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ABSTRACT 
 

The RELAP/SCDAPSIM/MOD4.0 code, designed to predict the behavior of reactor 
systems during normal and accident conditions, is being developed as part of the 
international SCDAP Development and Training Program (SDTP).  
RELAP/SCDAPSIM/MOD4.0, which is the first version of RELAP5 completely 
rewritten to FORTRAN 90/95/2000 standards, uses publicly available RELAP5 and 
SCDAP models in combination with advanced   programming and numerical 
techniques and other SDTP-member modeling/user options.  This paper describes 
the development of a representative input model for the 3MW TRIGA research 
reactor at AERE Bangladesh, describes the testing and qualification of the model 
using MOD4.0 advanced input checking and graphical display options, and then 
presents representative results for selected calculations.   

 

1. Introduction  

 
RELAP/SCDAPSIM[1-4], designed to predict the behavior  of reactor systems during normal 
and accident conditions, is being developed at Innovative Systems Software (ISS) as part of 
the international SCDAP Development and Training Program (SDTP)[5,6].   
RELAP/SCDAPSIM uses the publicly available SCDAP/RELAP5[7,8] models developed by 
the US Nuclear Regulatory Commission in combination with proprietary (a) advanced 
programming and numerical methods, (b) user options, and (c) models developed by ISS 
and other SDTP members. RELAP/SCDAPSIM/MOD4.0[3], the latest in the series of SDTP-
developed versions, is the first version of RELAP5 or SCDAP/RELAP5 completely rewritten 
to FORTRAN 90/95/2000 standards. MOD4.0 is described in a companion paper [4] and in 
more detail in reference [3]. 
 
As described in an earlier paper [9], the initial development and qualification of the input 
model for the AERE TRIGA was performed during a 3 month International Atomic Energy 
Agency (IAEA) internship by one of the authors (Huda).  During this period, an initial set of 
calculations were performed with an earlier version of RELAP/SCDAPSIM/MOD3.2(am2).  
For this paper, additional testing and qualification of the input models and results were 
performed using RELAP/SCDAPSIM/MOD4.0 with the integrated RELSIM interactive 
simulator Graphical User Interface (GUI) [10] and uncertainty analysis package [4].  The 
AERE TRIGA is briefly described in Section 2.  The development, qualification and 
application of the input model using RELAP/SCDAPSIM/MOD4.0 are presented in Sections 4 
and 5.  
 

2. Brief description of the Bangladesh AERE TRIGA 
 
The Bangladesh TRIGA-3000, a 3MW TRIGA MARK II research reactor located near Dhaka, 
was commissioned in late 1986. The reactor uses a light water coolant with graphite-
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reflector.  It is designed for continuous operation at a steady-state power level of 3 MW 
(thermal).  The reactor can also be operated in a pulsing mode with reactivity insertions of up 
to 1.4% ∆k/k ($ 2.00). The reactor and experimental facilities are surrounded by a concrete 

shield structure. As shown in Figure 1, the reactor core and reflector assembly are located at 
the bottom of a 2 m diameter aluminium tank, 8.2 m deep. Approximately 6.4 m of water 
above the core provides vertical shielding. The TRIGA core consists of 100 fuel elements 
arranged in a concentric hexagonal array within the core shroud. The fuel is a solid, 
homogeneous mixture of Er-U-ZrH alloy. 
 

 
 

Figure 1 – TRIGA reactor tank 
 
 
The reactor can be operated at power levels up to 500 kW with natural convection cooling of 
the core. For higher power, the forced flow mode (downward) of operation is required to 
transfer the reactor heat to the cooling tower. The cooling system of the TRIGA reactor is 
shown in Figure 2.   
 

 
 

 
Figure 2 – TRIGA reactor cooling system 
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3. Development and qualification of the original RELAP/SCDAPSIM input 

model   
 
As described in reference [9], the development of the preliminary input model was completed 
during a 3 month training fellowship supported by the IAEA.  Technical support, training, and 
technical review of the model were performed by the ISS staff at the SDTP regional training 
center in Idaho.  During the training period, the input model was built and tested in stages.  
Individual parts of the system were built and tested with simple boundary conditions.  The 
physical arrangement was verified using the integrated 3D orthographic displays available in 
RELAP/SCDAPSIM.  Figure 3 shows the 3D nodalization for the different components of the 
reactor cooling system. 
 

 
 
 

Figure 3 – TRIGA reactor cooling system components when viewed with 3D display 
 
The 3D images for each of the four components of the cooling system shown in the figure are 
drawn to scale by the code using only the information included in the input model(s).  The 
locations of each of the volumes, shown as black boxes on the figures, are drawn in reactor 
coordinates. The display can also be interactively rotated and scaled during the simulation to 
view different features of the model.   
 
This approach was used for each of the major features of the reactor system.  Then after 
each part of the system is tested and verified separately, the complete model was then put 
together as shown in figure 4. (The reactor tank and decay tanks are highlighted on the 
nodalization diagram and schematic.)  Once the complete model was assembled, this model 
was then used for comparisons with plant steady state data.  This comparison helped verify 
that the flow resistances and other model input assumptions were set properly.  In addition, 
where available, reactor startup data or other transient data was used to verify the thermal 
capacitances of the system, pump coast down characteristics, and other transient 
characteristics of the input model.  During this process the results were reviewed and any 
flaws in the steady state input models were corrected.    
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Figure 4 – Full TRIGA reactor cooling system when viewed with 3D display 
 

4. Testing, qualification, and application of input model using MOD4.0 

options 
 
The integrated RELSIM GUI and uncertainty packages available in MOD4.0 offered unique 
options useful for the testing, qualification, and application of the original TRIGA input model.  
First, the integrated RELSIM GUI allows the user to build interactive displays that can show 
in detail the results of either individual components of the system or the entire system.  
Although the RELAP/SCDAPSIM 3D display is useful to qualify the input model and display 
computed results in digital form, the RELSIM GUI allows a much wider variety of displays 
and more complete control of the calculations.  It allows the user to interactively set up 
accident sequences and to change the status of system components (i.e. trip a pump or open 
a valve). The accident progression or code calculation results can be viewed on a single or 
multiple monitors as shown on Figure 5.  The user can then run or pause the simulation.  
Although the speed of the simulation will depend on the complexity of the input model and 
transient, typical full reactor plant models will run significantly faster than real time on current 
Windows PCs. (The TRIGA steady state model runs between 10-20 times faster than real 
time.)  
 
The user can also build a variety of time history plot screens or data tables to display the 
simulation results as the simulator proceeds.  The time history plots can be edited with 
automatically generated or user defined axes descriptions, labels, markers, legends, etc.  
The resulting time history plots can also be exported electronically as report ready graphs.  
The plot screens can be rearranged and curves and plots can be added/deleted/rearranged 
during the simulation. 
 
Figures 1, 6, and 7 show three displays that were built for the TRIGA simulation.  Figure 1 
shows the reactor tank and core.  Figure 6 shows a similar view but with some of the piping 
associated with the reactor tank added to the display. Figure 6 shows the inclusion of the 
decay tank and heat exchanger.  The colors in these figures represent the fluid temperatures 
at different points in time during the calculations.   
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Figure 5 – Example of simulation with multiple displays on a Windows PC 

 
 

Figure 6 – RELSIM display of reactor tank, core, and associated piping fluid temperatures 
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Figure 7 – RELSIM display of core, decay tank, and heat exchanger fluid temperatures 
 

The MOD4.0 integrated uncertainty analysis package [4] can be applied to any standard 
RELAP5 or RELAP/SCDAPSIM input model.  The user defines the code parameters that are 
considered to be influential in the calculations, defines their associated uncertainty 
distributions, and the desired output quantities with uncertainty bands.  The code then uses 
the original input model along with the uncertainty input to generate the desired results.  The 
uncertainty parameters that can be selected by the user can either be source code or input 
parameters. The source code parameters allow the user to perturb computed quantities not 
normally accessible through input.  For example, source code parameters include: 
 

 Interfacial heat transfer coefficients.  

 Heat transfer coefficients. 

 Critical Heat Flux. 

 Gap thermal conductivity from the gap conductance model.  

 Viscosity. 

 Thermal conductivity. 

 Surface tension. 
 
The input parameters, as the name implies, are parameters that are defined through the 
input model.  Examples might be boundary conditions, loss coefficients, etc.  The package 
allows the user to easily perturb any input quantity by specifying the location in the input file 
(card and word number). 
 
The user can select from a variety of PDFs and then specify the associated characteristic 
parameters for each parameter to be perturbed. For instance when a Normal Distribution is 
desired, the user must specify the mean and the standard deviation.  Four types of PDFs can 
be selected:  
 

 Normal distribution. 

 Uniform distribution. 

 Log-normal distribution. 

 Trapezoidal distribution. 
 
For the TRIGA models, it was decided to vary three source parameters to demonstrate the 
use of the package:   

 Liquid heat transfer coefficient + 20% 

 Liquid heat transfer viscosity + 2% 

 Liquid heat transfer thermal conductivity + 2% 
 
Figure 8 shows the variation in computed steady state fluid temperatures in the core 
associated with variations in liquid heat transfer coefficients and fluid properties. The pink 
curve on the figure is the base or average fluid temperature at the bottom of the core, left 
axis.  The green and blue curves, also left axis, represent the upper and lower bounds on the 
fluid temperatures at that location.  As can be seen, the fluid temperatures undergo a rapid 
change in the first seconds as the temperatures adjust from the initial conditions, and then 
respond more slowly as the final steady state conditions are obtained.  The variation in the 
liquid heat transfer coefficients and fluid properties have little impact initially but increase in 
influence with time.  The red curve, right axis, is a plot of the difference between the upper 
and lower bound in fluid temperature at that location.   
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Figure 8 – Fluid temperatures at bottom of the core and associated sensitivity bounds 
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ABSTRACT 
 

The TRIGA reactor at the University of Utah is modelled in 2D using the AGENT 
state-of-the-art methodology based on the Method of Characteristics (MOC) and 
R-function theory supporting detailed reactor analysis of reactor geometries of any 
type. The TRIGA reactor is also modelled using KENO6 and MCNP5 for 
comparison. The spatial flux and reaction rates distribution are visualized by AGENT 
graphics support. All methodologies are in use in to study the effect of different fuel 
configurations in developing practical educational exercises for students studying 
reactor physics. At the University of Utah we train graduate and undergraduate 
students in obtaining the Nuclear Regulatory Commission license in operating the 
TRIGA reactor. The computational models as developed are in support of these 
extensive training classes and in helping students visualize the reactor core 
characteristics in regard to neutron transport under various operational conditions. 
Additionally, the TRIGA reactor is under the consideration for power uprate; this fleet 
of computational tools once benchmarked against real measurements will provide us 
with validated 3D simulation models for simulating operating conditions of TRIGA. 

 
 

1. Introduction  
 

1.1 TRIGA reactor at the University of Utah 
 
The University of Utah has a 100 kW pool type TRIGA reactor. Seven rings of fuel elements 
form the core in a triangular-pitched array. The current core configuration is depicted in Fig 1. 
Three types of fuel with different burn-up along with graphite, water, heavy water and control 
rod cells are placed in an unsymmetrical configuration to efficiently utilize the fast and thermal 
neutron yield. For simplicity, the irradiation facilities surrounding the core are not modelled and 
the cylinder tank filled with water is approximated by a hexagonal prism1.  
 

1.2 Computational Tools 
 
The TRIGA reactor was modelled using the following four transport codes: DRAGON [1], 
AGENT [2], KENO6 [3] and MCNP5 [5]. DRAGON is developed by Polytechnique Montréal 
and contains a various methods to simulate a fuel assembly. The primary methodology of 
DRAGON is a collision probability method. In this paper, DRAGON is used to read microscopic 
cross section library and perform self-shielding calculation to produce broad group cross 
sections for AGENT. AGENT (Arbitrary GEometry Neutron Transport) is the state-of-the-art 
code currently maintained by Advanced Radiation Simulation Laboratory (ARSiL) at The 
University of Utah. AGENT methodology is based on the Method of Characteristics (MOC) and 
R-function theory supporting detailed reactor analysis of reactor geometries of any type. Oak 
Ridge National Laboratory (ORNL) and Los Alamos National Laboratory (LANL) developed the 
KENO6 and MCNP5 code, respectively; KENO is the primary criticality analysis module in 
SCALE5.1 code system [5]. Because of the triangular-pitched array of TRIGA reactor, KENO6 

                                                      
1
Our next simulation model will include full 3D real geometry model of the TRIGA core and the cylinder tank. 
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is selected instead of KENO5 to be able to model more complex geometry. Both KENO6 and 
MCNP5 are 3D Monte Carlo codes, but KENO, specifically designed for reactor modelling, 
relies on other SCALE modules, such as BONAMI/CENTRUM/PMC, to produce resonance 
corrected cross section prior to KENO calculation, while MCNP5 could account for the real 
physics processes and could be used for general purposes. The AGENT code can be used to 
model 2D or 3D cores based on the MOC. 
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Figure 1.  TRIGA core configuration 

 
 

2. Processing the Cross Sections Using DRAGON  
 
The standard microscopic cross section library of DRAGON consists of 69 groups or 172 
groups WLUP library [6] and most of the common nuclide data are based on the ENDF/B-VI.8. 
Because the Zr-ZrH2 data is not available in WLUP library and due to an uncertainty of the 
H-ZrH2 data (We performed a TRIGA unit cell calculations, using H-ZrH2 and that resulted in up 
to 2.4% k-inf overestimation by DRAGON compared to KENO6), the H1 and Zr-natural are 
selected in all of the presented calculations for fair inter-comparison. 
 

TRIGA core

30º

 
Figure 2. 1/12 TRIGA core modelled in DRAGON 

 
Because of the large number of zones and unsymmetrical configuration of the TRIGA core, 
DRAGON could not explicitly perform full core calculation. A 1/12 cut of the core (Fig 2) with 
minor modification to include all cell types is used in DRAGON calculation. Seven groups flux 
weighted isotropic cross sections are collapsed from 172 groups WLUP library by DRAGON. 
The energy group structure is identical to C5G7 benchmark [7], but the energy group limit is 
changed to the nearest energy group limit found in 172 groups WLUP library. Table 1 lists the 
group structure used in DRAGON to collapse the cross sections for AGENT. The first two 
groups are fast groups, and the next two groups fall into the resonance region. The last three 
groups are thermal energy groups. 
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Table 1. Energy range of seven group cross section 
 

Group index Energy range (eV) 

1 1.35335×106 → 1.96403×107 

2 9118.82 → 1.35335×106 

3 55.5951 → 9118.82 

4 4.0 → 55.5951 

5 0.625 → 4.0 

6 0.134 → 0.625 

7 10-5 → 0.134 

 
In the DRAGON model, it is important to define multiple mixture indices for the same material 
that appears in different fuel cells. For example, aluminium serves as moderator surrounding 
all three types of fuel, and three mixtures with identical composition should be defined and 
treated as different mixtures after the self-shielding calculation and the collapse of cross 
sections. The cross section pre-processors of SCALE5.1 use similar idea to produce the 
corrected cross sections. 
 

3. 2D TRIGA core modelling using AGENT, KENO6 and MCNP5 
 
To coordinate with WLUP library, KENO6 simulation uses 238 groups ENDF/B-VI library and 
MCNP5 uses continuous energy ENDF/B-VI library. The calculation parameters are 
summarized in Table 2. Figure 3 illustrates the sub mesh pattern used in AGENT for a typical 
hexagonal unit cell. The dash lines and the material interface define the subdivisions, 
whichmaximum area in the core region is 0.96cm2. The AGENT parameters are selected such 
to provide a good resolution yielding accurate estimate of the multiplication factor and reaction 
rates. 100 millions neutrons are simulated by both Monte Carlo codes to lower the standard 
deviation to below 10-4. All sides of the core are set to free boundary conditions, and the top 
and bottom boundary conditions are set to reflective in all three models. Additionally, all three 
B4C control rods are withdrawn, and the control rod spaces are filled with the water. 
 

Table 2. Calculation parameters of AGENT, KENO6 and MCNP5 
 

 AGENT KENO6 MCNP5 

Library 7g collapsed from 172g WLUP 238g ENDF/B-VI ENDF/B-VI 

Neutrons NA 100 millions 100 millions 

k-eff and flux criteria 10-5 and 10-4 NA NA 

Azimuthal angles 36 NA NA 

Ray separation 0.02cm NA NA 

Edges 4 per segment / 264 in total NA NA 

Sub mesh 
6 triangles per hexagon lattice. 
Fuel pin is divided into 3 rings  

Total zones: 9414 
Total zones: 349 Total zones: 184 

 
The effective multiplication factor and runtime are summarized in Table 3. AGENT and KENO6 
multiplication factors are very close, indicating that codes using resonance corrected cross 
sections based on multi-group cross section library are consistent with each other. Compared 
to MCNP5, both AGENT and KENO6 slightly underestimate the k-eff for about 0.4%. The 
reason for this difference lies in the ways cross sections are corrected and because the 
libraries are different; the continuous energy MCNP5 avoids many of the assumptions inherent 
in a multi-group treatment [8]. Since the available KENO6 and MCNP5 codes are serial, 
AGENT calculation does not exploit high efficiency with parallel computing on multiprocessor 
server. For this complex geometry, AGENT spent half an hour to analyze the geometry and 
another two hours to complete the MOC iteration, while the Monte Carlo codes require 20 
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hours for 100 million particle simulations. Therefore, deterministic methodology still plays an 
important role in the field of reactor analysis for the short computation time with good accuracy. 
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Figure 3. AGENT sub mesh pattern for a typical hexagonal fuel cell 

 
Table 3. k-eff and calculation time 

 

 AGENT KENO6 MCNP5 

k-eff  1.02188 1.02182±0.00008 1.02576±0.00007 

k-eff relative DIFF -0.38% -0.38% ---- 

Runtime (hours) Total: 2.5 / MOC: 2.0 20.6 18.3 

CPU models INTEL XEON 5520 INTEL Q6600 INTEL Q6600 

Machine LINUX WinXP SP3 WinXP SP3 

 
As shown in Fig 4, the seven group scalar flux, fission rate and absorption rate distributions are 
created from the AGENT simulation. The flux has more of an elliptical shape, because the 
lower right corner and upper left corner of the core are filled with water and heavy water region. 
The highest thermal flux is obtained in the centre irradiation chamber that is filled with water, 
while the highest fast flux appears in the second ring surrounding the centre irradiation 
chamber. 
 

4. Conclusion and future work 
 
The TRIGA reactor at the University of Utah is modelled using AGENT, KENO6 and MCNP5 
codes in 2D. The acquired AGENT multiplication factor is very close to KENO6 and acceptably 
compares to MCNP5. Good AGENT computational efficiency and high quality visualization can 
show details of TRIGA flux and reaction rates distribution. This calculation is used in our 
research but also in education as a part of some of our ongoing courses. The next step is to 
use AGENT to examine the anisotropic effect and model our TRIGA core in 3D. 
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Figure 4. AGENT simulated TRIGA scalar flux, fission rate and absorption rate profiles 
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ABSTRACT 
 

The safety report of the TRIGA Mark II reactor in Vienna includes three accident 
scenarios and their deterministic dose consequence to the environment. The 
destruction of the most activated fuel element, the destruction of all fuel elements 
and a plane crash were treated scenarios in that report. The calculations were 
made in 1978 with the computer program STRISK. In this work, the program 
package PC COSYMA was applied on the TRIGA Mark II reactor in Vienna and 
the deterministic consequences of the scenarios to the environment were updated. 
The fission product inventories of all fuel elements were taken from a calculation 
with ORIGEN2. To get meteorological data of the atmospheric condition around 
the release area, a weather station was installed. The release parameters were 
taken from the safety report or were replaced by worst case parameters. Further 
on, a fourth scenario for the case of a small plane crash was added. For the sake 
of completeness all scenarios were calculated with different atmospheric 
conditions. In this paper only two accident scenarios are presented, the destruction 
of the fuel element with the highest activity content and the case of a large plane 
crash, which means a totally destruction of the reactor hall. 

 
 
1. Introduction 
 
The program system PC-Cosyma Version 2.01 was used to assess the off-site 
consequences of an accidental release of radioactive material into the atmosphere. In this 
paper the effective dose (ICRP-60) after one day and after 50 years of two scenarios are 
treated. These scenarios are the destruction of the fuel element with the highest activity and 
the case of a big plane crash with totally destruction of the reactor hall. The evaluations were 
made deterministic, which means the atmosphere was temporal stable. The atmospheric 
condition E was used, which means a stable atmosphere. Standard values for mixing layer 
height (320 m), wind profile exponent (p = 0,44) and sigma coefficients were used for 
calculation. A list of used deposition parameters (standard values of PC-Cosyma) see table 
1. 
Only noble gases and halogens are volatile enough to release into the atmosphere and only 
nuclides with a half live higher than 14.1 minutes were treated. In this work only one release 
phase is used with a release duration of one hour and no thermal energy was assumed (0 
MW). The fission product inventories of all fuel elements were taken from a calculation with 
ORIGEN2 whereas the inventory of each fuel element was evaluated for a reactor operation 
from March 9, 1962, to June 30, 2009. After destruction of an fuel element, only a fraction of 
the whole inventory is released. To define the fraction of the released noble gases and 
halogens, the formula wi = ei . fi . gi was used, whereas ei defines the fraction of fission 
products, which migrate into the gap between fuel and fuel element cladding and was 
empirically found by general atomics with a value of 1.5x10-3 percent. fi defines the fraction of 
the fission products, which migrate from the gap between fuel and fuel element cladding into 
the water tank. gi defines the fraction of fission products, which are released from the water 
tank to the ventilation system or into the atmosphere. In the further paper index N is used for 
noble gases and the index H is used for halogens. 
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The received dose outdoors is higher than the received dose in a protected location, 
because shielding effects occur. A list of used shielding effects see table 2. All scenarios 
were calculated within 5 km from the release point. The lattice is partitioned into 64 sectors 
and 25 circles. 
 

dry deposition velocity [m/s] 0.001 
dry deposition correction factor 1 

wet deposition coefficient a 8.0E-05 

aerosols 

wet deposition coefficient b 0.8 
dry deposition velocity [m/s] 0.01 

dry deposition correction factor 1 
wet deposition coefficient a 8.0E-05 

elementary bound iodine 

wet deposition coefficient b 0.6 
dry deposition velocity [m/s] 5.0E-004 

dry deposition correction factor 1 
wet deposition coefficient a 8.0E-07 

organically bound iodine 

wet deposition coefficient b 0.6 
 

Tab 1: Used deposition parameters 
 

cloud radiation 1 
ground radiation 1 

inhalation 1 
re suspension 1 

deposition on skin and clothes 1 
 

Tab 2: Used shielding parameters 
 
 
2. Worst case scenario 1 - Destruction of the fuel element with highest 

activity content 
 
In scenario 1 it was assumed, that the building is alright. The dimensions of the building were 
assumed as follows: height 20 m, width 20m and the release height was also assumed with 
20 m. The fission product inventory of the fuel element with the highest activity content was 
evaluated with ORIGEN [7] and is tabulated in table 3 (only nuclides, which were considered 
in PC COSYMA). 
For eN, fN and gN the same assumptions were used as in the safety report [8]. eN is the 
empirically found parameter from General Atomic and describes the amount of noble gases, 
which reach the gap between fuel and fuel element cladding. It was assumed, that 100% of 
all noble gases were released from the gap between fuel and fuel element cladding into the 
water tank. Further was assumed that all noble gases from the water tank were released to 
the ventilation system. 
For eH, fH and gH the same assumptions were used as in the safety report [8]. eH is the 
empirically found parameter from General Atomic and describes the amount of halogens, 
which reach the gap between fuel and fuel element cladding. It was assumed that 50% of all 
halogens were released from the gap between fuel and fuel element cladding into the water 
tank. It was assumed that 10% of all halogens in the water tank were in organic form and 
were released to the ventilation system. Further was assumed that 1% of the leftover 
halogens in the water tank (which had another chemical form) were released to the 
ventilation system. In table 4 a list of the release fractions for noble gases, organically bound 
halogens, halogens in other chemical form and the total release fractions are presented. 
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Kr-83m 
Kr-85m 
Kr-85 
Kr-87 
Kr-88 
I-129 
I-130 
I-131 
I-132 

Activity [Bq] 
 

5.91·1010 
1.39·1011 
2.22·1010 
2.81·1011 
3.97·1011 
7.47·104 
7.16·108 
3.21·1011 
4.77·1011 

 
 

I-133 
I-134 
I-135 

Xe-131m 
Xe-133m 
Xe-133 

Xe-135m 
Xe135 
Xe-138 

Activity [Bq] 
 

7.44·1011 
8.40·1011 
6.93·1011 
3.56·109 
2.18·1010 
7.45·1011 
1.26·1011 
7.03·1011 
6.87·1011 

 
Tab 3: Volatile fission product inventory of fuel element 10075 

 
 Noble gases Organically halogens Other halogens 

e 1.5·10-5 1.5·10-5 1.5·10-5 
f 1 0.5 0.5 
g 1 0.1 0.009 
w 1.5·10-5 7.5·10-7 6.75·10-8 

 
Tab 4: Release fractions of scenario 1 

 
The only halogen, which was used in the calculation was iodine. In PC COSYMA, isotopes of 
iodine are partitioned into three chemical forms. These are organically bound iodine, 
elementary bound iodine and aerosol iodine. It was assumed that 92% of the released iodine 
was organically bound and 8% was in other chemical form. Further was assumed, that the 
other iodine was partitioned into 50% of elementary bound iodine and 50% of iodine in 
aerosol form. 
For this calculations, a Pasquill stability class E and a wind speed of 1 m/s was used as 
worst case atmospheric condition. Because of measurements with the weather station a wind 
direction from WNW and no rain were used. The dose is evaluated in an area within 5 km 
distance from the release point (Atomic Institute).  
The maximum effective dose (ICRP-60) in Sv after one day has a value of 2.51·10-10 Sv and 
lies in wind direction close to the releasepoint. Exterior a radius of 0.31 km the dose is less 
than 1·10−10 Sv and exterior a radius of 1.98 km the dose is less than 1·10−11 Sv.  
The maximum effective dose (ICRP-60) in Sv after 50 years has a value of max. 7.73·10-10 

Sv and lies in wind direction close to the releasepoint. Exterior a radius of 0.60 km the dose 
is less than 1·10−10 Sv and exterior a radius of 3.36 km the dose is less than 1·10−11 Sv.  
 
 
3. Worst case scenario 2 - Case of a large plane crash 
 
In this scenario the case of a large plane crash was regarded. It was assumed, that the 
building was fully damaged. The height of the building was assumed with 1 m, the width with 
20 m and the release height was assumed with 1 m. The fission product inventory of the 
whole reactor core (summed over all fuel elements) is presented in table 5 (only nuclides 
which were considered in the calculation). 
For eN, fN and gN the same assumptions were used as in the safety report [8]. eN describes 
the amount of noble gases, which reach the gap between fuel and fuel element cladding and 
has the value 1. This means, it was assumed that all noble gases reach the gap between fuel 
and fuel element cladding. Further was assumed that 100% of all noble gases were released 
from the gap between fuel and fuel element cladding into the water tank and all noble gases 
from the water tank were released into the atmosphere. 
 
 

 Activity [Bq]  Activity [Bq] 
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Kr-83m 
Kr-85m 
Kr-85 
Kr-87 
Kr-88 
I-129 
I-130 
I-131 
I-132 

 
3.82·1012 
9.00·1012 
1.67·1012 
1.82·1013 
2.57·1013 
8.78·106 
6.57·1010 
2.08·1013 
3.10·1013 

 
I-133 
I-134 
I-135 

Xe-131m 
Xe-133m 
Xe-133 

Xe-135m 
Xe135 
Xe-138 

 
4.83·1013 
5.45·1013 
4.49·1013 
2.30·1011 
1.41·1012 
4.83·1013 
8.19·1012 
4.59·1013 
4.45·1013 

 
Tab 5: Whole reactor inventory of volatile fission products 

 
For eH, fH and gH the same assumptions were used as in the safety report [8]. eH is the 
empirically found parameter from General Atomic and describes the amount of halogens, 
which reach the gap between fuel and fuel element cladding. The safety report [8] partitioned 
halogens into two classes, organic halogens and other halogens. In this report it was 
assumed that 100% of all halogens were released from the gap between fuel and fuel 
element cladding into the water tank. It was assumed that 100% of all halogens in the water 
tank were released into the atmosphere. Further was assumed, that 10% of all halogens 
were in organic form and the rest was in other form. In table 4 a list of release fractions for 
organically bound halogens, halogens in other chemical form and noble gases is presented. 
 

 Noble gases Organically halogens Other halogens 
e 1 1.5·10-5 1.5·10-5 
f 1 1 1 
g 1 0.1 0.9 
w 1 1.5·10-6 1.35·10-5 

 
Tab 6: Release fractions of scenario 4 

 
In the safety report [8] it was assumed that 10% of the released iodine was organically bound 
and 90% was in other form. Further was assumed that 50% of the other iodine was 
elementary bound iodine and 50% was in aerosol form.  
For these calculations, Pasquill stability class E and a wind speed of 1 m/s were used as 
worst case atmospheric conditions. Because of measurements with the weather station a 
wind direction from WNW and no rain were used. The dose is evaluated in an area within 
5 km distance from the release point (Atomic Institute).  
The maximum effective dose (ICRP-60) in Sv after one day has a value of max. 3.72·10-4 Sv 
and lies in wind direction close to the release point. Exterior a radius of 0.60 km the dose is 
less than 1·10−4 Sv and exterior a radius of 4.38 km the dose is less than 1·10−5 Sv.  
The maximum effective dose (ICRP-60) in Sv after 50 years has a value of max. 3,74·10-4 Sv 
and lies in wind direction close to the release point. Exterior a radius of 0.60 km the dose is 
less than 1·10−4 Sv and exterior a radius of 4.38 km the dose is less than 1·10−5 Sv.  
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ABSTRACT 
 

The University of Utah 100 kW TRIGA (UUTR) reactor provides usable neutron 
yields for neutron radiography. Currently, UUTR reactor has three irradiators (Central, 
Pneumatic, and Thermal irradiators) and one Fast neutron Irradiation Facility (FNIF). 
These irradiators are very small so they are not suitable for neutron radiography. UUTR 
has three beam ports but they are not available due to the structure of the core. All sides 
of the core are occupied by FNIF, Thermal Irradiator, and three ion chambers. The only 
available position for underwater vertical beam port is on the top of the FNIF. There are 
two factors necessary to fulfill to be able to realize vertical underwater beam port: 
noninterruption to other facilities and radiation shielding. Designing the vertical beam 
port as movable ensures good access to the core and pool, while still providing a good 
neutron radiography environment. Keeping the top of the beam port below the surface of 
the pool the water represents biological shield. Neutron radiographs, with a simple setup 
of efficient neutron converters and digital camera systems, can produce acceptable 
resolution with an exposure time as short as a few minutes. It is important to validate the 
design with calculations before constructing the beam port. The design of the beam port 
is modeled using the MCNP5 transport code. A minimum of 105 neutrons/cm2-sec 
thermal neutron flux is required for high resolution neutron radiography. Currently, the 
UUTRIGA is in the process of upgrading its power from 100 kW to 250 kW. Upon the 
completion of the upgrading, the maximum neutron flux in the core will be ~7x1012 
neutrons/cm2-sec. This paper discusses a modeling and evaluation of 
capability for a neutron radiography facility. 
 
Key words: Neutron radiography, research reactor, MCNP5, beam port 
 

1. Introduction 
X-ray radiography has a long history of applications in medicine as well as in the 

field of nondestructive testing. However, X-ray radiography images are created with a 
markedly different image that can be detected through neutron radiography. Neutron 
radiography is a nondestructive testing technique as well, but allows imaging of 
otherwise undetectable inside-defects in a variety of materials such as turbine blades, 
crank axis, and automobile batteries. Neutron radiography can detect any hints of 
corrosion or cracks inside of metallic structures [1]. The University of Utah has a 100 kW 
TRIGA reactor (UUTR). The UUTR core is based on a hexagonal prism lattice with a 
spacing of 1.72 inches (4.37cm) center to center. The core has seven rings of fuel 
elements marked as A-ring, B-ring, up to G-ring. The A-ring is actually not a ring since it 
has only one space position and is located at the center of the core; it does not contain 
any fuel. This is the location of the highest flux in the core and this space is available for 
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irradiating the samples. The B-ring (outside of the A-ring) consists of six fuel element 
locations; each ring outside of the previous has an increased number of assembly and 
fuel element locations by six. The core is not loaded in a uniform manner due to the 
types of irradiation facilities present. The Thermal Irradiator (TI) has graphite reflector 
elements located in G2 through G7. The TI tank is filled with D2O and has a sample 
insertion tube extending from the center of the TI to the top of the reactor pool. The Fast 
Neutron Irradiation Facility (FNIF) is intended to provide a neutron spectrum 
approximating a fission spectrum.  It is placed as close as possible to the outer ring of 
fuel with as little moderation as possible. The FNIF has an insertion location, which is 
surrounded by two inches of solid lead to decrease the gamma irradiation while not 
moderating the neutrons significantly. The UUTR tank was designed with the ability to 
add beam ports at three different locations around the core [5]. The design incorporated 
outer beam port tubes extending down through the floor, through the outer steel tank, 
and abutted against the inner aluminum tank. The angle is such that a beam port insert 
could be lowered into the pool and placed against the core on one end and against the 
inner aluminum tank on the other end lined up with the outer beam port tube. The design 
of the insert would need to be such that it has slight negative buoyancy. The advantage 
of the beam port is that the beam port insert could be moved or removed when it is not in 
use, providing a better access to the core, and more flexibility for users of the facilities.  
Issues with the design required to be resolved include the biological shield needed at the 
outer end of the beam port, the location of various equipment around the outside of the 
pool and core, and the right angle of the beam. Because of the location of the ports 
around the outside of the pool, the space available for experiments and the biological 
shield are extremely limited.  The three outer ports are located on 120° intervals around 
the outside of the pool with the ports pointing directly north, southwest, and southeast. 
The smallest available space around the reactor pool is directly north while the largest 
space is southwest. This space issue renders the north port completely unusable while 
the southwest and southeast ports have limited space due to the east and west walls of 
the reactor room. The core would also need to be changed to move instrumentation or 
existing experimental facilities out of the way of the beam port insert. The angled beam 
port would create difficulties in performing certain experiments such as neutron 
radiography. The difficulties could likely be overcome, but may require extravagant 
engineering solutions. These challenges pointed out in examining the vertical beam port 
to alleviate some of the issues as discussed. If the vertical beam port is designed as 
moveable, it can provide good access to the core and pool while providing a good 
neutron radiography environment.  If the top of the beam port is kept below the surface 
of the pool, the water above the port will act as a good biological shield.   

 
2. Efficient UUTR Beam Port Design 

Placement of the vertical beam port can have a drastic effect on the beam port 
flux, reactor operation, and the usability of facilities.  A beam port placed directly over the 
center of the core would maximize the neutron flux in the beam port.  However, this 
configuration would interfere with control rod drive mechanism and visual inspections of 
the core.  It would also hamper access to some of the other experimental facilities 
decreasing or eliminating the opportunities for piggybacking experiments thus increasing 
the operating costs of the reactor. Placement of the vertical beam port to the side of the 
core will lower the beam flux but it does not require changes to the control rod drive 
mechanism and provides better visibility of the core and better access to other 
experimental facilities. To maximize the beam flux, the port should be placed as close to 
the core as possible. Due to the presence of other experimental facilities and 
instrumentation, the available locations next to the core are limited. A possible solution 
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for the placement of the beam port is to use the FNIF.  It has a flat top, which would work 
well for the placement of the beam tube.  The neutron flux in the FNIF is fairly well 
characterized which would be beneficial in providing a baseline for calculation and 
reactor control [4]. The vertical beam port will be moveable to provide good access to 
the core when needed and will have the ability to use different apertures for different 
applications. The end of the beam port should be far enough below the surface of the 
pool to not need a biological shield other than the water existent in the pool.  It should be 
a simple design to minimize cost and downtime. To accommodate different apertures the 
beam port will be composed of a two pieces. The aperture assembly will be separated 
from the beam port. This will provide the ability to use different apertures for different 
applications as needed. The most common apertures would be permanent fixtures, 
which would not be easy to modify.  Some easily modifiable apertures could also be 
made to accommodate testing of new aperture designs or to create custom apertures, 
which would only be used for a short period before being changed. This aperture 
assembly would fit into the sample area of the FNIF and would have the same basic 
dimensions as the FNIF insert with the exception of the height. It would be designed to 
hold the bottom of the beam port in place on top of the FNIF. The beam port is put into 
place by placing it over the aperture on top of the FNIF.  It must be secured at the top by 
mechanisms extending to the top of the pool secured to the framework of the control rod 
drives or the pool side. 

3. The MCNP5 Model 
Before manufacturing the beam port it is important to validate the design with 

calculations.  The beam port design is modeled using MCNP5 [2] transport code. To 
speed up processing and improve the reliability of the results, the model was split into 
two parts. The first part of the model includes whole core and the FNIF surrounded by 
water as shown in Figure 1. Each fuel element was modeled individually as placed in its 
correct location.  All the components of the FNIF were also modeled as accurately as 
possible based on original design drawings.   

 
 Figure 1. MCNP5 model of the UUTR FNIF and UUTR reactor core; FNIF contains lead 
shielding to reduce gamma components from the core; the maximum neutron flux at the center of 
FNIF is 3.0 x 1011 neutrons/cm2·sec      
 
The central part of the FNIF (the opening) was filled with air in our MCNP5 model. 
Neutron MCNP5 tallies for the core was set up in two locations. The first was a flux tally 
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for the central irradiator. The second was a current tally for neutrons crossing the top of 
the FNIF. A photon current tally across the top of the FNIF was also defined to 
characterize the photon spectrum.  All the tallies in the models were divided into 200 
energy bins to define a spectrum. The second part of the model relates to the port; the 
beam port assembly and the top opening of the FNIF is shown in Figure 2.  Directly 
above the FNIF opening was approximately 10 cm of lead with 2.5 cm of graphite above 
that in contact with the lead.  A square aperture (with the sides equal to 2.54 cm) was 
made of 0.25 mm thick gadolinium. The aperture was located approximately 5 inches 
above the FNIF opening in direct contact with the graphite. The beam port itself was 
modeled as being filled with the air. The bottom of the port was dimensionally the same 
as the FNIF top opening. The top was dimensionally the same as the sample box.  
There was approximately 350 cm from the aperture to the top of the beam port (the 
cassette loading area).  The sample box had dimensions of approximately 53 cm long by 
46 cm wide by 31 cm high. This sample box was divided by 9 circular sections such as 
area 1, area 2, area 3, etc., to calculate neutron and gamma fluxes on each area of the 
top of the sample box. The beam port was made of aluminum and its inside was filled 
with air. The results (photon and neutron energy and probability) from the second tally of 
the core model were used as the source terms for modeling the port. The source term 
was defined as a surface source distributed uniformly over the surface.  The final tally 
was at the top of the cassette box.  This was a current tally for neutrons and photons 
subdivided into nine segments as shown in Figure 3 to check the uniformity of the flux at 
the film cassette.  Since MCNP5 only allows source definitions for a single particle type 
in the model, the beam port in the model had to be modeled once for the neutron source 
and once for the photon source.  The tally results for each run then had to be combined 
into a final neutron tally and a final photon tally.  
   

 
  Figure 2. Vertical beam port; inside of the beam port is filled with air 
 
   4.     Results 

The first part of the model was run for a total of 1,101,770 particles. The relative 
error of the neutron current across the top opening of the FNIF was 0.0131.  Results less 
than 0.10 are considered to be reliable. It should be noted that not all the energy bins 
had relative errors less than 0.10. However, all the bins below 8 MeV had relative errors 
below 0.10. The same tally for photons had a relative error of 0.0145. Since all the tallies 
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were eventually referenced back to the central irradiator neutron flux, the relative error of 
this tally is also of interest.  The relative error of the central irradiator tally was 0.0132 
with the majority of the lower energy bins having relative errors less than 0.10. The 
lowest energy bin to have a relative error larger than 0.10 is at 13.3 MeV. 

 

 
Figure 3. MCNP5 neutron and gamma fluxes on the top of the UUTR beam port 

 
 Normalizing the tallies to the central irradiator provided the ability to approximate 
the actual neutron and photon currents and flux across the top opening of the FNIF. The 
neutron flux was obtained to be 2.22 x 1010 neutrons/cm2-sec at the top of the FNIF 
opening [8]. This is at the same level (height) as the top surface of the core. This 
measurement is credible because the neutron flux measurement halfway down 
(vertically) the FNIF results in 3.0 x 1011 neutrons/cm2-sec, [4]. The neutron flux 
distribution is highest at the half way point (vertically) and tapers off going either 
direction (up or down). This axial neutron flux distribution in the FNIF is very similar to 
that of the central irradiator. The central irradiator has a maximum flux half way down 
(vertically) as well and presents a similar pattern of distribution. Using the neutron and 

the model, neutron and photon tallies were obtained at the top of the experiment box 
(where the film cassette would be placed). It took 300 minutes using 207 million particles 
and the relative errors of all the photon tally segments were below 0.04.  The second 
part of the model using the neutron source ran for a total of 10,570 minutes (7 days, 8 
hours) resulting in 114 million particles being tracked.  The relative errors of all the 
segment tallies for both neutron and photon were less than 0.02. As shown in Table 1 
the average neutron current across all nine tally segments was 3.49 x 108 neutrons/sec 
or a flux of 2.21 x 106 neutrons/cm2-sec. The standard deviation was 8.73% for the 
current or 1.22% for the flux. The average photon current was 1.86 x108 photons/sec or 
a flux of 1.18 x 106 photons/cm2-sec. The standard deviation was 8.46% for the current 
or 2.09% for the flux. The neutron spectrum from MCNP5, over 70% of the neutrons 
were below 0.01 MeV. On the top of the beam port that is about 350 cm from the top of 
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the core, majority of the neutrons are thermal neutrons because there will be paraffin 
and graphite layers at the bottom of the beam port. For this modeling, neutron energy 
ranging from 0 to 20 MeV was divided by 200 equally spaced energy bins. The effect 
from fast neutrons on neutron radiography is negligible and it is important to set up more 
detailed tallies in the thermal neutron energy region in the future modeling [6]. For image 
detection, a thermal neutron to gamma ratio of 105 neutrons/cm2-mR is required. In 
general, Gadolinium oxysulphide (GdOS) is used for the converter to lower the neutron 
flux for high image resolution. GdOS has a thermal neutron flux to gamma conversion 
ratio of 3x106 neutrons/cm2-mR and the minimum requirement of neutron flux for high 
resolution neutron radiography can be ~ 3.33x104 neutrons/cm2-sec [7]. 
 

Table 1. The average neutron and photon current across all nine tally segments 

 

   5. Conclusions 
According to the ASTM standards E78-02 (ASTM 2002) [3], if thermal neutron 

flux from a nuclear reactor is between 1E5 nts/cm2-sec and 1E8 nts/cm2-sec, it 
represents an excellent source for neutron radiography.  High resolution radiography 
requires a total neutron flux of about 1E12 nts/cm2-sec at the source and thermal 
neutron flux of 1E6 nts/cm2-sec at an object [1]. From the calculations based on the 
MCNP5 for the University of Utah 100 kW TRIGA reactor, it is obvious that a vertical 
beam port is not only feasible, but also desirable. The major drawback to the design is 
the requirement to place samples in a water-tight box and lower them onto the top of the 
port. The advantages of a simple design with changeable apertures and no additional 
biological shielding requirement far outweigh the drawback for research purposes.  If 
high volume production were desired, having to lower each sample through the water to 
the port would render this design virtually unusable. Though this design used the FNIF 
as a starting point, it is not dependent on using the FNIF.  It would be a simple matter 
and may even be desirable to design a new base for the beam port.  A new base for the 
beam port could be designed to improve the neutron beam quality instead of making 
with what is available. It should also be noted that in designing the aperture, fill materials 
(i.e. graphite, lead, water, etc.) for the opening of the FNIF should be investigated to 
possibly reflect more neutrons up the port. It would also be advantageous to create a 
complete accurate model of the core inclusive of all the facilities and verify the MCNP5 
model.  Any further modeling of the facility could always start with the verified 
benchmark model of the core resulting in increased confidence of the results.   
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ABSTRACT 
 

The Atominstitute (ATI) of the Vienna University of Technology utilizes a TRIGA 
Mark II research reactor for last fourty eight years at a nominal reactor power of 
250 kW (thermal). It has a completely mixed core and employing three different 
types of fuels i.e. aluminium clad fuel with 20% enrichment, stainless steel (SS) 
clad fuel with 20% enrichment and SS clad FLIP fuel with 70% enrichment. The 
current core loading is 83 fuel elements. The reactor core is equipped with many 
irradiation facilities inside the core to irradiate samples at different flux levels. 
These irradiation facilities include the Central Channel (CC which is used to 
irradiate samples at maximum flux. This paper presents the calculations and 
measurements of the void coefficient of reactivity in CC. For this purpose, a 
cylindrical void of 66.47 cm3 was inserted into the CC and moved from bottom to 
top of the core along the axial length of the channel in steps of 5 cm. For each 
step, the effect of void sample on the core reactivity was measured by the 
regulating control rod position. This experiment was performed at 10W in 
automatic mode of operation.  
Monte Carlo neutronics simulating code, equipped with the cross sections library 
JEFF 3.1, was employed to perform these calculations. For each 5 cm step in the 
central irradiation channel, a separate model was executed. To see the influence 
of the control rods, the MCNP calculations were performed. In theses calculations, 
the control rods were set to the reactor operating conditions. Both the simulated 
and measured results were compared. Fairly good agreement was observed 
between calculations and experimental results.  
  

1. Introduction 
The Atominstitute (ATI) of Vienna University of Technology utilizes the TRIGA Mark II 
research reactor for its research, training and educational interests for last 48 years. The 
reactor operates at an average power level of 250kW and is equipped with many irradiation 
facilities inside and outside the reactor core. Inside the core, there are many irradiation 
channels including central thimble CC which is used for high flux irradiation. Starting with 57 
Fuel Elements (FE(s)) of same type in 1962, the current core has 83 FE(s) of three different 
types. Out of 83 FE(s), 54 are 102-type (Aluminium-clad, 20% enriched), 20 are 104-type 
(Stainless Steel-clad, 20% enriched) and 9 are FLIP (SS-clad, 70% enriched) FE(s). These 
FE(s) are cylindrical in geometry and are arranged into 5 concentric circles (rings) in an 
annular lattice [1]. The schematic diagram of TRIGA FE is shown in Figure 1[2].  

 
Fig 1. Schematic diagram of TRIGA Mark II reactor fuel element [2]. 

The reactor utilizes zirconium hydride fuel which is a homogeneous mixture of uranium (U) 
and zirconium hydride (ZrH). The ZrH is used as main moderator. About 80% of the neutron 
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moderation occurs inside the fuel. Since the moderator has the special property of 
moderating less efficiently at high temperatures, the TRIGA reactor can produce a pulse of 
250 MW for roughly 40 milliseconds [1]. 
 
The operational safety of the reactor needs the information of reactivity effects on the core 
caused by small disturbances. To investigate the void effect on the core reactivity, this work 
focuses on the calculation of the void coefficient of reactivity and its experimental 
confirmation in the central irradiation channel CC. The current core map including in-core 
irradiation facilities is shown in Figure 2. 

 
Fig 2. The current core map of the TRIGA Mark II research reactor. 

 
1.1 Void Coefficient of Reactivity 

The dominant reactivity effect in water moderated reactors arises from the changes in 
moderator density, due to either thermal expansion or void formation. The principal effect is 
usually the loss of moderation that accompanies a decrease in moderator density and 
causes corresponding increase in resonances [5]. In contrast with water moderated reactors, 
about 80% of the moderation occurs inside the fuel of TRIGA reactors. Therefore void effects 
on core reactivity of TRIGA reactor is studied in the paper.  
 
Core reactivity, for given value of Keff is determined by the relation [3] 

eff

eff

K
K 1−

=ρ
      (1) 

Generally the reactivity coefficient is defined as the change in reactivity for a given change in 
parameter [4]. Mathematically written as  

ξ
ργ ξ Δ

Δ
=       (2) 

Here ξ is reactor parameter that affects reactivity and Δρ is the corresponding change in 
reactivity. If the ξ represent void (or VD) then γξ defines the void coefficient of reactivity [3]. 
The actual value varies from reactor to reactor. In this work, the effect of a void (in CC) on 
the TRIGA core reactivity is studied. 

2. Measurements: Void Coefficient Experiment 
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This experiment was performed at ATI reactor at 10W reactor power. The reactor control was 
set to automatic mode and the regulating rod was selected as the only reactivity controlling 
variable for this experiment. The regulating control rod was selected because it is capable of 
achieving a finer control of the core as compared to the other two control rods. The 66.47 
cm3 void sample in an airtight cylindrical polyethylene bottle of length 10.8 and a radius of 
1.4 cm was prepared at ATI. This sample holder was attached to a string and inserted into 
CC. The sample was first placed at the bottom of the core and then raised in 5 cm steps 
along the axial length of CC. Each step of the sample was followed by a period to stabilize 
the reactor state before the regulating control rod position was recorded. Using the regulating 
control rod calibration curve, the reactivity for each length of regulation control rod was 
recorded and given in Table 1. 
 

Void sample 
position 

Regulating 
CR position 

Reactivity of 
void (cents) 

0 207  
5 220 -2.947
10 218 -2.471
15 218 -2.471
20 208 -0.137
25 195 2.884
30 187 4.739
35 192 3.582
40 201 1.516
45 213 -1.294
50 210 -0.633
55 206 0.276
60 204 0.772
65 204 0.772

Table 1: Measurements of void coefficient of reactivity 
 
3. Calculations: Void Coefficient of the Reactivity 
To calculate the void effect on reactor the core, a detailed three dimensional computational 
model of the TRIGA Mark II reactor was developed using the Monte Carlo neutronics 
behaviour simulating code MCNP5 [5]. Because of lack of Samarium cross sections in 
ENDF-VI, the computer program employs JEFF3.1 as cross section library in these 
computations. This model includes reactor core components, surrounding graphite reflector, 
four beam tubes and the thermal column as shown in Figure 3. The reactor core components 
are comprised of 83 burned FE(s) of three different types, three control rods, one source 
element (in F28 position), two pneumatic systems (in F08 and F11 positions) and a central 
irradiation channel CC. This MCNP model is based on standard experiments performed on 
TRIGA Mark II reactor of ATI. These experiments include the criticality experiment, reactivity 
distribution experiment and radial and axial flux distribution experiment on the burned reactor 
core.  
 
The developed MCNP model, incorporating the burned fuel composition, was modified to 
calculate the void coefficient in the central channel. The experimental procedures, described 
in section 3, were applied to the MCNP model to calculate the void coefficient of reactivity in 
the CC. The model was modified and executed for each step length separately along the 
axial length of the CC. The top view of the MCNP model is given in Figure 3. The vertical 
(YZ) view of the model shows the modelling of the sample, holding the void in vertical 
channel CC in Figure 4.  
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Fig 3. Top (XY) view of the MCNP model of TRIGA Mark II reactor 

 
These calculations were carried out with total number of 200 cycles of iteration on a source 
size of 500 000 particles per cycles. To decrease the statistical error estimates, the first 50 
cycles were skipped. For each execution, the void sample was moved 5cm up in axial 
direction. From the output, Keff for each run was obtained to calculate the corresponding 
reactivity effect in dollars the using effective delayed neutron fraction β= 0.0073. The 
calculated results are compared with experimental observations in section 4.  
 

 

Fig 4. Vertical (YZ) view of the MCNP model of void coefficient 
 
To eliminate the control rod effect on voids, second series of calculations were performed 
keeping all three CR in fully withdrawn positions. In these calculations, a source size of 5000 
particles, 200 neutron cycles skipping first 50 cycles were applied to the model. These 
results are discussed in section 4. 
 
4. Results and Discussions 
Figure 5 shows the comparison between calculations and measurements. From these 
results, it is observed that reactivity effects on the TRIGA reactor due to void in the central 
channel is not very significant. From Table 1, it ranges from -0.044 to 0.073 cents per cubic 
centimetres. It is also observed that, in contrast to other water moderated reactors, void may 
introduce a positive reactivity in TRIGA reactors. It is due to the unique fuel properties. 
Figure 5 shows that MCNP predictions follow the experimental results. The fact is that a 
cylindrical void of about 66.47 cm3 in CC, introduces a negative reactivity when placed at the 
top and bottom part of the reactor core and it add a positive reactivity when moved through 
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the active length of the core. This may be due to the fact that the much lower neutron 
scattering cross section of the air provides an easy escape route to neutrons out of the core 
at both ends of the core. On one side, in the active part of the core, this void replaces the 
moderator and reduces the moderation resulting into the introduction of negative reactivity in 
the core. While on the other side, due to the low absorption cross section of void than water 
(moderator), it reduces the neutron absorption and introduces positive reactivity. It was 
shown theoretically and experimentally that the overall effect of this void in the CC is positive 
after compensating the negative reactivity due to decrease in moderation.  
 

 
Fig 5: Theoretical and experimental comparison of void coefficient of reactivity 

 
5. Conclusion 
The MCNP model was developed for the neutronics analysis of the TRIGA Mark II reactor 
core. The developed model was modified to calculate the void coefficient of the reactivity in 
the central channel of the reactor. The calculations were verified experimentally. In contrast 
to other water-moderated reactors, the effect of void compensates the negative reactivity 
introduced due to decrease in moderation and overall introduces a positive reactivity in the 
CC. At the top and bottom ends of the core, the void effect is negative due to neutron 
leakage out of the core. Generally, the MCNP predictions follow the experimental 
observation along the length of central irradiation channel.  
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