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oABSTRACT o

This research deals with the neutronic analysis of the TRIGA-1IMW research
reactor at the Texas A&M University Nuclear Science Center using a new low
enriched uranium fuel (20% 2*U in fuel). The 3-D continuous-energy Monte Carlo
MCNP5-beta code was used to develop a versatile and accurate full-core model of
the TRIGA-1IMW core. The model represents in detail all components of the core
with literally no physical approximation. All fresh fuel and control elements as well
as the vicinity of the core were precisely described. Continuous energy cross-section
data of the all fissile and non-fissile materials from the ENDF/B-VI library and
s(a, B) thermal neutron scattering functions distributed with the MCNP5-beta code
were taken. The consistency and accuracy of both the MCNP5-beta code results and
neutron transport physics was established by benchmarking the TRIGA-1IMW
experiments. The reactivity of six control rods: four safety rods, one regulating
control rod and one transient rod were used in the validation process. The MCNP5-
beta predictions and the experimentally determined values are found to be in very
good agreement, which indicates that the simulation of TRIGA-IMW reactor is
treated adequately.
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1. Introduction

1.1 TRIGA-1IMW (Training, Research, Isotopes, General Atomics) reactor.

The Texas A&M University Nuclear Science Center (NSC) houses a 1-MW pool-type
TRIGA reactor. The Nuclear Science Center Reactor (NSCR) used for various kinds of
experiments including neutron activation analysis, isotope production, geochronology and
other scientific applications [1], [2]. This type of research reactor is the most widely used in
the world, so it is important to know its specifications and modeling to know the extent to
which Monte Carlo computational methods are compatible with the physics of reactors and
with the experimental values of the criticality parameters of this type of reactors.

The TRIGA- 1MW reactor belongs to the class of tank-in-pool research reactors, with
thermal power rated at 1 MW. TRIGA- 1MW reactor uses light water as moderator, coolant
and shield and graphite blokes as reflector of neutrons. Vertical cross—section of the TRIGA-
1MW reactor is shown in Figure 1 [1].
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Figure 1: TRIGA-1IMW reactor core, that is located in the NSCR.

2.1 TRIGA -1 MW reactor Core

The current TRIGA -1 MW reactor Core (See Figure 1) contains 85 regular fuel
elements, an instrumented fuel element, four shim safety rods, a transient rod and a
regulating rod. The fuel elements and control rods are grouped into four-rod bundles,
which are positioned and supported by an aluminum grid plate containing a 639 array of
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holes. Graphite blocks, detectors, pneumatic devices, and various experiments are

also positioned and supported by the holes in the grid plate [1], [2], [3].

The grid locations on the core are named by column (A, B, C, D, E and F)
and row (1, 2, 3, 4,5, 6,7, 8 and 9) of the grid plate. The grid locations in column
A (specifically, A2, A4, A6 and A8) are routinely used for various experiments or
irradiation devices. The grid locations D3 and D7 are for experiments that require
fast neutrons or higher neutron flux. Pneumatic irradiation devices are installed at
B1, C2, and D2 for short irradiations. The main specifications of the TRIGA -1
MW reactor are summarized in Table 1 [1], [2], [3], [4].

Table 1: Main Properties of the TRIGA-1IMW research reactor.

Parameter Description
Reactor type Tank-in-pool
Rated thermal power 1 MW
Fuel U-ZrH
H/Zr ratio 16t01.7
U - 235 enrichment 20 %
Uranium content in one fuel element 151 ¢

Core shape

Rectangular

Burnable poison

Natural erbium

Fuel element shape

Cylindrical

Fuel element number in the core

85 fuel element

Refuel period

More than ten years

Control rod (B4C)

4 control rods

Regulating rod (B4C and U-ZrH) 1
Transient rod (B4C) 1
Neutronic reflector Graphite blocks

Maximum temperature fuel (C°) 373

Total number of irradiation sites 10

Number of inner irradiation sites 2

Maximum thermal neutron flux in irradiation sites

1x10% nfcm®.s

Reactor cooling mode

Natural convection

3.1 The TRIGA-1MW reactor fuel element

U-ZrH alloy has been used as fuel meat in the low-power research TRGIGA-1IMW
reactors. The diameter of the fuel rod meat is 3.4822 cm. The total length of the fuel
element is 66.04 to 71.12 cm and the active length is 38.1cm. End of the fuel element,
two graphite blocks are located and works as neutron reflector. In the middle of the fuel
element there is a zirconium rod. The cross-sections of the fuel element are shown in the

Figure 2 [1], [2].
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Figure 2: Cross-sections of the fuel element with dimensions (in cm) and materials
The main specifications of the fuel meat using in the TRGIGA-1IMW reactor are

tabulated in Table 2 [1], [4].
Table 2: Main specifications of the fuel meat using in the TRGIGA-1MW reactor.

Type New fuel
Fuel moderator material U-ZrH
Uranium content 30 wt %
U™ enrichment 20 %
U* content in one fuel element 151 g
Density (g/cm®) 5.64
Burnable poison Natural Erbium
Length of fuel (cm) 38.1
Diameter of fuel (cm) 3.4822
Cladding type 304 SS
Cladding thickness (cm) 0.0509

4.1 Shims safety rods, regulating and transient rod used in the TRIGA-1IMW reactor.

The reactor has six control rods: four shims safety rods, one regulating control rod,
and one transient rod. The shim safety rods are fuel followed, this means that the bottom
portion of the rod contains fuel while the top portion contains borated graphite powder
(B4C) to be used as a poison. The poison section is 35.56 cm long while the fuel section is
38.1 cm long. Both are contained in the same stainless steel cladding that is used for the
fuel rods. Both the transient rod and regulating control rod are 38.1 cm in length. The shim
safety and transient rods consists of borated graphite powder while the regulating rod is
B4C powder. The cross-sections of the safety (control) rod, regulating and transient rod are
shown in Figure 3, Figure 4 and Figure 5 [1], [2], [4].
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Figure 5: Cross-sections of the regulating control rod with dimensions (in cm) and materials

2. The main problem of this research

The main problem of this research is simulating the research TRIGA-1IMW reactor
using the MCNP5-beta code and determination the criticality parameters such as:
Reactivity of shims rods, reactivity of regulating and transient rod.
3. The importance of this research

The importance of this research is using the Monte Carlo method (MCNP5-beta
code) in criticality calculations in low—power research reactors, this helps in:

1. Increasing scientific experience and knowledge in criticality
calculations of low-power research reactors.
2. Determining the criticality parameters of the reactor before making

any modification in reactor core such as: replacing a depleted fuel rods with new
fuel, replacing the control rods, replacing neutronic reflector and design neutronic
channels for various scientific applications.
4. Importance of the MCNP5-beta code
The MCNP5-beta code is a popular, versatile multipurpose Monte Carlo particle
transport code used worldwide. It has the capability to model and treat different geometries
in 3-D, and also simulate the transport behavior of different particles and using a
continuous energy cross section treatment as opposed to a multi-group approach thereby
eliminating the errors in formulating few group cross sections. Additionally, MCNP5-beta
the ability to treat complex nuclear interaction processes [5]. Therefore, in this work, the
MCNP5-beta code was used to:
- simulate the low-power TRIGA-1MW research reactor.
- evaluate the critically parameters such as: effective multiplication factor
(kesr), reactivity of safety rods, reactivity of regulating and transient rod.

5. Modeling the TRIGA-1MW reactor by using the MCNP5-beta code
The low power TRIGA-1IMW reactor was simulated by using MCNP5-beta code
with three-dimensional detail to reduce possible systematic errors due to inexact geometry
simulation. Therefore, this model of the low power TRIGA-1IMW reactor represents in
detail all components of the core with literally no physical approximation. In the
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simulation of the low power TRIGA-1IMW reactor, the nuclear data for the fissile
and the non-fissile materials such as:

- the fuel meat, fuel clad, coolant and moderator water, control rod,
transient rod, regulating rod, and the reflector were taken from the ENDF/B-VI.1
nuclear data library.

- the thermal particle scattering S(ea,) was applied to treat the thermal
scattering in both graphite and hydrogen of the coolant and moderated water.

- the composition, dimensions of reactor core, nuclear densities and
dimensions of the fuel element, control rod, regulating rod, control material B4C,
fuel clad, graphite blocks, zirconium rod and other components located in the
reactor core were taken from following references [1], [2], [6], [7].

The 3-D Monte Carlo MCNP5-beta plot of the TRIGA-IMW reactor core
configuration is shown in Figure 6.

7. Results and discussion

7.1 Calculation the criticality parameters by using MCNP5-beta
code.

The 3— D Monte Carlo MCNP5-beta model of the low power TRIGA-1IMW
reactor was used to estimate the nuclear criticality parameters such as: effective
multiplication factor (k.ff), reactivity of four safety rods, reactivity of transient and
regulating rod. In particular, neutron transport simulations were made for a 1 MW
power of the TRIGA reactor.

7.2 Calculation the multiplication effective factor (Kegy)

The effective multiplication factor k. is defined as the ratio of the number of
fission or fission neutrons in the generation divided by the number of fissions or
fission neutrons in the preceding generation [5]. In the equation form,
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Figure 6: Cross-sections of the TRIGA-1IMW reactor using MCNP5-beta code.
Number of fissions in one generation (i + 1)

Number of fissions in preceding generation (i)
The formula of k.. comes directly from the time-integrated Boltzmann transport

equation without external source. k. can be written as follow [5]:
Kery

kepr =

pafy, I3 I, J, vop@dvdtdEdQ
L, 170 f, vidvdtdEd Q+p, f, [ [ f, v(of + 0 + o) PAVdtdEdQ
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This equation is derived from integro-different neutron transport equation with
energy (E), flux (@), direction of neutron (Q), reactor volume (V), neutron velocity
(v), time (t) and neutron current flux (J), material or atom density (p,) by meant of
oc, 0f and o, are microscopic cross section for capture (n,pn) fission and
multiplicity (n, xn) respectively.

The effective multiplication factor k.. is computed in MCNP5-beta based on
the calculation of three different estimators a collision-based kecff, an absorption-
based kZ;, and a track length based k¢, [5].

The effective multiplication factor k., was performed by the KCODE
criticality source card to determine the k.., and corresponding excess core reactivity
Pex Using all fuel elements as fission source points [5]. For the initial source
distribution, the KSRC card was used with five source points in each of the fuel
elements [5]. In this analysis,

- 1x108 neutron histories were used to run the MCNP5-beta code.

- 400 cycles with 60 passive cycles before the active cycles begin.

- initial value of the k. effective multiplication factor is 1.

- the cross-sections of all the isotopes formed in the reactor core were
taken from the ENDF-VI.1 nuclear data library.

To calculate the ks, the input file of the TRIGA-1IMW reactor is ran using
MCNP5-beta code with above mentioned conditions. The calculated values of the
k.ss obtained from output file of the TRIGA-IMW for steady state of reactor are
given in Table 3 and Table 4.

7.3 Calculation the effective delayed neutron fraction B¢ of the TRIGA-
1MW reactor.

The effective delayed neutron fraction Besr, is given by the number of neutrons
produced in reactions induced by delayed neutrons, divided by the total number of
neutrons produced. To estimate the value of the effective delayed neutron frction e,
the input file of the TRIGA-1MW reactor was run by the MCNP5-beta code using
the "TOTNU" card with "NO" as the only entry turns off delayed neutrons in k-code
mode, producing a final k-eigenvalue corresponding to k,. The value of the Bers Was
calculated using the relation [8].

Berr= 1 — (Kp/Kefr)

Where:

Ketf = kp + Kqeff

Where k, denotes the prompt neutron contribution to ke and Kgerr is the
contribution of delayed neutrons to ke The calculated value of the Besr for TRIGA-
1MW reactor obtained by using MCNP5-beta code is given in Table 3. Where, the
calculated value of the k, by using MCNP5-beta for TRIGA-1MW reactor is equal to
k, = 1.03847 + 0.00071.

7.4 Calculation the reactivity of the safety (control) rods, reactivity of the
transient and regulating rod.

The reactivity p,, of safety (control) rods together (combined) and the
reactivity p,, for each control rod (individually) were calculated using the following
equation [8], [9].

Pex = (kepr = 1)/Besr Kerr
Where:
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Besr - is effective delayed neutron fraction for TRIGA-1IMW reactor.

The calculated and experimental values of the reactivity of control rods in both cases:
One case, the control rods (six control rods see Figure 6) are fully inserted inside reactor
core, and the second case, the control rods are fully withdrawn from reactor core are shown
in Table 3. Whereas, the calculated and experimental values of the reactivity of each shim

safety (control) rod, reactivity of the transient and regulating rod are given in Table 4.
Table 3: The calculated and experimental values of the reactivity for four control rods together

(combined).
Parameter Reactivity ($) Relative error %
Experimental values Calculated values by using
[3] MCNP5-beta code
CRsin® 8.61 8.5435 + 0.0598 0.77
CRs out® 6.22 6.2615 + 0.0438 0.67
Bers - 0.00701+0.00045 -

&) CRs in - is the all control rods

are full}/ inserted inside reactor core.
e CRs out - is the all control rods

are fully withdrawn from reactor core.
Table 4: The calculated and experimental values of the reactivity for each control rod, reactivity of the
transient and the regulating rod.

Parameter Reactivity ($) Relative error %
Experimental values Calculated values by using
[3] MCNP5-beta code
CRs# 19 3.17 3.086 + 0.021 2.768
CRs # 2 2.03 2.003 +0.013 1.575
CRs#3 2.90 2.812+0.019 3.064
CRs#4 4.60 4532 +0.031 1.670
CRs# Tr® 1.02 1.063 + 0.007 4.113
CRs # Re® 3.45 3.393 +0.023 1.851
@) CRs # 1- is the all control rods

fully inserted reactor core except safety shim (control rod) number 1.

@ CRs # Tr - is all the control
rods fully inserted reactor core except transient control rod.

®) CRs # Re -is the control rods
fully inserted reactor core except regulating control rod.

From Table 3, the calculated values of the reactivity in both cases, the control rods are
fully inserted inside reactor core (CRs in), and the control rods are fully withdrawn from
reactor core (CRs out) for six shims safety (control) rods differ from the experimental
results by about 0.77% and 0.67%, respectively. These differences in values between the
experimental and MCNP@-beta calculations are good and acceptable.

Table 4 show the calculated values of the criticality parameters such as: reactivity for
each control rod, reactivity of the transient and regulating control rod. By comparing these
values with the same experimental values of the TRIGA-1MW reactor, can find that the
maximum error between them does not exceed 4.113%. This good agreement between the
calculated and experimental values of the criticality parameters, confirm the accuracy of
the 3-D Monte Carlo model of the TRIGA-1MW reactor using MCNP5-beta code.

As a final result, we can use this model to predict the values of the criticality
parameters of the reactor before making any modification in reactor core such as: replacing
a depleted fuel rods with new fuel, replacing the old control rods with new, replacing
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graphite blocks, calculation the neutron flux in the irradiation sites, power
distribution in reactor core and design neutronic channels for various scientific
applications.
Conclusion

The MCNP5-beta code was used to simulate and calculate the criticality
parameters of the TRIGA-IMW reactor using a U-ZrH original fuel. The obtained
results for the criticality parameters showed a good agreement with the reference
values. This work provides the evidence that TRIGA-IMW reactor model using
MCNP5-beta can be used for predict the negative effect on the criticality parameters
of the reactor in the event of an emergency accident in the reactor or any change in

the reactor core.
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