, Power density distribution in mixed Core-14 with 10 20wt% Fes in F-Ring, 10 12wt% in D-Ring and 6
in C-ring, and the rest are 8.5wt% FEs.

Figure 9, (a) Core-14 power density distribution (rel. units) in B-ring with 6 FE of 8.5wt% type. (b) 2D-curve of 
radial peaking factor calculated for fuel element in B1 location.
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Figure 11, Fast neutron flux distribution in Core-14 at 750kW (unit in n.cin"2.s"').



The power peaking factor of Core-01 and Core-14 calculated using MCNP and TRIGLAV code are presented in 
Figure 12 and 13 respectively. We can observe that f hr values calculated with TRIGLAV are systematically 
higher than values calculated with MCNP for all core configurations. However the trends are the same. 
Calculation results of TRIGLAV overestimated MCNP with average of 3.6% in B-ring, 6.0% in C-ring, 8.9% in 
D-ring, 12.5% in E-ring and 14.8% in F-ring. For a mix core (Core-14) with 3 types of fuel which already 
burned-up, TRIGLAV overestimation percentages are, 19.9% in B-ring, 9.7% in C-ring, 17.3% in D-ring, 11.1% 
in E-ring and 6.9% in F-ring, while in G-ring TRIGLAV code underestimated MCNP with average of 5.4%.

Figure 12, Calculated power peaking factor for Core-01 (fresh homogenous core)
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Figure 13, Calculated power peaking factor for Core-14 (burned mixed core)

It can be seen from Figure 12 that in uniform configuration (Core-01 only contains 8.5%w/o fuel type) the 
peaking is always found in the center of the core. In mixed core (Core-14 with 3 types of burned fuels) power 
peaking is found also in outer rings, see Figure 13. We can see highf hr in 12%w/o fuels (higher U content) in C- 
ring and D-ring in the middle of low U concentration fuels (8.5%w/o). When 20%w/o fuels located in F -ring, the



higher power released at the near core periphery tends to flatten the overall reactor power distribution. It can be 
conclude that fuels with higher U content in inner rings produce relatively more power than the other ones and 
therefore lead to higher fh- values. The situation is reversed if they are in outer rings due to the power flattening 
effect. The primary difference between TRIGLAV with MCNP is that TRIGLAV are deterministic 
computational method whereas MCNP is a probabilistic computational method. Deterministic calculations 
provide an exact solution but often must make approximations (e.g. energy groups, first order differential 
equation assumptions) in order to complete a calculation. Probabilistic calculations often do not need to make 
such approximations but are otherwise limited by the probabilistic nature of the solution (i.e. confidence levels).

Fuel depletion

Figure 14 shows reactivity (p) as function of bumup calculated by MCNPX and TRIGLAV codes for Core-1. 
Figure 15 shows the percentage difference in reactivity. Both results are of course different, due to different 
approaches to modelling. In the MCNP fuel elements are modelled exactly with all details. TRIGLAV uses unit 
cell model, and it averages cross sections for diffusion calculation across the unit cell. This differences also can 
be seen in U-235 depletion calculation in Figure 16 especially at high burnup.

m01
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Figure 14, Reactivity (p) as a function of burnup

01r

Figure 15, Percentage p deviation of MCNPX from TRIGLAV result

Figure 16, U-235 depletion calculation as a function of burnup



CONCLUSION

The criticality analysis, neutron flux and power calculation of RTP core were performed by a three-dimensional 
continuous energy Monte Carlo code MCNP. The consistency and accuracy of the developed RTP MCNP model 
was established by comparing calculations to the experimental results and TRIGLAV code. These results show 
the reliability of MCNP code and the model both for design and verification of the reactor core, and future 
calculation of its neutronic parameters.
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