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ABSTRACT

A detailed, flexible three-dimensional (3D) model of the Missouri S&T Reactor
(MSTR) with a heterogeneous core geometry was developed using the Standardized
Computer Analyses for Licensing Evaluation (SCALE). A Graphical User Interface (GUI)
was developed for SCALE, which allows the user to generate an input file automatically.
The SCALE model was validated with a Monte Carlo N-Particle Transport (MCNP) model
of the MSTR. The validation process was based on the criticality calculations using the
Criticality Safety Analysis Sequence (CSAS6). Three geometrical models were examined.
The SCALE model that has the full detailed geometry showed a good agreement with the
MCNP results. However, the CSAS6 results related to the k eff were slightly overestimated.
Furthermore, the difference in the predicted critical Control Rod (CR) height was less than
2%. The developed SCALE model was utilized to generate a 3D map of the radiation dose
estimation using a hybrid Monte Carlo simulation with automatic variance reduction
techniques under normal operations. The radiation dose estimation in all accessible areas
showed a dose rate below the annual exposure limit for the public in accordance with the
International Commission on Radiological Protection (ICRP) recommendations and
guidance. Subsequently, the code was used to simulate two accident scenarios for the
MSTR. Both scenarios were initiated by an EF-5 tornado that stroke the MSTR and
destroyed the walls. In the first scenario, the beam port was damaged, which created a path
for the reactor pool water to flood the experimental floor. In the second scenario, the pool
water was fully sucked-out by the tornado. The SCALE-6.2.3 model was able to predict
the 3D map of the radiation dose within 200 ft diameter for both accident scenarios.
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1. IN TRO D U C TIO N

As of June 2020, the International Atomic Energy Agency (IAEA) research reactors
(RRs) database showed that there were 841 research reactors within 71 countries around
the world [1]. Approximately 26% of RRs are in operation, 2.7% are planned to be
constructed or already under construction, while the rest are under decommissioning or
decommissioned or shutdown [1]. The most common designs of RRs are pool-type, tanktype, tank-in-pool type, and Training Research Isotopes General Atomics (TRIGA)
reactors [2]. These reactors are designed mainly for training, education, and various
research purposes. Usually, they are small, and they have unique design features compared
with commercial nuclear power reactors. Due to their low range of power output
(maximum of 200 MWth), they are not designed to generate electricity [3]. The essential
purpose of utilizing the research reactor is to provide a neutron source that could be used
constructively in a wide range of applications, including nuclear and medical applications
[2, 4, 5]. Therefore, research reactors have contributed significantly to the development of
nuclear science and technology [2, 4, 5].
Despite these features, these facilities have a potential hazard to the human in case
of accidents [6]. Thus the computational codes for nuclear reactor simulation are essential
to guarantee the safe utilization of such nuclear facilities [3].

1.1. THE AIMS AND THE OBJECTIVES
Recently, several computational code packages have been developed and widely
utilized by the nuclear community to model and simulate nuclear reactor systems for safety
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analysis and other research purposes [3]. The need to have an advanced and reliable model
of a research reactor that could perform a realistic simulation of the reactor's life in normal
conditions or in the case of accidents was the main interest of this work [6]. During the
literature review, it was found that there is no significant work has been done on the three
dimensional (3D) radiation dose estimation for RRs that resulted from accident scenarios
caused by natural disasters.
One challenge of this work is modeling a curved Material Testing Reactor (MTR)
plate-type fuel without any modification or simplification of its geometry. Since the
Missouri S&T Reactor (MSTR) utilizes curved MTR plate-type fuel, developing a realistic
and flexible model for this kind of fuel was one of the main objectives of this work. Since
the establishment of the MSTR, only one computational code model was developed. This
developed model was created using the Monte Carlo N-Particle Transport (MCNP) code
package about 12 years ago [7]. It has been the primary reference to validate all new
experiments. However, the MCNP model does not include the outer region of the reactor
pool. For this reason, it is not feasible to simulate the radiation dose outside the pool with
the current model. In addition, it takes too much computational time to get acceptable
results for deep penetration problems using the current MCNP model. Therefore, upgrading
the geometry to include the entire MSTR building and employing the variance reduction
(VR) technique are the main objectives of this work.
This work aims to develop a high fidelity detailed 3D flexible computational model
with a realistic geometry of the MSTR to simulate neutron behavior. Also, it could serve
as a reference model for all reactors that utilize the same type of fuel.
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The objectives behind developing a realistic model of the MSTR are: 1) to have the
ability to modify the model with the desired core configuration; 2) to develop a
computational tool that could generate a 3D map of the radiation dose estimation of the
MSTR under normal operational conditions or during accident scenarios; 3) to offer an
accurate representation o f the experimental facilities of the MSTR (such as neutron beam
port and thermal column) and allow researchers to improve their studies; 4) to provide a
high-fidelity computational model of the MSTR that could help in supporting a power
upgrade of MSTR in the future.

1.2. PRIMARY TASKS
To accomplish the objectives in the previous Section, a newer and advanced
computational code package called Standardized Computer Analyses for Licensing
Evaluation (SCALE) version 6.2.3 will be employed. SCALE-6.2.3 offers numerous
capabilities and substantial enhancements in many existing features for the reactor’s
simulation. More details of the SCALE-6.2.3 capabilities and features will be discussed in
this work.
The tasks of this work can be summarized as follow:
1. Using SCALE-6.2.3 to create a flexible 3D realistic geometrical model of the
MSTR.
2. Validating the SCALE-6.2.3 model using the apple to apple approach.
•

The validated MCNP model of the MSTR will be used as a reference model.
Three different criticality calculations will be performed.
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3. Developing a numerical model to estimate the radiation dose rate for accessible
areas o f the MSTR using SCALE-6.2.3.
4. Upgrading the SCALE-6.2.3 model to include a wide range of accessible areas, 200
ft (6096 cm) diameter from the center of MSTR building.
5. Introducing an accident scenario caused by a natural disaster and generating a 3D
map of radiation dose estimation for the event after applying the achieved techniques
to enhance the results.

1.3. COMPUTER HARDWARE SPECIFICATIONS
In this work, two workstations were used. The following are the specifications of
each workstation that was used for a specific SCALE-6.2.3 sequence.

1.3.1. SCALE-6.2.3\CSAS6. The computer used for the validation process has an
Intel(R) Core(TM) i5-4590 CPU @ 3.30GHz processor. It has an 8.00 GB RAM and a 64bit operating system.

1.3.2. SCALE-6.2.3\MAVRIC. For the radiation dose calculations, a workstation
was used. It has an Intel(R) Core(TM) i9-7900X Skylake-X 3.3GHz (4.3GHz Turbo Boost)
140W 25MB L3 (10 Cores/20 Threads) processor. It has a 128GB (8x16GB) 288-Pin
DDR4 3200.

1.4. DISSERTATION OUTLINE
This study was structured as follows: Section 2 in this work presents the
background of this work, starting with an overview of the MSTR covering descriptions of
the core, the fuel elements, the control rods, neutron beam port, and the thermal column;
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follows with a brief description of the MCNP model of the MSTR; then, an overview of
the SCALE code package. Also, this section summarized the neutron transport theory,
including the Monte Carlo, the deterministic, and the hybrid method; the end of this section
reviews natural disasters, including that declared in the state of Missouri, and that noticed
its risk to some nuclear reactors within the USA. Section 3 describes the methodology for
building a flexible model of the MSTR using the SCALE-6.2.3 code package. Section 4
summarizes the capabilities of the Graphical User Interface (GUI) that was specially
developed for the SCALE-6.2.3 model. Section 5 explains how the SCALE-6.2.3 model
was validated using the apple to apple approach via criticality calculations. Section 6
demonstrates a hybrid method with an automated VR technique within the SCALE-6.2.3
code package called Monaco with Automated Variance Reduction using Importance
Calculation (MAVRIC) to improve the radiation transport results. In this section, the
SCALE-6.2.3 model employs the MAVRIC sequence to estimate the radiation dose for
accessible areas within the MSTR under normal operational condition. Section 7 presents
an accident scenario, that was caused by a natural disaster, to the SCALE-6.2.3 model of
the MSTR. This section shows the ability of the SCALE-6.2.3\MAVRIC model to generate
a 3D map of the radiation dose estimation for a wide range of accessible areas under
accident event. The last section will be the conclusion of this work.
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2. BACKGROUND

2.1. MISSOURI UNIVERSITY OF SCIENCE AND TECHNOLOGY REACTOR
(MSTR) OVERVIEW
MSTR is an open pool-type research reactor that utilizes a curved Material Testing
Reactor (MTR) plate-type fuel. It is the first on-campus nuclear reactor built in the state of
Missouri [8]. It is located at the Missouri University of Science and Technology (MST). It
began its operation since December 1961 with 10 kW power licensed, and it was fueled by
the High Enriched Uranium (HEU) [9]. Later, the license was upgraded to operate at 200
kW as the maximum power. Moreover, the fuel was replaced by the Low Enriched
Uranium (LEU) [9]. M STR is operated under the Department of Mining and Nuclear
Engineering of the MST by specialist operators [9]. It is being used by the MST faculty,
students, and other researchers outside the campus for education, training, and research
purposes [8, 9]. The M STR reactor pool has width, length, and depth of 9 ft (274.32 cm),
19 ft (579.12 cm), and 27 ft (822.96 cm), respectively, with a variance concrete thickness
wall [8, 9]. The reactor pool contains about 32,000 gallons (121.13 kiloliters) of high purity
light water that serves as a moderator, a coolant, a reflector, and a major radiation shielding
[8, 9]. MSTR has several experimental facilities that can be used to irradiate samples either
inside the pool or outside the pool, such as pneumatic sample transfer (Rabbit) systems, a
void tube, a thermal column, and a neutron beam port [8-10].
At the pool end on the opposite side of the thermal column, a fuel elements storage
pit is located. The depth of the storage pit is lower than the bottom of the pool by 3.5 ft
(106.68 cm) [7, 9]. It could store up to 30 fuel elements [9]. Figure 2.1 shows a cut view
of a 3D rendered model of MSTR that illustrates the concrete construction and the locations
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of some parts o f MSTR, such as the reactor pool, the reactor core, the neutron beam port,
the thermal column, and the fuel storage pit.

C MS T R C o r e J
/ Configuration «

hiM oM O

Thermal
Column

IMlSSiaiiJRl'

Reactor Core

Experimental

Figure 2.1 Cutaway Diagram of MSTR.

2.1.1.

MSTR Core. The MSTR core is submerged in the reactor pool about 20 ft

(609.6 cm) from the top of the pool surface [8, 9]. The heat is removed from the reactor
core by the water pool with natural convection. All constituent elements of the reactor core
are installed in a 5 inches (12.7 cm) thick aluminum grid-plate. The grid-plate contains 54
(6 x 9) holes with approximately 2.42 inches (6.14 cm) diameters to support and arrange
the core element assemblies, as shown in Figure 2.2. Moreover, there are 40 (5 x 8) small
auxiliary coolant holes with 0.875 inches (2.2225 cm) diameters in the grid-plate to allow
the water to pass through intersection channels between elements [7, 9]. There are
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approximately 28 fuel elements available to form the MSTR core configuration: 18
standard fuel elements (FE), 2 half front fueled-plates fuel elements (HF), 2 half rear
fueled-plates fuel elements (HR), 5 control fuel elements (C), and one irradiation fuel
element (IF) [7]. Furthermore, there is one source holder (S), and several in-core
experimental elements. Some of the in-core experimental elements are used to irradiate
large samples. They can also be used for long term irradiation, such as the movable void
tube (VT). Furthermore, they can be utilized for rapid irradiation such as the pneumatic
rabbit system, which includes a bare rabbit tube (BRT), a cadmium-lined rabbit tube
(CRT), and a hot cell rabbit tube (HCRT) [7, 9, 11].

(!) Grid-Plate
@ Auxiliary Coolant
Holes
(§) Cadmium Cover
for CRT
(?) Control Rod
Fuel Element
(5) Control Rod
(Regulating Rod)
(6) Standard
Fuel Element
@ Bare Rabbit Tube
(8) Control Rod
(Shim/Safety Rod)
(5) Void Tube
(10) Source Holder
Figure 2.2 Core Elements Positioned in the Grid-Plate.
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The MSTR has two reactor operational modes known as reflector modes [9]. They
depend on the position of the reactor core and the distance from the thermal column. The
first mode is called thermal mode (T-mode), which is occurred when the reactor core is
placed close to the thermal column. The other mode is called water reflected mode (Wmode), which occurred when the reactor core is placed away from the thermal column and
reflected by the water pool from all sides.
Since the fuel of the MSTR was converted from HEU to LEU in 1992, the
configuration has been modified 29 times. The first core configuration was labeled as 100.
After years of modifications, the current MSTR core configuration is labeled as 128 [12,
13]. Each core configuration composed of a number of fuel elements that ranged between
18 to 19 fuel elements, 4 of them are the control fuel elements [12, 13]. In general, up to
the current configuration, the MSTR core configurations could be classified into three main
sets of core configurations based on the utilized distribution shape of the fuel elements in
that period regardless of the specific fuel element arrangement in each position. The first
configuration set was used from 1992 to 2010, which included configurations 100 through
118 [12, 13]. The main difference between these configurations is that an additional HF
was placed in the position E9 for configuration 118 [12, 13]. This set of configurations
could be represented by configuration 101 due to its long period of usage, which was
approximately 17 years o f utilization that begun in July 1992 [13]. After around 18 years
of utilizing the first set of configurations, the core map was changed to the second set of
configurations; the fuel elements were shifted toward the beam port [13]. The second set
of configurations was utilized until 2017, which involves configurations 120 through 124
[13, 14]. The only difference has been noticed between these configurations is the
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arrangement of the selected fuel elements to fill the core map. Since there is no significant
difference in the fuel elements distribution shape of the second set of configurations, it
could be represented by any configuration in that period. The last set of configurations
started with configuration 125 up to the current configuration (128) [14]. The difference
between the configurations in the third set is that both configurations 125, and 126 utilizes
2 HF, 2 HR, and 11 FE, while configurations 127, and 128 utilizes 2 HF, 1 HR, and 12 FE.
In addition, configuration 126 used an additional IF that was placed in the position B6 [14].
Figure 2.3 illustrates the three main sets of the MSTR core configuration, which
represented by configuration 101, 120, and 128, respectively.
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Figure 2.3 The Three Main Sets of the MSTR Core Configurations Represented by
Configurations 101, 120, and the Current Configuration 128.
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2.1.2. MSTR Fuel Elements and Control Rods. The fuel elements are made up
of curved MTR plate-type fuel. A single “fuel meat” plate has a thickness and a length of
0.02 inches (0.0508 cm) and 23.2 inches (59.055 cm), with a cross-section area of about
0.048 inche2 (0.309 cm2) [7, 9]. It is made of Uranium Silicide-Aluminum (U3Si2-Al) that
contains approximately 12.5 grams o f 235U and about 19.75% enriched in 235U [9]. The
“fuel meat” is clad with a layer of 0.015 inches (0.0381 cm) aluminum alloy 6061 [9]. That
gives a total thickness of 0.05 inches (0.127 cm) for the fuel plate. Each fuel element has a
different number of fuel plates. These plates are separated by a gap that filled with water
when the fuel element placed into the reactor core. The thickness of this gap is
approximately 0.126 inches (0.32 cm) [7, 9]. The FE has 18 fuel plates. Both HF and HR
have the same number of the FE plates, but only 9 of these plates are fuel plates, and the
rest are aluminum plates (known as dummy plates) [9]. The IF contains 12 plates, 10 of
these plates are fuel plates, and the remaining are dummy plates [9]. One fuel plate is
positioned in the front end of the IF, followed by a single dummy plate. Whereas, nine fuel
plates are arranged from the rear end, followed by another dummy plate [9]. The gap
between the two dummy plates is approximately 1.182 inches (3 cm) thick to irradiate
samples. The C has 10 fuel plates that are equally apart from each other and placed in the
front and the rear o f the C, leaving a gap in the center of C for the control rod’s (CR) guide
tube [9].
The MSTR core contains 4 CRs: three are known as shim/safety rods (SR), and one
known as regulating rod (RR) [9]. The shim/safety rods are made of borated stainless steel
(SS) with about 1.6 wt% of natural boron [7, 9]. These rods are used for coarse control of
the reactor power and rapid shutdown (safety shutdown) [9]. The regulating rod is a hollow

12
tube made of SS type 304 to provide fine control of the reactor power [9]. Figure 2.4 shows
a sketch diagram of both FE and C with an inserted SR.

Standard Fuel Element

Control Fuel Element

Figure 2.4 Sketch o f FE Left and C with an Inserted CR (Shim/Safety Rod) Right.

2.1.3. MSTR Neutron Beam Port. The neutron beam port is located on the
basement floor of the MSTR (experimental floor) at the same elevation of the reactor core,
as shown in Figure 2.1. It pierces 78 inches (198.12 cm) of a thick reinforced concrete
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(pool wall) toward the reactor core providing a path for neutrons to escape from the reactor
pool when the port is in an “Open” position [9]. It is surrounded by a layer o f aluminumboron carbide (Boral) followed by another layer o f SS to reduce the activation o f both the
SS and the concrete. The thicknesses o f the Boral and the SS layers are 0.935 inches (2.37
cm) and 0.477 inches (1.21 cm), respectively [9, 15]. The MSTR beam tube is an aluminum
tube with three main regions: the first region is located near to the reactor core, a middle
region, and the last region located next to the experimental floor with a length of
approximately 64.25 inches (163.195 cm), 23.25 inches (59.055 cm), and 38.5 inches
(97.79 cm) respectively [9], as shown in Figure 2.5.

® Air.

© Rotating Shutter.

© Lead Plates.

@ Shutter Plug.

© Concrete Wall.

© Aluminum Tube Lined with Boral and SS.
© Five Lead Plates.
® “Open” Port Position.

Neutron Beam Path.
® “Closed” Port Position

Figure 2.5 Cross-Sectional View o f the MSTR Neutron Beam Port.

The first region o f the aluminum tube is a sealed closed-end tube that filled with
the air. The middle tube contains a rotating shutter and five lead shield plates with a total
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thickness of 2.25 inches (5.715 cm) placed in front of the rotating shutter to attenuate the
gamma-ray while the last region is an open-end tube that plugged with the shutter plug [9].
A shutter assembly involves two portions to remotely control the access of the
neutron beam: a fixed shutter plug, and a rotating shutter. Both portions are SS containers
filled with concrete and have a rectangular tube path made of Boral with a cross-section
2.75 inches x 1.75 inches (6.985 cm x 4.445 cm) [9]. There are additional sheets of Boral
covering the front end of both portions to curtail the activation of the SS and the concrete
[9]. Figure 2.5 illustrates the mechanism for controlling the “Open” and “Closed” position.

2.1.4. MSTR Thermal Column. The thermal column is located in front of the
reactor core on the same floor with the beam port, as shown in Figure 2.1. It penetrates the
pool wall with approximately 43.3 inches x 43.3 inches x 68.9 inches (109.982 cm x
109.982 cm x 175.006 cm) of a graphite assembly to provide thermal neutrons for
experimental application, as shown in Figure 2.6 [9]. There is an additional 4 inches (10.16
cm) of lead placed in the front end of the graphite assembly for gamma-ray reduction [9].
Also, the assembly in the pool-side (front side) is covered by an aluminum sheet. The
thermal column assembly protrudes from the pool edge toward the reactor core with about
34 inches (86.36 cm) [9]. The thermal column is shielded by a movable 47.2 inches x 47.2
inches x 59 inches (119.9 cm x 119.9 cm x 149.86 cm) concrete-filled door assembly [9].
The door assembly is an aluminum container with a front-end plate o f Boral (35% B4C) to
reduce the activation of the filled concrete [9]. It has five ports filled with graphite plugs:
four ports have a round shape with 16 inches2 (103.226 cm2) area, and one port has a square
shape with 64 inches2 (412.902 cm2) area [9]. Small samples could be irradiated by
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removing these plugs to access the thermal neutron radiation position [9]. Additionally, the
door assembly could be rolled out to irradiate large samples [9].

( l; Lead Cover.

(2) Graphite Assembly.

(5) Graphite Plug (64 in2).
Aluminum Cover.

(3) Thermal Column Door.

Graphite Plug (16 in2).

(4) Concrete

(V) Boral Plate.

Concrete Wall.

Figure 2.6 Cross-Sectional View of the MSTR Thermal Column.

2.2. MCNP MODEL OF MSTR
The Monte Carlo N-Particle Transport (MCNP) code is a computational tool
developed by the Monte Carlo team at Los Alamos National Laboratory (LANL) [16, 17].
It has been used widely to simulate particle transport in nuclear systems, including
criticality eigenvalue calculations [16, 17]. It relies on the MC method that solves and
analyzes problems by repeating the samples stochastically to obtain the results statistically
[17, 18].
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In 2007-08, an MCNP model o f the MSTR was created by Dr. Jeffrey King based
on available information collected from the MSTR staff, such as the shipping papers and
the blueprints of the MSTR [7, 11, 19]. It was developed using MCNP version 5.1 [20].
The MCNP model utilizes fuels that are considered fresh fuels according to the shipping
document [7, 11, 20]. Moreover, all isotopes that represent the materials in the model were
adjusted with ENDF/B-VI (.66c) cross-section library [7, 11, 20]. That means a constant
temperature o f 293.6 K (universal standard room temp.) has been assumed for the entire
model.
The model was provided to simulate the MSTR within the pool region only. It
includes a detailed geometry o f the reactor pool and the reactor components within the
pool. These components consist o f the core, the core elements, part o f the neutron beam
port, part o f the thermal column, and an empty fuel element storage pit. Whereas, the region
around the pool is filled with concrete and air [7], as shown in Figure 2.7.

Fuel Element Storage Pit

Figure 2.7 Cross-Sectional View o f the MCNP Model o f MSTR Visualized by Vised.
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The MCNP model was designed to be flexible and reconfigurable. Changes in the
operation mode (core positions), the core configuration, and CRs heights could be applied.
The code has been written to include all fuel elements, all in-core experimental elements,
and the source holder [7, 19]. The initial MCNP model was developed to simulate the core
configuration 101 with the W-mode position [19]. Several experimental studies have used
this model as a reference model. These studies have applied the required modifications to
the model in order to compare it with their results.
In 2012, an effort attempted by Richardson [11, 19] to validate the MCNP model
with two experiments performed at the MSTR: approach to criticality and axial flux profile
experiments. The MCNP model was modified to the core configuration at that time, which
was 120 W-mode core configuration, as previously shown in Figure 2.3 but without the
HCRT. This study showed that the predicted results from the MCNP model indicated a
good agreement with the experimental data [11, 19]. This study showed that the results of
the effective multiplication factor (keff) obtained from the MCNP model were slightly
overestimated. The discrepancy in the results can be attributed to two reasons: 1) the
MCNP model utilizes fresh fuel; 2) the assumed constant temperature for the entire model
[11].

2.3. SCALE OVERVIEW
The SCALE code package is a modern and advanced set of computational codes.
It is used for modeling, simulation, and analysis of nuclear systems for design and safety
purposes [21, 22]. It has been developed at Oak Ridge National Laboratory (ORNL), and
it is widely used around the world by the nuclear community since 1980 [23]. The current
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version of SCALE-6.2.3 was released in April 2018 [24]. The main advantage o f using
SCALE-6.2.3 is the availability o f robust calculations that will reduce the requirements o f
the user input and the knowledge o f coding [24]. It offers numerous capabilities and
substantial enhancements in many existing features for reactor physics, isotopic depletion
and decay, cross-section processing, nuclear criticality safety, radiation shielding, and
uncertainty analysis [25, 26]. It provides many computational modulares to serve a wide
range o f nuclear analysis and design areas, including one-dimensional (1D), two
dimensional (2D), and 3D analysis [24]. The current version includes three Monte Carlo
radiation transport solvers and three deterministic radiation transport solvers [24].
Moreover, it has a unique technique that implements both the deterministic and Monte
Carlo solvers for enhanced performance [27]. The following diagram (Figure 2.8)
summarizes the main capabilities o f SCALE-6.2.3.

Figure 2.8 Summary o f the Main Capabilities o f SCALE-6.2.3 [24].
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SCALE-6.2.3 includes up-to-date nuclear data libraries for continuous-energy (CE)
and multigroup (MG) energy treatments [28, 29]. It Involves five neutron libraries and four
couple neutron and gamma libraries, as listed in Table 2.1.

Table 2.1 SCALE 6.2.3 Nuclear Data Libraries [24].

Nuclear
Particles

Library
Name on
SCALE

Description

Neutron

ce_v7.1_endf

Continuous Energy based on ENDF/B-VII.1

v7.1-252n

252 energy groups based on ENDF/B-VII. 1

v7.1-56

56 energy groups based on ENDF/B-VII. 1

ce_v7.0_endf

Continuous Energy based on ENDF/B-VII.0

v7-238

238 energy groups based on ENDF/B-VII.0

v7.1-200N47G

200 neutron, 47 gamma groups based on ENDF/B-VII. 1

v7.1-28N19G

28 neutron, 19 gamma groups based on ENDF/B-VII.1

v7.0-200N47G

200 neutron, 47 gamma groups based on ENDF/B-VII.0

v7.0-27N19G

27 neutron, 19 gamma groups based on ENDF/B-VII.0

Coupled
Neutron
and
Gamma

Another advantage of the current version of SCALE, it provides a user-friendly
Graphical User Interface (GUI) called Fulcrum, as shown in Figure 2.9 [24]. It allows the
user to write, edit, and navigates the input file easily [24]. The geometry of the input file
and its result data for KENO V.a, KENO-VI, and NEWT could be visualized in Fulcrum
[24]. Also, it offers an autocomplete feature that helps the user to complete the input file
for the desired sequence. Besides, it has a validation bar that shows and locates any errors
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in the input file [24]. It can plot the results, generate mixtures table, and calculate the
volumes of the entire problem. [24].

Figure 2.9 Fulcrum GUI of SCALE-6.2.3.

2.4. NEUTRON TRANSPORT OVERVIEW
Studying neutrons as they travel through various mediums is essential for nuclear
scientists and engineers to predict the behavior of the nuclear reactor. The neutron transport
calculations can be classified into two main types: 1) criticality calculations and 2) fixed
calculations. The nuclear reactor is titled as “critical” if the chain reaction is independent
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of time, and the chain reaction is self-sustaining. As for the fixed calculation type, it is a
fixed source calculation that includes dealing with an identified neutron source on a
medium. It can predict the distribution of the neutron throughout the system [30]. The
Boltzmann transport equation (BTE) is known as the most reliable mathematical model to
describe the radiation transport equation [31, 32]. It can solve both types of neutron
transport calculations. In addition, it is an equation that conserves neutrons [33]. The
neutron transport equation is represented by Equation (2.1).
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where (A), (B), (C), (D), and (E) terms are the rate of change, the production (in
scattering), the out-scattering and the absorption, the net out-leakage, and the source term.
There are two approaches usually used to solve the radiation transport problem: 1)
deterministic and 2) stochastic (Monte Carlo) [34]. Both approaches have drawbacks when
working separately. The deterministic approach delivers answers everywhere. However, it
required a large computer memory. The stochastic approach gives a more accurate solution,
but it also suffers from the necessity for long computational time. In recent years, a third
approach has gained much popularity, which is called the hybrid approach. This approach
utilizes both previous approaches (deterministic and stochastic) to overcome their issues
[35].
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2.4.1. Stochastic (Monte Carlo). To solve the Boltzman transport equation, the
Monte Carlo approach uses a stochastic method. There is a certain probability that comes
out from the interaction between the atoms and particles. These probabilities help Monte
Carlo to simulate the distance traveled by each individual particle through a medium. This
approach is more accurate if a high number of iterations was applied, which leads to less
amount of error, but requires longer computational time [36, 37].

2.4.2. Deterministic. Deterministic programs solve the Boltzman transport
equation by utilizing discrete ordinates. It is an excellent approach to distinguish between
neutrons in the entire system based on any differences they have, such as the weight
difference, or characteristic [38].

2.4.3. Hybrid. While the two previous approaches have their positives and
negatives, this approach combined both of them to achieve a more reliable method when
dealing with complicated geometries. As being mentioned earlier, Monte Carlo gives the
highest accuracy, but it consumes an extreme amount of time; while, the deterministic
method is faster but gives the least responsible results and needs a large size of memory.
The hybrid approach has joint the advantages of both approaches and created an approach
that can give more reasonable results than the deterministic approach in a shorter period
compared with the Monte Carlo approach.

2.5. NATURAL DISASTERS
Natural disasters can cause a devastating outcome. They can come in many shapes
such as tornadoes, volcanoes, earthquakes, storms, or hurricanes. Based on the severity of
the destruction, natural disasters are being labeled. For example, tornadoes are classified
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using the enhanced Fujita scale, as shown in Figure 2.10. On the enhanced Fujita Scale,
both EF-4 and EF-5 can seriously damage steel-reinforced concrete structures [39].

M Light: 65-85 MPH
□ M oderate: 86-110 MPH
j | Considerable: 111-135 MPH
□ SEVER: 136-165 MPH
| Devastating: 166-200 MPH
EF

L | Incredible: > 200 MPH

Figure 2.10 Enhanced Fujita Scale for Wind Speed.

2.5.1.

Declared Natural Disasters in the State of Missouri. The state of Missouri

has recorded several natural disasters over the years. According to the Missouri Department
of Public Safety, there were 4,435 major disasters due to natural causes between May 22,
1957, and May 20, 2020 [40]. On the same list, a significant jump in the number of major
disasters was noticed in the last decade. One of the most recent devastating disasters in
Missouri was the despicable tornado that hit Joplin, MO, in 2011. This tornado was
classified as EF-5 (the highest rank on the Enhanced Fujita Scale). The speed of the wind
exceeded 200 miles (322 km) [41]. Most buildings were annihilated, and infra-structure
suffered from severe damage, as shown in Figure 2.11 [42].
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Figure 2.11 An Aerial View o f Some Destructed Buildings in Joplin, MO Due to a
Tornado Strike in 2011.

2.5.2.

Nuclear Reactors and Natural Disasters Risk. When building nuclear

reactors, it is essential to study the effect of natural disasters on nuclear facilities. Many
nuclear power plants have experienced the devastating outcome of encountering a natural
disaster. In 1993, Cooper nuclear power station was forced to shutdown the reactor after
being flooded with water from the Missouri River [43, 44]. In 1998, Davis-Besse nuclear
power station was hit by an F2 tornado (wind speed was ~251 km/hr). The nuclear power
station was forced to shutdown due to the loss of power [45]. Other phenomena such as
earthquakes, wildfires in the forests, and lightning can increase safety risks at nuclear
facilities. To this end, this work has provided two accident scenarios for the MSTR. A
computational model has been developed to simulate the radiation dose during the transient
state.
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3. 3D GEOMETRICAL MODEL OF MSTR USING SCALE-6.2.3/ SGGP

Based on the available information of MSTR, the SCALE-6.2.3 model of MSTR
with a detailed and realistic geometry was developed in this work. Detailed information
about the compositions of the materials of the reactor pool, part of the thermal column, part
of the beam port, and the reactor core geometries was collected from the validated MCNP
model of the MSTR [7]. The blueprint of the MSTR structure and the annual progress
report given by the MSTR staff [9] provided the rest information of the whole MSTR
building, the thermal column, and the beam port. Table 3.1 shows a list of all materials
composition used in the SCALE-6.2.3 model. The first step in developing the SCALE6.2.3 model of the MSTR was to build a flexible 3D geometric model of the MSTR. Two
packages within the SCALE-6.2.3 could build a 3D geometry: a simple geometrical
package, which is executed in KENO-V.a, and a SCALE Generalized Geometry Package
(SGGP), which is executed in KENO-VI. The geometry package that implemented in
KENO-V.a has stringent rules to build the geometry. One of these restricted rules is that
the intersection of the shapes is not allowed [28], while SGGP is a quadratic-based
geometry system that allows more flexibility in building geometries [28]. Due to the
complexity of the curvature of the fuel plate, the 3D model was built using SGGP. In
SGGP, the geometry builds as a combination of sections called units that hold together
inside the global unit. Each unit builds through a combination of regions called media. The
unit should be bounded by one of the enclosed shapes of SGGP, such as cuboid, cylinder,
sphere, cone, etc. Each region made up of SGGP shapes either individual shape or an
enclosed intersection of shapes. In addition, each region consists a defined material.

Table 3.1 Material Composition Used in the SCALE-6.2.3 Model.

Material

Isotopic composition (Density [atom/b-cm])

Concrete [7]

H -l

(-1.37398E-02)

H-2

(-1.55374E-06)

0-16

(-4.60374E-02)

0-17

(-1.75001E-05)

Na-23 (-1.74714E-03)

Al-27

(-1.74535E-03)

Si-28

(-1.53272E-02)

Si-29

(-7.79162E-04)

Si-30

(-5.13063E-04)

Ca-40

(-1.47419E-03)

Ca-42

(-9.83897E-06)

Ca-43

(-2.05295E-06)

Ca-44 (-3.17219E-05)

Ca-46

(-6.08283E-08)

Ca-48

(-2.84372E-06)

Fe-54

(-2.02805E-05)

Fe-56

(-3.18518E-04)

Fe-57

(-7.35984E-06)

Fe-58

(-9.81312E-07)

U3Si2-Al

Al-27

(-3.97014E-02)

Si-28

(-5.40079E-03)

Si-29

(-2.74208E-04)

Si-30

(-1.80776E-04)

as specified-fuel
m eat 171

U-235 (-1.75488E-03)

U-238

(-7.04044E-03)

1100-series A1

Al-27

(-6.04089E-02)

Cu-63

(-2.21819E-05)

Cu-65 (-9.91232E-06)

Wrought 6061

Al-27

(-5.86979E-02)

Si-28

(-3.68425E-04)

Si-29

(-1.87213E-05)

Si-30

(-1.23608E-05)

Al-alloy

Mg-24 (-4.99376E-04)

Mg-25

(-6.32202E-05)

Mg-26 (-6.96055E-05)

Fe-54

(-7.98053E-06)

Fe-56

(-1.25588E-04)

Fe-57

(-2.88019E-06)

Fe-58

(-3.60024E-07)

Cr-50

(-2.94020E-06)

Cr-52

(-5.63438E-05)

Cr-53

(-6.36042E-06)

Cr-54

(-1.56010E-06)

Cu-63

(-4.86633E-05)

G rid plate [7]

C ladding [7]

Cu-65 (-2.17215E-05)
to

On

Table 3.1 Material Composition Used in the SCALE-6.2.3 Model (Cont.).

Material

Isotopic composition (Density [atom/b-cm])

Cast A356-T6 Alalloy

Al-27

Si-28

(-3.65914E-03) Si-29

(-1.85806E-04)

Si-30

(-1.22466E-04)

F uel elem ent handle Mg-24 (-1.67260E-04)

Mg-25

(-2.11748E-05) Mg-26

(-2.33134E-05) Ti-46

(-3.60452E-06)

m

304 stainless steel

(-5.50927E-02)

Ti-47

(-3.25062E-06)

Ti-48

(-3.22091E-05) Ti-49

(-2.36369E-06) Ti-50

(-2.26320E-06)

Fe-54

(-1.84025E-06)

Fe-56

(-2.90879E-05) Fe-57

(-6.52993E-07) Fe-58

(-1.18726E-07)

Zn-64

(-3.55301E-06)

Zn-66

(-2.05924E-06) Zn-67

(-3.01949E-07) Zn-68

(-1.40036E-06)

Zn-70

(-4.64480E-08)

Mn-55

(-5.87694E-06) Cu-63

(-1.72153E-06) Cu-65

(-7.71719E-07)

Fe-54

(-3.46935E-03)

Fe-56

(-5.44615E-02) Fe-57

(-1.25772E-03) Fe-58

(-1.67392E-04)

Cr-50

(-7.57274E-04)

Cr-52

(-1.46028E-02) Cr-53

(-1.65581E-03) Cr-54

(-4.12141E-04)

Ni-58

(-5.25529E-03)

Ni-60

(-2.02440E-03) Ni-61

(-8.79648E-05) Ni-62

(-2.80625E-04)

Ni-64

(-7.14930E-05)

Mn-55

(-1.73627E-03)

Regulating ro d [7]

Natural cadmium*

Graphite*
Natural Lead*

Cd-106 (-5.78575E-04)

Cd-108 (-4.11945E-04) Cd-110

(-5.78112E-03) Cd-111

(-5.92461E-03)

Cd-112 (-1.11688E-02)

Cd-113 (-5.65615E-03) Cd-114

(-1.32980E-02) Cd-116

(-3.46682E-03)

Pb-206 (-7.94288E-03) Pb-207

(-7.28372E-03) Pb-208

(-1.72700E-02)

(-9.03239E-02)
Pb-204 (-4.61412E-04)

* SCALE-6.2.3 Standard Composition
to

Table 3.1 Material Composition Used in the SCALE-6.2.3 Model (Cont.).

Material

Isotopic composition (Density [atom/b-cm])

Water*

H -l

(-6.68482E-02)

0-18

(-6.85273E-05)

C-12

Dry Air*

Boral [46]

H-2

(-7.68843E-06)

0-16

(-3.33467E-02)

0-17

(-1.27026E-05)

(-7.50000E-09)

C-13

(-8.11180E-11)

N-14

(-3.93297E-05)

N-15

(-1.43683E-07)

0-16

(-1.05793E-05)

0-17

(-4.02993E-09)

0-18

(-2.17404E-08)

B-10

(-7.68438E-03)

B -l 1

(-3.09306E-02)

C-12

(-9.53784E-03)

C-13

(-1.03159E-04)

Al-27

(-3.67040E-02)

H -l

(-3.52114E-02)

H-2

(-4.04986E-06)

C-12

(-1.78697E-03)

C-13

(1.93274E-05)

0-16

(-3.85885E-02)

Na-23

(-2.55561E-04)

Al-27

(-2.81649E-03)

Si-28

(-6.27786E-03)

Si-29

(-3.18920E-04)

Si-30

(-2.10481E-04)

Cl-35

(-5.63783E-06)

Cl-37

(-1.80387E-06)

K-39

(-1.40865E-04)

K-40

(-1.76726E-08)

K-41

(-1.01659E-05)

Ca-40

(-2.19918E-04)

Ca-42 (-1.46777E-06)

Ca-43

(-3.06258E-07)

Ca-44

(-4.73224E-06)

Ca-46

(-9.07345E-09)

Ca-48 (-4.24224E-07)

Ti-46

(-8.53475E-06)

Ti-47

(-7.69679E-06)

Ti-48

(-7.62645E-05)

Ti-49

(-5.59672E-06)

Ti-50

(-5.35879E-06)

Mn-55 (-1.79163E-05)

Fe-54

(-4.82176E-05)

Fe-56

(-7.56914E-04)

Fe-57

(-1.74804E-05)

Fe-58

65% A l 35 % B 4C

Soil [29]

(-2.32632E-06)

* SCALE-6.2.3 Standard Composition
to
00

29
The SCALE-6.2.3/SGGP model of the MSTR was built within two major units: a
main unit that contains several units hold together to represents the core of the MSTR, and
a global unit that represents the entire building including the neutron beam port and the
thermal column.

3.1. THE MAIN UNIT/ MSTR CORE
The challenge in developing a flexible geometry o f the MSTR core was due to the
curvature of the MTR fuel plates. SGGP does not deal with closed intersecting shapes as a
boundary of the unit. Assumption (A) has an irregular shape boundary. While (B) has a
regular shape boundary with a missing portion of the fuel element. Figure 3.1 shows that
both (A) and (B) assumptions are having a problem when building the fuel element lattice
geometry.

Figure 3.1 MSTR Fuel Assembly Lattice. (A) Irregular Boundary Shape. (B) Regular
Boundary Shape Assumption.

To overcome this challenge, a 3D model of the MSTR core was built as the main
unit that contains nine single units, which represent the columns of the core configuration.
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Every single unit contains six positions, which represent the rows of the reactor core, as
illustrated in Figure 3.2-A. All core elements assemblies that represent the MSTR core
were written in the code in such a flexible manner that allows the user to fill these six
positions with the desired element or fill it with water. Also, it allows the user to modify
the height of the CRs easily. Figure 3.2-B shows an example of the reactor core filled with
elements for MSTR core configuration 120.

Positions in cm
© x= -30.84
© x = -23.13
® x = - 15.42
© x=-7.71
© x= 0
© x - 7.71
© x = 15.42
® x = 23.13
® x= 30.84
® y= 20.25015
® y= 12.15009
© y= 4.05003
© y= -4.05003
© y = -12.15009
® y = -20.25015

Unit 7 (A-F)

MSTR Core
Configuration 120

Figure 3.2 The Procedure for Building the SCALE-6.2.3 Model of the M STR Core. (A)
Empty Core. (B) Filled Core.
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Each fuel assembly was built with a unique specification material number for the
fuel, clad, and the moderator between the plates. Also, each fuel plate was divided into
three zones, as shown in Figure 3.3 for M G treatment purpose, and to modify the
temperature for each zone in the future work.

Figure 3.3 The Vertical Zones of the MSTR Core Model Visualized by Fulcrum.

3.2. THE GLOBAL UNIT/ THE ENTIRE BUILDING OF MSTR
The global unit contains the entire geometrical building, which consists of the
concrete structure, the pool, and three levels of floors: the work floor, the intermediate
floor, and the experimental floor. Besides, two experimental facilities were included in the
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experimental floor of the SCALE-6.2.3 model: the neutron beam port, and the thermal
column. The core unit is holed in the global unit and allowing the user to change its position
(T-mode or W-mode). Figure 3.4 illustrates the geometrical components of the global unit
after the core unit was placed.

Figure 3.4 Cross-Sectional Views of the SCALE-6.2.3 Model Visualized by Fulcrum.

3.2.1. The Neutron Beam Port. The geometry of the neutron beam port was built
according to the available drawing design [9, 15]. Some missing details have been
assumed. The thickness of the Boral sheets that covered both portions of the shutter
assembly was assumed to be approximately 0.118 inches (0.3 cm). Also, the thickness of
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the SS of the container was assumed to be about 0.098 inches (0.25 cm). The geometry of
the beam port was written in a flexible manner that allows the user to control the rotating
shutter (“Open” and “Closed” position) to perform any experimental study. They could
achieve that by rotating the regions that represent the rotating shutter and placing a sample
by changing its origin to x= 273.818 cm, y= -234.76 cm, and z= 3.7225 cm to reach a
distance of 3.937 inches (10 cm) from the port. Figure 3.5 illustrates the “Closed” position
and the “Open” position of the beam port.

Figure 3.5 XY Cross-Section View of the Neutron Beam Port of the SCALE-6.2.3 Model
at Z=35. (A) “Closed” position. (B) “Open” position.

3.2.2. The Thermal Column. Similarly to the beam port, the geometry of the
thermal column was created according to the available drawing design [9]. The missing
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details have been assumed. The thickness of the aluminum cover was set to be
approximately 1 inch (2.54 cm). Furthermore, the thicknesses of both the aluminum liner
and the aluminum door container were assumed to be 0.5 inches (1.27 cm). The geometry
of the thermal column was written in a flexible way that allows the user to perform any
experimental study by removing one or more of the graphite plugs to access the thermal
neutron radiation position. That could be done by filling the region of the graphite plug
with air instead of graphite and placing a sample at the thermal neutron area. Since there
are five plugs, the suggested positions that could access the thermal neutron areas are at
the four corners ports with origin x=±35.56 cm y=-213.5048 cm z=±35.56 cm, and one at
the middle port with origin y=-213.5048 cm. Figure 3.6-A, and Figure 3.6-B show the
thermal column with graphite plugs installed, and removed, respectively.

Figure 3.6 XY Cross-Section View of the Thermal Column of the SCALE-6.2.3 Model at
Z=35.56. (A) Graphite Plugs Installed. (B) Graphite Plugs Removed.
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The created 3D SCALE-6.2.3 model could be used in any sequence within the
SCALE-6.2.3 package that uses 3D SGGP (KENO-VI) to solve and analyze essential
problems. For example, it could be used for criticality calculations using the Criticality
Safety Analysis Sequence (CSAS6) [47], shielding analysis using MAVRIC [48], and the
depletion analysis using the Transport Rigor Implemented with Time-dependent Operation
for Neutronic depletion (TRITON/T6-DEPL) [49].

36

4. GUI OF SCALE-6.2.3 MODEL

In the last few years, numerous tools have been created to help the organization and
management of a large amount of data for coding. A complicated set of calculations is
required for preparing the input data and even extra effort to analyze and provide the output.
The implementation of the Microsoft Excel spreadsheet is strongly suggested to control the
code input data. To accomplish this task more conveniently, the required set of calculations
could be automatically carried out by macros [50]. In our case, the input file for the nuclear
coding simulation model can be generated by using programmed macros via a user-friendly
interface. Fulcrum, which is the GUI interface of SCALE-6.2.3, utilizes command lines for
building the model. However, users would prefer to use a graphical interface to generate
the input file. This step will help the user to visualize the model and modify the parameters.
The Microsoft Excel Visual Basic for Applications (VBA) is a powerful tool that can be
used to create a user-friendly interface. In the current work, the Excel worksheet was used
to input the data and was combined with the VBA to create the interface.
During the use of the 3D SCALE-6.2.3 model of the MSTR, it was found that the
maximum command lines were 22,125 lines in case of the core configuration is filled with
the fuel elements and control rods. Whereas, the minimum lines of commands were 1,304
lines when the reactor core is empty. This high number of command lines requires a
significant amount of time to manage the code in order to generate the input file. To avoid
wasting time in making frequent changes to the 3D SCALE-6.2.3 model of the MSTR, a
friendly GUI was developed. This friendly GUI was developed using VBA within
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Microsoft Excel. Currently, it only includes the parameters of the CSAS6 sequence. Figure
4.1 shows the designed GUI for the SCALE-6.2.3 model of the MSTR.

Figure 4.1 The GUI for the SCALE-6.2.3/CSAS6 Model of the MSTR.

The created GUI allows the user to modify and visualize the core configuration
with the desired core elements by selecting from the core lattice list. The core lattice lists
contain all core elements mentioned in Section 2.1.1. Alternatively, the user can generate
an input file with any of the available M STR’s core configurations by selecting from the
MSTR core configuration list. The MSTR core configuration list includes 101, 118, 120,
121, 122, 124, 125, 126, 127, and 128. In addition, the CR height of the selected C can be
modified easily by typing the desired height in the specific box either in inch or cm. The
user can choose one of the operational modes W-mode or T-mode. Figure 4.2 illustrates an
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example of the developed GUI, which is ready to generate the input file of the SCALE6.2.3 model of the MSTR or just run it directly.

Figure 4.2 The 128 W Core Configuration Visualized by the Implemented GUI.

The current GUI allows the user to modify the CSAS6 sequence parameters. It
includes two grid geometry generators, one for the convergence diagnostic, and one to
collect the fission distribution as a mesh source. This GUI has the ability to lock the
generation of the input files until the core configuration is filled out completely, and the
nuclear data library is selected.

This feature helps the users to avoid any undesired

confusion during the process of generating the input file. The friendly GUI can also
generate the input file automatically for SCALE-6.2.3 in less than 10 seconds on a standard
personal computer.
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5. SCALE-6.2.3 MODEL VALIDATION

5.1. METHODOLOGY
This section focuses on validating the SCALE-6.2.3 model of the MSTR by
performing criticality calculations using the Criticality Safety Analysis Sequence (CSAS6)
within the SCALE-6.2.3 package and applying the apple to apple comparison. Three sets
of the criticality calculations were performed by both the SCALE-6.2.3/CSAS6 model and
the validated MCNP model (reference model). The three sets of calculations are
determining the control rod worth (Ap), the effective multiplication factor (keff) at different
CR heights [11], and predicting the critical CR height for each model by simulating the
approach to criticality. For reasonable comparison, both models were run under the same
conditions. These conditions include: using same nuclear data library ENDF/B-VII.1, the
temperature set to be 293.6 K for all materials that present in the model, the core
configuration was selected base on the core configuration used in the experimental
validation [11] which was the 120W core configuration, but without the hot cell rabbet tube
element (HCRT), as shown in Figure 5.1, fresh fuels were utilized, and the initial neutron
source was assumed to be a uniform source distribution throughout the fissile material for
both models. Also, both SCALE-6.2.3 and MCNP6 models were run with 1,015
generations (GEN), 15 generations to be skipped (NSK), and 20,000 particles in each
generation (NPG) for the entire study.
Since SCALE-6.2.3/CSAS6 can run using either continuous energy (CE) cross
section or multigroup (MG) cross-section, it is essential to investigate the computational
accuracy of both treatments. So the SCALE-6.2.3/CSAS6 model was run using both the
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CE data library (ce_v7.1_endf), and the M G with 252-group neutron library (v7.1-252n).
SCALE-6.2.3 provides four options for the M G treatment: INFHOMMEDIUM for a large
homogeneous medium, LATTICECELL for a large lattice cell, MULTIREGION for a
more complicated geometry than the lattice cell, and DOUBLEHET for the doublyheterogeneous system [29]. Since the LATTICECELL option is appropriate for arrays of
plate fuel bodies, it was chosen for the M G treatment. Moreover, the diagnostic of the
fission source convergence has been applied to ensure confidence in the obtained results
of k eff. The fission source convergence diagnostic in the CSAS6 is based on the Shannon
entropy of the fission source on a default mesh (125 voxels over the entire geometry) or a
user-defined mesh [28, 29]. In all SCALE-6.2.3/CSAS6 model runs, the source
convergence diagnostic (SCD) parameter was set to 1, which represents the ID number of
the grid that defined over the entire geometry with 737,450 voxels.

Figure 5.1 Cross-Sectional View of the 120 Core Configuration Without HCRT
Visualized by Fulcrum.
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The following Equations (5.1) and (5.2) were used to determine the bias Ak in
percent mille (pcm) for the determined multiplication factor and its uncertainty o Ak (pcm)
[51]:
A k = ( k e f f - k f ) • 105

(5.1)

°Ak = J (O k ,„ + ^keff2) * 105

(5 2)

where k eff and o keff are the determined multiplication factor and its uncertainty,
respectively. While keff and okeff are the reference multiplication factor and its uncertainty,
respectively.
To begin the validation, the MCNP model was run using the MCNP5 version with
the same nuclear data library ENDF/B-VI (.66c), conditions, and the CR heights that used
in the past [11] to ensure that the current MCNP model is the same model that used in that
study. The KCODE within MCNP was employed in all runs to determine the k eff. The
results were listed and plotted in Table 5.1 and Figure 5.2, respectively. It illustrated that
the biases for all CR positions were negligible compared to the reference results. The biases
were ranged between -37 pm to 20 pcm. The results confirmed that the current MCNP
model of the MSTR is the same model that was used in the past study [11].
Since the SCALE-6.2.3 version comes with the ENDF/B-VII.1 library, the next
step was to establish a reference model for the validation process based on the same nuclear
data library (ENDF/B-VII.1). So the MCNP model was run again at the same conditions
but with version 6, and the nuclear data library ENDF/B-VII.1 (.80c). The MCNP6 results
demonstrated that the biases for all CR positions were negligible compared to the reference
results. The biases were ranged between from 4 to 63 pcm. Thus, the MCNP6 was adopted
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to be used as a reference model for the validation process over the MCNP5 regardless of
having the same results from both versions.

Table 5.1 MCNP Model Results.

CR
height
(in.)

MCNP5
(Ref.) [11]

MCNP5 (ENDF/B-VI)

k eff ± l a
(pcm)

k eff ± l a
(pcm)

Ak (pcm)
± l a Ak (pcm)

k eff ± l a
(pcm)

Ak (pcm)
± l a Ak (pcm)

14

0.97987±17

0.97983±17

-4±24

0.97991±18

4±25

15.5

0.98692±17

0.98712±17

20±24

0.98755±17

63±24

17.25

0.99422±18

0.99385±18

-37±25

0.99463±18

41±25

18.25

0.99733±17

0.99717±18

-16±25

0.99766±17

33±24

20

1.00164±17

1.00165±17

1±24

1.00193±17

29±24

MCNP6 (ENDF/B-VII.1)

Figure 5.2 The Plot o f the MCNP M odel’s Results.
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5.2. GEOMETRICAL CONFIGURATION
Three geometrical configurations were examined starting from the simple
configuration, which is the core (the main unit only), to the high-fidelity configuration,
which is the entire MSTR. Testing different geometrical configurations helps to obtain a
reliable model that will give the closest agreement with the obtained results from the
MCNP6 with the least calculation time. The three geometrical configurations were: (a) the
MSTR core, (b) the MSTR pool which contains identical geometry of the MCNP model,
and (c) the high-fidelity model which includes configurations (a) and (b) plus fully detailed
thermal column and beam port with the entire MSTR building structure. Figure 5.3 shows
the three geometrical configurations after both air and water were hidden.

Figure 5.3 The Three Geometrical Configuration Models Visualized by Keno3D: (a) the
MSTR Core, (b) the MSTR Pool, and (c) the High-Fidelity Model.
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5.3. NUMERICAL CRITICALITY CALCULATIONS RESULTS AND
DISCUSSION
The criticality of the reactor is described by an eigenvalue called multiplication
factor k (kro for an infinite reactor and k eff for a finite reactor). The value of the
multiplication factor acts as an indicator of the reactor criticality. Another parameter that
is commonly used in the criticality calculation is the reactivity (p). It depends on k eff value,
as shown in Equation (5.3) [52]:

P=

(k eff - 1)
k eff

(5.3)

One of the essential parameters in designing the reactor core is the CR worth Ap
(%) [53], which represents the change in the p due to the change in the CR configuration,
as shown in Equation (5.4) [54].
.
I
Ap — |P(n)

I „nnni
|k eff,(n) —keff,(0) I „nnni
P(o)I * 100% — e
■
* 100%
k eff,(n)k eff,(0)

rc A\
(5.4)

where (n) represents the current CR position, and (0) represents the reference CR position.

5.3.1.

Control Rod Worth. The first step of the validation was examining the three

geometrical configurations models by determining the Ap for each model and compare it
with that obtained by MCNP6 (reference model). The Ap was determined using Equation
(5.4). The reference multiplication factor k eff,(0) was determined when all CRs were fully
inserted into the core, while the current multiplication factor k eff,(n) was determined when
all CRs were fully withdrawn out of the core. For the MCNP6 model, the CR worth was
determined, and it was 10.7775% ~ 10.8%. The three geometrical configuration models of
SCALE-6.2.3/CSAS6 were run with both CE cross-section treatment and LATTICECELL
in M G cross-section treatment. The result of the Ap for both cross-section treatments was
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determined to be 11.809%~1L8% and 11.843%~ 11.8% in CE and MG treatments,
respectively, for the model (a). For model (b), the Ap was 10.817%~10.8% and
10.854%~10.9% in CE and M G treatments, respectively. As for the high-fidelity model
(c), the Ap was found to be 10.792%~10.8% and 10.831%~10.8% in CE and M G
treatments, respectively. All these results are presented in Table 5.2.

Table 5.2 Control Rod Worth Results.

CR
height
(in.)
0

100

Models

k eff ± l a
(pcm)

Ap (%)

CPU
Time
(Hrs.)

MCNP6

0.90894±18

-

91.5

(a)/CE

0.88631±20

-

138

(a)/MG

0.88618±19

-

141

(b)/CE

0.90961±18

-

160

(b)/MG

0.90979±19

-

162

(c)/CE

0.90950±20

-

162

(c)/MG

0.90948±20

-

163.5

MCNP6

1.00765±17

10.778

92.4

(a)/CE

0.98992±21

11.809

150

(a)/MG

0.99009±19

11.843

153

(b)/CE

1.00888±21

10.817

173

(b)/MG

1.00947±19

10.854

163

(c)/CE

1.00849±19

10.792

172

(c)/MG

1.00886±20

10.831

173.5
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From these results, the model (a) was eliminated due to the disagreement with the
MCNP6 results. While the results o f Ap obtained from geometrical configuration models
(b) and (c) showed good agreement compared with the reference model. For that reason,
both models will be further investigated for the second set of the criticality calculations.
The output files obtained by the SCALE-6.2.3/CSAS6 runs showed that the source
convergence diagnostic had passed the convergence test. Besides, The values o f k eff
through all generations that specified were plotted to illustrate the convergence o f the k eff.
Also, the Shannon entropy through the specified generations was plotted to demonstrate
that the source well converged. Figure 5.4 and Figure 5.5 shows an example of the
convergence plot obtained from the model (c) with CE, and MG, respectively.

Figure 5.4 The Convergence Plots for the k eff and the Shannon Entropy Resulted From
the Model (c) With CE When All CRs Were Fully Withdrawn.
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Figure 5.5 The Convergence Plots for the k eff and the Shannon Entropy Resulted From
the Model (c) With MG When All CRs Were Fully Withdrawn.

Moreover, the axial fission rate distribution o f the fuel zone, which is from -11.625
inches to 11.625 inches (-29.5275 cm to 29.5275 cm), was plotted to increase the
confidence o f the source convergence. An example o f this plot shown in Figure 5.6.

Figure 5.6 The Axial Fission Rate Distribution o f the Front Plate o f the Fuel Element
Located in D6 for the Model (c) With Both CE and MG When All CRs Were Fully
Withdrawn.
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5.3.2. The Multiplication Factor. This set of calculations was performed to check
the ability of the SCALE-6.2.3/CSAS6 model in determining the keff for different CR
height positions. The CR height positions in this set of calculations were 14 inches, 15.5
inches, 17.25 inches, 18.25 inches, and 20 inches (35.56 cm, 39.37 cm, 43.815 cm, 46.355
cm, and 50.8 cm). The positions of the CR were chosen according to the past study [11]
for validating the MCNP model. The difference of the multiplication factor (bias Ak)
between the SCALE-6.2.3/CSAS6 model and the reference model was calculated using
Equations (5.1) and (5.2). The results were listed in Table 5.3 and plotted in Figure 5.7.
These results revealed that the k eff values obtained by the SCALE-6.2.3/CSAS6 model
have a good agreement with the reference model (with biases less than 200 pcm) for all
geometrical models with both treatments CE and MG. The biases for the model (b) that
obtained from CE and M G were ranged between 62-170 pcm, and 122-183 pcm,
respectively. While the k eff values for the model (c) were ranged between 50-120 pcm and
84-165 pcm for CE and MG, respectively.

Figure 5.7 The Plot of the k eff Results vs. CR Height From Both Models.
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Table 5.3 The Results of the keff in Different CR Heights.

Ak (pcm)

Ak (pcm)

± l a Ak (pcm)

± l a Ak (pcm)

CPU
Time
(Hrs.)

0.97991±18

Ref.

-

91.6

(b)/CE

0.98118±20

127±27

Ref.

171.8

(b)/MG

0.98145±21

154±28

27±29

167

(c)/CE

0.98111±20

120±27

Ref.

170

(c)/MG

0.98114±20

123±27

3±28

169

MCNP6

0.98755±17

Ref.

-

91.75

(b)/CE

0.98794±18

39±25

Ref.

172.5

(b)/MG

0.98793±20

38±26

-1±27

169.6

(c)/CE

0.98815±18

60±25

Ref.

171

(c)/MG

0.98844±21

89±27

29±28

170

MCNP6

0.99463±18

Ref.

-

91.72

(b)/CE

0.99499±19

36±26

Ref.

171.8

(b)/MG

0.99559±18

96±25

60±26

168

(c)/CE

0.99513±19

50±26

Ref.

170.5

(c)/MG

0.99547±19

84±26

34±27

170

MCNP6

0.99766±17

Ref.

-

91.73

(b)/CE

0.99899±18

133±25

Ref.

169

(b)/MG

0.99860±20

94±26

-39±27

169.6

(c)/CE

0.99864±18

98±25

Ref.

171

(c)/MG

0.99877±19

111±25

13±26

170

MCNP6

1.00193±17

Ref.

-

92.8

(b)/CE

1.00292±20

99±26

Ref.

174

(b)/MG

1.00342±20

149±26

50±28

169.75

CR height
(in.)

Models

14

MCNP6

15.5

17.25

18.25

20

k eff (pcm)
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Table 5.3 The Results of the k eff in Different CR Heights (Cont.).

CR height
(in.)

Models

20

(c)/CE
(c)/MG

Ak (pcm)

Ak (pcm)

± l a Ak (pcm)

± l a Ak (pcm)

CPU
Time
(Hrs.)

1.00311±21

118±27

Ref.

172

1.00358±20

165±26

47±29

171

k eff (pcm)

Although both geometrical configuration models (b) and (c) showed a good
agreement with the MCNP6 model, the latter was selected for the determination of the
critical control rod position. The reason for selecting the model (c) is due to the fact that it
is a high-fidelity model that will serve as a comprehensive model for any future studies of
the MSTR.

5.3.3. Determination of the Critical Position of the Control Rod Height. The
last set of calculations was performed to determine the position of the CR height that makes
the core configuration in a critical condition. It was found that the subcritical multiplication
factor (M) has a great agreement in predicting the critical position of the control rod height
[55] by plotting the curve of the inverse of the subcritical multiplication factor (1/M )
versus the control rod height for equal steps of the control rod withdrawal. The 1/M could
be determined by the neutron level N, the neutron count rate C, or by the k eff, as shown in
Equation (5.6) [55]. The criticality occurs once the 1/M is equal to zero. In the past study
[11], the critical CR height was estimated at 19.33 inches (~49.1 cm) for the MCNP5 model
that runs with nuclear data library ENDF/B-VI (.66c). In this section, the high-fidelity
SCALE-6.2.3/CSAS6 model will be the scope of the study. The CR was withdrawn in
equal steps, 1 inch (2.54 cm) each time, starting from 14 inches (35.56 cm) of the CR
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height. The result of the k eff was recorded, and 1/M was calculated in each step using
Equation (5.6).

M=

No

M

Cn

N (n)

(5.5)

1 - k eff

C(n)

(5.6)
= 1 - k eff,(n)

When the CR withdrawal increases, the value o f the 1/M approaches zero. By
monitoring the value of k eff and p, it was found that the CR withdrawal reached the
supercritical condition for the SCALE-6.2.3/CSAS6 model at 19 inches (48.26 cm) using
both CE and MG. While the MCNP6 model reached the supercritical at 20 inches (50.8
cm). Both results of the supercritical positions were highlighted in Table 5.4, which
presents the recorded k eff in each step.

Table 5.4 The Results of the k eff for each CR Withdrawal.

CR
height
(in.)
14

15

16

Ak (pcm)

Ak (pcm)

± l ffAk
(pcm)

± l ffAk
(pcm)

1/M

-2050

Ref.

-

0.02009

0.98111±20

-1925

120±26

Ref.

0.01889

(c)/MG

0.98114±20

-1922

123±26

3±28

0.01886

MCNP6

0.98504±18

-1519

Ref.

-

0.01496

(c)/CE

0.98586±19

-1434

82±26

Ref.

0.01414

(c)/MG

0.98661±19

-1357

157±26

75±27

0.01339

MCNP6

0.98941±18

-1070

Ref.

-

0.01059

Models

k eff±1o
(pcm)

P
(pcm)

MCNP6

0.97991±17

(c)/CE
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Table 5.4 The Results of the keff for each CR Withdrawal (Cont.).

CR
height
(in.)
16

17

18

19

20

Ak (pcm)
±l^Ak
(pcm)

Ak (pcm)
± lCTAk
(pcm)

1/M

-941

127±25

Ref.

0.00932

0.99069±20

-940

128±27

1±27

0.00931

MCNP6

0.99335±17

-669

Ref.

(c)/CE

0.99412±18

-591

77±25

Ref.

0.00588

(c)/MG

0.99464±19

-539

129±25

52±26

0.00536

MCNP6

0.99652±18

-349

Ref.

(c)/CE

0.99787±18

-213

135±25

Ref.

0.00213

(c)/MG

0.99810±21

-190

158±28

23±28

0.0019

MCNP6

0.99944±18

-56

Ref.

(c)/CE

1.00031±23

31

87±27

Ref.

-0.00031

(c)/MG

1.00074±20

74

130±27

43±28

-0.00074

MCNP6

1.00193±17

193

Ref.

(c)/CE

1.00311±21

310

118±21

Ref.

-0.00311

(c)/MG

1.00358±20

357

165±20

47±29

-0.00358

Models

k eff±1o
(pcm)

P
(Pcm)

(c)/CE

0.99068±18

(c)/MG

0.00665

0.00348

0.00056

-0.00193

To estimate the critical control height more accurately, the calculated 1/M in each
step of the CR withdrawal was plotted. A linear extrapolation was applied for the last two
points in the MCNP6 model to estimate the new CR withdrawal position that has a chance
to achieve the criticality. The linear equation was used to determine the estimated position
(the value of the y-intercept), as shown in Figure 5.8. If the new position was remaining in
the subcritical condition, the same step was to be repeated until the new position gives the
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best estimate o f the critical CR withdrawal position. It was found that 19.358 inches
(49.16932 cm) is the best estimation o f the CR height that achieves the criticality in the
MCNP6 model, as shown in Figure 5.8 and Table 5.5. Comparing this result to that in the
past study [11], we found that the estimated critical position for the MCNP model was
around 19.3 inches (49.022 cm) in both.

Figure 5.8 The Approach to Criticality 1/M Plot for the MCNP6.

Table 5.5 MCNP6 Approach to Criticality Result.

CR
height (in.)

k eff±1o (pcm)

1/M

17.916

0.99658±17

0.00342

18.423

0.99786±18

0.00214

18.688

0.99861±17

0.00139

19.098

0.99973±18

0.00027

19.192

0.99974±17

0.00026

19.358

1.00061±17

-0.00061
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In the SCALE-6.2.3/CSAS6 model, the best estimation o f the CR height that
achieves the criticality was found at 19 inches (48.26 cm) in both CE and MG, as presented
in Table 5.4. From these results, we found that the critical CR height position estimated by
both CE and MG were slightly lower than that estimated by MCNP6. The discrepancy of
the critical CR positions for The SCALE-6.2.3/CSAS6 model, both CE and MG were 0.358
inches (~0.91 cm).
Furthermore, a neutron flux spectrum at the BRT was calculated by both models
MCNP6 and SCALE-6.2.3/CSAS6 when all CRs were fully withdrawn to assure that both
models are in a good agreement. To achieve that, a sample vial was placed inside the BRT,
and the results were attained for both models and plotted in Figure 5.9. The neutron flux
spectra showed a satisfactory agreement between MCNP6 and SCALE-6.2.3 models.

Figure 5.9 The Neutron Flux Spectrum at BRT Calculated by Both Models.
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6. RADIATION DOSE RATE ESTIMATION OF THE MSTR IN NORMAL
OPERATION USING SCALE-6.2.3/MAVRIC

6.1. METHODOLOGY
MAVRIC is a fixed source sequence that is used for performing deep penetration
problems [56]. It automatically generates variance reduction parameters for Monte Carlo
simulations by using the hybrid method. MAVRIC is based on the Consistent Adjoint
Driven Importance Sampling (CADIS) approach and the Forward-Weighted Consistent
Adjoint Driven Importance Sampling (FW-CADIS) approach [56].

6.1.1.

Denovo. MAVRIC sequence utilizes a deterministic discrete ordinates (S n)

code called Denovo. It solves the steady-state Boltzmann transport equation based on the
Cartesian mesh transport code, as displayed in Equation (6.1) [57].
U)
(B)

f

J

4n

dO' I

s------- ------- s
d E ' a s (r, E ' ^ E , H' ^ O.)^(r, E ' , H ') + qe (r, E, H)

J0
(C)

(D)

= a T ( r , E ) i p ( f , E , n ) + D . ^ i p ( r , E ,n )

(6.1)

where (A), (B), (C), and (D) terms are the production (in-scattering), the source term, the
out-scattering and the absorption, and the net out-leakage.
In the beginning, Denovo is used to obtain the forward estimation for the forward
neutron flux. After that, it uses the adjoint calculations in order to create the importance
map. These steps are essential to generate three-dimensional flux and adjoint function
distribution. Subsequently, MAVRIC generates weighted windows using space and
energy.
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6.1.2. CADIS and FW-CADIS. The results provided by Denovo is used to
generate an importance map. MAVRIC has two methodologies to create the importance
map. The first methodology is called CADIS. The second methodology is known as FWCADIS. The CADIS is used to provide a stable relationship for calculating source and
transport biasing parameters [58]. In addition, it is a very useful tool to solve the problems
related to the source-detector type of problems. CADIS is using a focused approach where
it can be located in a specific location to give the readings of the radiation dose and neutron
particles for that location (radiation detector). The FW-CADIS is using the same basic
principle but for the entire mesh.
The estimated forward flux 0 ( r , E ) is used to predict the response R ( r , E ) based
on the detector response function (the flux-to-dose conversion factor) ad (r, E) as shown
in Equation (6.2) [56].
R(r, E) = 0 ( r , E) • ad (r, E)

(6.2)

The adjoint source q + ( r, E ) is constructed based on the R(r, E) as illustrated in
Equation (6.3) [56].
q+ (r, E) =

1
R( r, E )

(6.3)

To calculate the total detector response (R), the forward scalar flux should be
identified. Therefore, the total response can be determined by integrating the product of the
forward source q(r, E) and the adjoint flux <p+(r, E) over the source volume Vs, as show n
in Equation (6.4) [56].

R =

<p+(r, E) q(r, E) dE dV

(6.4)
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After that, the weight window w ( r , E) is obtained using Equation (6.5) and will be
used in Monte Carlo simulation.
w (r, E )

6.1.3.

R

0 + (r, E)

(6.5)

Monaco. Monaco is a fixed source calculation type, MG, and CE Monte

Carlo shielding code. Initially, it was part o f the MORSE Monte Carlo code [59]. Monaco
has the ability to perform the variance reduction technique in order to reduce the time
needed for the simulation.
The MAVRIC will solve the problem without the variance reduction using an
analog technique in the case o f using input files without CADIS/FW-CADIS parameters,
as shown in Figure 6.1. The Denovo solver begins with estimating the forward results
depending on the mesh provided. Accordingly, the adjoint source will be generated, and
the MAVRIC will use this information to generate an importance map. Afterward, the
importance map will be provided to Monaco to solve the problem.

Figure 6.1 A Flowchart o f the Working Principle o f SCALE-6.2.3/MAVRIC.
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FW-CADIS is required for better adjoint source weighting. It is also essential to
obtain a wide distribution of the particles with small statistical uncertainties when
simulating large regions in MC simulation.

6.2. MAVRIC MODEL OF MSTR
Deep penetration shielding type of problems can best be solved by using the hybrid
(deterministic-stochastic) approach. The primary purpose of utilizing the VR technique is
to accomplish satisfactory results for the MC calculation in a reasonable time.
In this section, the main parameters used in the SCALE-6.2.3/MAVRIC to estimate
the radiation dose are presented in Section 6.2.1. In addition, the test performed on the
geometry is also discussed in detail in Section 6.2.2.

6.2.1. Parameters Used in the Model. The SCALE-6.2.3/MAVRIC model was
run using nuclear data libraries based on ENDF/B-VII.1. The M G with 28-group neutron
and 19-group photon library (v7.1-28n19g) was utilized for Denovo Portion. While for the
Monaco portion, the CE data library (ce_v7.1_endf) was used. The 3D mesh source was
collected from the critical position during the validation process, as shown in Figure 6.4.
Then, it was used in SCALE-6.2.3/MAVRIC calculation. For conservativity, the source
strength was set to full strength, which is calculated at full power 200 kW. This decision is
preferred in all shielding analysis. The average energy released per fission was assumed to
be 200 MeV. The source strength of the MSTR was calculated using Equation (6.6), and it
was found to be 1.5225x1016 n/s.
S=

m x P

xv

(6.6)

59
^1000 J/s
V 1 kW

1 MeV
1.602x10-13 J

fission
200 MeV

(6.7)

where S is the source strength (n/s), P is the maximum power of the reactor (kW), v is the
number of neutrons that were released per fission (n/fission), and m is the flux multiplier
(fission/kW.s).

Figure 6.2 XY A Cross-Sectional View of the Mesh Source Generated by CSAS6 at
Z=14.3 cm.

The neutrons were assumed to be released from a cube with length, width, and
height of 26.96 inches, 19.2 inches, and 25.1 inches (68.49 cm, 48.77 cm, and 63.82 cm),
respectively. This cube represents the periphery of the reactor core. Thus, the self-shielding
was taken into consideration. The results of the radiation dose rate obtained in this study
did not consider the effect of the external source, such as activated materials. Since the
fission neutron

source was provided for SCALE-6.2.3/MAVRIC, the keyword

“fissionMult=0” was placed in the parameters block. The keyword “fissionMult=0” was
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used to avoid the excessive production of fission neutrons released from the fuel when it
absorbed neutron, which leads the MAVRIC run to be stuck. In order to allow the creation
of secondary

photons that released

form the

neutron

collision,

the keyword

“secondaryMult=1” was set in the parameters block.
In the definitions block, two response functions were set. The first response
function ID= 9029 (ANSI 1977), which is used to convert the neutron flux to dose rate in
rem/hr. The second response function ID= 9504 (ANSI 1977), which is used to convert the
gamma flux to dose rate in rem/hr. Furthermore, a keyword “multiplier=1000” was placed
in this block to get the results in a unit of mrem/hr.
A uniform mesh with a size of 1.7 inches (5 cm) was generated for the entire
geometry. The x, y, and z coordinates of the generated mesh were from -153.54 inches to
255.9 inches, -283.47 inches to 318.9 inches, and -98.4 inches to 586.6 inches (-390 cm to
650 cm, -720 cm to 810 cm, and -250 cm to 1490 cm), respectively. The mesh was created
to assist Monaco in the calculations of the final results.
Typically, the deterministic approach depends on the mean free path o f the particle
when determining the size of the mesh cell. Therefore, two meshes were generated
manually while taking into consideration the material changes and the mean free path. A
coarse mesh that has a size of about 15.7 inches (40 cm), and a fine mesh that has a size of
about 7.9 inches (20 cm). Both manual meshes were created for the Denovo portion to
generate the importance map. Each manually generated mesh was used in a separate run to
compare their results, as will discussed in the Results and Discussion section.
To obtain a more precise result when using coarse mesh, Denovo has the ability to
characterize the material in every voxel of the mesh as a volume-weighted combination of
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the actual materials. This option is called macromaterials. Thus the macromaterials option
was utilized using mmSubCell=3 and mmTolerance=0.0001 in the importance map block.
Also, a bounding box was set for the adjoint source with x, y, and z coordinates
from -151 inches to 253.5 inches, -281 inches to 315.5 inches, and -30.25 inches to 586
inches (-383.54 cm to 643.89 cm, -713.74 cm to 801.37 cm, and -76.835 cm to 1488.44
cm), respectively. Figure 6.3 illustrates the position of the importance map and adjoint
source.

Figure 6.3 A Side Cut View of the Importance Map and the Adjoint Source.

In order to estimate the radiation dose rate in the accessible areas, the adjoint source
was set to be focused on the air. The Denovo portion was used Quadrature S4 and Legendre
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P1 to check the geometry in Denovo and to get the result within the time frame of this
study. To determine the radiation dose rate for the entire MSTR building, FW-CADIS was
implemented, and the keyword “respWeighting” was used.

6.2.2.

Geometry Test. In the criticality section, the model worked flawlessly and

gave good results. However, the same model that was used for criticality calculations and
showed no issues was not able to generate any results for MAVRIC calculations due to a
geometrical overlapping. The overlapping issue was in the boundary between the units that
are representing the core in the model. The problem was resolved by creating an
infinitesimal separation between the units that were placed in the main unit (the core unit).
The criticality calculations were then carried out again for the sole purpose of making sure
the new results are matching with the results obtained before the geometrical test. The
geometry test is using the principle of tracking the particles. Particles can sometimes be
lost because of the round-off errors in the complex geometries.
Another problem that might force the run to stop is the undefined regions. In the
occasion of lost particles, the run will stop, and an error will appear in the output file. To
avoid this error, the keyword “VoidAllRegions” in the parameters block of the SCALE6.2.3/MAVRIC was used to assume that all regions are void (no density). This option will
grant the particles to stream through the medium without interacting. Figures 6.4, 6.5, 6.7
6.26, and 6.29-6.34 are showing the results obtained by SCALE-6.2.3/MAVRIC. In these
figures, (A) is the side-view of the MSTR. While (B), (C), and (D) are showing the top
view of the work floor, the intermediate floor, and the experimental floor, respectively. The
elevation of (B), (C), and (D) was set to be 31.73 inches (80.59 cm ) from the floor of each
level.
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The results obtained from testing the 3D geometry of the entire MSTR building
showed that the entire geometry was filled with particles, as demonstrated in Figure 6.4.
Thus, it can be said that the geometry test was successful. It worth mentioning that the
model utilized 85 million particles with the coarse mesh to run the geometry test.

Response - Neutron
Dose Rate (mrem/hr)
4.72e+11 - 8.48e+11

|

2.63e+11 - 4.72e+11

|

1.46e+11 - 2.63e+11

8.15e+10 - 1.46e+11
4.54e+10 - 8.15e+10
2.53e+10 - 4.54e+10
|

1.41e+10 - 2.53e+10

| 7 .8 3 e + 0 9 - 1.41e+10
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I
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7.23e+07 - 1.30e+08
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2.24e+07 - 4.02e+07

Figure 6.4 Cross-Section View of the MSTR Showing the Total Neutron Dose Rate with
Void All-Regions.
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Figure 6.5 was provided to illustrate the results obtained from the geometry test
regarding the relative uncertainty. The final results showed that the relative uncertainty of
the majority of the voxels had less than 10%, as shown in Figure 6.6.
Table 6.1 shows the total CPU computational time to complete the calculations for
the geometry test using 85 million particles with the coarse mesh.

Response - Neutron
Dose Rate Relative
Uncertainty’
9,00e-Q1

1,00e+00

8.00e-01

9.00e-01

7.00e-Q1

8.00e-01

6.0Ge-01

7.00e-01

5,00e-01

6.00e-01

4.00e-01

5.00e-01

3.00e-01

4.00e-0i

2.00e-01

3.00e-01

1.00e-01

2.00e-01

D.00e+00 - 1.00e-01

Figure 6.5 Cross-Section View of the M STR showing the Relative Uncertainty of Total
Neutron Dose Rate with Void All-Regions.
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Figure 6.6 The Relative Uncertainty Obtained from the Geometry Test.

Table 6.1 Total CPU Computational Time for the Geometry Test with 85 Million
Particles Run.

Calculation

Total CPU
Computational
Time (minute)

FW-CADIS

1.02E+02

Adjoint

8.04E+01

Monaco

2.38E+04

Total

2.40E+04

6.3. RESULTS AND DISCUSSION
In the first stage, the analog Monaco was utilized by SCALE-6.2.3/MAVRIC in
order to emphasize the importance of the FW-CADIS. Five batches with one million

66
particles per batch were used to attain the results. Analog Monaco failed to convey the
neutrons outside the reactor pool, as illustrated in Figure 6.7.

Figure 6.7 Cross-Section View o f the M STR showing the Total Neutron Dose Rate with
Analog Run.

The relative uncertainty for the total neutron dose rate that was obtained by using
analog Monaco showed about 0.1% o f voxels showed results of relative uncertainty, as
illustrated in Figure 6.8 and Figure 6.27.
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Figure 6.8 Cross-Section View of the MSTR showing the Relative Uncertainty o f Total
Neutron Dose Rate with Analog Run.

Similar to the neutron particles, the photon particles failed to escape the reactor
pool, as represented in Figure 6.9. Therefore, FW-CADIS is essential to achieve a
comprehensive distribution o f the particles in the entire MSTR. Figure 6.10 shows the
relative uncertainty o f the total photon dose rate with the analog Monaco run. The
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percentage o f voxels that showed relative uncertainty of the total photon dose rate using
analog Monaco will be illustrated later in Figure 6.30.

Response - Photon
Dose Rate (mrem/hr)
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Figure 6.9 Cross-Section View of the MSTR Showing the Total Photon Dose Rate with
Analog Run.

The total CPU computational time that Analog Monaco consumed to complete the
calculations with five million particles was about 7 days.
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Response - Photon
Dose Rate Relative
Uncertainty
|
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Figure 6.10 Cross-Section View of the MSTR Showing the Relative Uncertainty of Total
Photon Dose Rate with Analog Run.

According to the results obtained from the analog Monaco, the use of FW-CADIS
is crucial. Therefore, two meshes (fine and coarse) were created manually for Denovo. The
sizes of both meshes were mentioned in Section 6.2.1. The reason for testing two sizes of
mesh was to find the optimum mesh size that will provide acceptable results in a reasonable
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time. Five batches with one million particles per batch were used for both mesh sizes to
obtain the preliminary results.
The first run utilized the fine, manually generated mesh. Figure 6.11 shows the
first result of the MAVRIC/FW-CADIS of the estimated total neutron flux. Figure 6.12
illustrated the adjoint estimation of the total neutron flux. The predicted result from the
forward deterministic estimation will be used in the next step of the MAVRIC/FW-CADIS,
which is the adjoint calculation.

FW Neutron Flux
Total
1.51e+11 - 8,65e+12
2.65e+09-1,51e+11
4,64e+07 - 2,65e+09
8.11 e+05 - 4,64e+07
1.42e+04-8.11e+05
2.48e+02 - 1.42e+04
4.35e+00 - 2,48e+02
7.61 e-02 - 4.35e+00
1.33e-03 - 7.61 e-02
2.33e-05- 1.33e-03
4.08e-07 - 2.33e-05
7,14e-09 - 4.08e-07
1.25e-10-7.14e-09
2.19e-12- 1.25e-10
3.82e-14 - 2.19e-12
6.69e-16-3.82e-14
1,17e-17 - 6.69e-16
2,05e-19 - 1.17e-17

Figure 6.11 Cross-Section View of the MSTR Showing the FW-CADIS Estimation of the
Total Neutron Flux with Fine Mesh for Denovo.
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Both Figures (6.11 and 6.12) illustrated that the adjoint source was inversely scaled
with the forward Denovo. The advantage o f using FW-CADIS is that it will automatically
estimate the neutron flux in all voxels provided by the fine, manually generated mesh. The
adjoint source used the results attained from FW-CADIS to create a concentration o f the
calculations on the regions that have lower flux values. As a sequence, the target weighted
windows for the importance map are generated. Afterward, the importance map will be
provided for Monaco to complete the calculations.

Figure 6.12 Cross-Section View o f the MSTR Showing the Adjoint Estimation o f the
Total Neutron Flux with Fine Mesh for Denovo.
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Figure 6.13 represents the final Monaco results of the radiation dose estimation
caused by neutrons obtained from the fine mesh run.
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Figure 6.13 Cross-Section View of the MSTR Showing the Total Neutron Dose Rate with
Fine Mesh for Denovo.

In (B) level, the neutron dose rate was estimated to be in the range of 3.43E-03 8.97E-06 mrem/hr. The (C) level has a neutron dose rate between 6.7E-02 - 1.75E-04
mrem/hr. As for the (D) level, the neutron dose rate was estimated to range between
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2.56E+01 - 3.43E-03 mrem/hr in most areas. The lower neutron dose rate estimation on
the experimental floor was in the regions far from the beam port, while the higher end of
that range was in the front of the beam port. Figure 6.14 demonstrates the relative
uncertainty of the total neutron dose rate estimation. Although the time consumed to obtain
the results using the fine mesh was very long, the relative uncertainty was less than 30% in
most voxels, as shown in Figure 6.27.

Response - Neutron
Dose Rate Relative
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Figure 6.14 Cross-Section View of the MSTR Showing the Relative Uncertainty of Total
Neutron Dose Rate with Fine Mesh for Denovo.
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Figure 6.15 displays the results attained from the same run, using the fine mesh
with MAVRIC/FW-CADIS, for the estimated total photon flux. Figure 6.16 shows the
adjoint estimation of the total photon flux. The forecasted results acquired by the FWCADIS will be used in the next step, which is the adjoint calculation, to generate the
importance map.

FW P hoton F lux
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6.85e-19 - 3.72e-17

Figure 6.15 Cross-Section View o f the MSTR Showing the FW-CADIS Estimation o f the
Total Photon Flux with Fine Mesh for Denovo.
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Figure 6.16 Cross-Section View o f the MSTR Showing the Adjoint Estimation o f the
Total Photon Flux with Fine Mesh for Denovo.

Figure 6.17 displays the results o f the radiation dose estimation o f the photons
obtained from the fine, manually generated mesh. In the (B) level, the photon dose rate was
estimated to be in the range o f 5.75E-01 - 1.08E-05 mrem/hr. The (C) level has a neutron
dose rate between 5.75E-01 - 1.64E-04 mrem/hr. As for the (D) level, the neutron dose
rate was estimated to range between 8.74E+00 - 2.49E-03 mrem/hr in most regions. The
lower photon dose rate estimation on the experimental floor was in the regions far from the
beam port and the thermal column, while the higher end o f that range was in the front o f
the beam port.
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Figure 6.17 Cross-Section View of the MSTR Showing the Total Photon Dose Rate with
Fine Mesh for Denovo.

Figure 6.18 reveals the relative uncertainty of the total photon dose rate estimation.
In this case, the majority of the voxels had relative uncertainty of less than 40%, as
illustrated in Figure 6.28. The total CPU computational time for the first set of run that
utilizes the fine mesh and had five million particles was 37.14 days, as shown in Table 6.2.
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Figure 6.18 Cross-Section View of the MSTR Showing the Relative Uncertainty of Total
Photon Dose Rate with Fine Mesh for Denovo.

Table 6.2 Total CPU Computational Time for the Fine Mesh with 5 Million Particles
Run.

Calculation

Total CPU
Computational
Time (minute)

FW-CADIS

1.86E+02

Adjoint

1.61E+02

Monaco

5.31E+04

Total

5.35E+04
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In the next run, the SCALE-6.2.3/MAVRIC used the manually created coarse mesh
for Denovo, and the number of particles was five million. Figure 6.19 displays the first
result of the MAVRIC/FW-CADIS of the estimated total neutron flux. Figure 6.20
demonstrated the adjoint estimation of the total neutron flux. Similar to the fine mesh, the
estimated result from the forward deterministic will be employed in the next step of the
MAVRIC/FW-CADIS, which is the adjoint calculation.

FW N eutron Flux
Total
3.5Se+11 -9.52e+12
1.35e+10- 3.58e+11
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Figure 6.19 Cross-Section View of the MSTR Showing the FW-CADIS Estimation of the
Total Neutron Flux with Coarse Mesh for Denovo.
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Similar to the fine mesh run, the adjoint calculation here, used the results obtained
from FW-CADIS to focus the calculations on the voxels that have lower flux values on the
air. As a result, the target weighted windows for the importance map are created. Later, the
importance map will be provided for Monaco to carry out the calculations.

Figure 6.20 Cross-Section View o f the MSTR Showing the Adjoint Estimation o f the
Total Neutron Flux with Coarse Mesh for Denovo.

The final results of the radiation dose estimation of the neutrons obtained from the
coarse mesh for the preliminary set o f runs are illustrated in Figure 6.21. The total neutron
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dose rate was estimated to range between 4.20E-03 - 1.13EE-05 mrem/hr in level (B). In
level (C), the neutron dose rate was estimated to be between 8.08E-02 - 2.18E-04 mrem/hr.
While the (D) level, the neutron dose rate was estimated to be in the range of 2.99E+01 4.20E-03 mrem/hr in most areas. As expected, the higher neutron dose rate estimation on
the experimental floor was in the region in front of the beam port, while the lower neutron
dose rate estimation was in the areas far from the beam port.
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Figure 6.21 Cross-Section View of the MSTR Showing the Total Neutron Dose Rate with
Coarse Mesh for Denovo.

81
Figure 6.22 demonstrates the relative uncertainty of the total neutron dose rate
estimation for the coarse mesh run. The majority of the voxels in the results obtained by
the coarse mesh showed a relative uncertainty of less than 60% in most areas, as shown in
Figure 6.27.
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Figure 6.22 Cross-Section View of the MSTR Showing the Relative Uncertainty of Total
Neutron Dose Rate with Coarse Mesh for Denovo.

Figure 6.23 presents the results acquired from the same run, using the coarse mesh
with MAVRIC/FW-CADIS, for the estimated total photon flux. Figure 6.24 demonstrates
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the adjoint estimation o f the total photon flux. The estimated results obtained from the FWCADIS will be used to generate the importance map with the adjoint calculation.
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Figure 6.23 Cross-Section View o f the MSTR Showing the FW-CADIS Estimation o f the
Total Photon Flux with Coarse Mesh for Denovo.

The results obtained from FW-CADIS and the adjoint source calculations in both
the fine and the coarse runs, had many similarities, as can be clearly observed from their
color maps.
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Figure 6.24 Cross-Section View o f the MSTR Showing the Adjoint Estimation o f the
Total Photon Flux with Coarse Mesh for Denovo.

Figure 6.25 illustrates the results o f the radiation dose estimation o f the photons
gotten from the coarse mesh. In the (B) level, the photon dose rate was estimated to be in
the range o f 5.08E-01 - 9.32E-06 mrem/hr. The (C) level has a photon dose rate between
5.08E-01 - 2.18E-03 mrem/hr. As for the (D) level, the photon dose rate was estimated to
range between 7.75E+00 - 2.18E-03 mrem/hr in most regions. Similar to the fine mesh
run, the total photons dose rate estimation on the experimental floor was found to be
decreasing as we move away from the beam port and the thermal column, and high in front
o f the beam port.
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Figure 6.25 Cross-Section View of the MSTR Showing the Total Photon Dose Rate with
Coarse Mesh for Denovo.

The relative uncertainty of the total photon dose rate estimation for the coarse mesh
with five million particles is shown in Figure 6.26. In Figure 6.28, the results showed that
the majority of voxels had a relative uncertainty below 50%. The total CPU computational
time that was needed to complete the calculations for the coarse mesh with the five million
particles was about 4.8 days, as listed in Table 6.3.
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Figure 6.26 Cross-Section View of the MSTR Showing the Relative Uncertainty of Total
Photon Dose Rate with Corse Mesh for Denovo.

Table 6.3 Total CPU Computational Time for the Coarse Mesh with 5 Million Particles
Run.

Calculation

Total CPU
Computational
Time (minute)

FW-CADIS

1.02E+02

Adjoint

8.14E+01

Monaco

6.68E+03

Total

6.86E+03
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Figure 6.27 Relative Uncertainty of the Neutron Dose Rate Obtained from 5 Million
Particles Runs.
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Figure 6.28 Relative Uncertainty of the Photon Dose Rate Obtained from 5 Million
Particles Runs.
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The fine mesh run and the coarse mesh run showed promising results. However,
the fine mesh run consumed a very long time to complete the calculations compared with
the coarse mesh. The total CPU computational time for the fine mesh run was about 32.4
days more than that consumed for the coarse mesh run in order to obtain the result from
simulating 5 million particles. The relative uncertainty obtained by using the fine mesh was
better than the one obtained by using the coarse mesh by about 50%, and 20% for Neutron
dose rate, and photon dose rate, respectively. However, the difference between the two
meshes was small. Therefore, the coarse mesh was selected for the next stage.
In the following stage, the number of histories was set to be 85 million particles
instead of 5 million particles. This increase in the number of histories was due to the desire
to obtain a good relative uncertainty, as was the case during the geometry test. Since the
SCALE-6.2.3/MAVRIC is a serial code that can not be run in parallel processing, the
problem was divided into 17 separate runs (poor man’s parallel) with different random
seeds, and the results were combined, and then the average of all results was taken.
The final results of the radiation dose estimation of the neutrons with 85 million
particles run are illustrated in Figure 6.29. The total neutron dose rate was estimated to
range between 6.78E-03 - 2.00E-05 mrem/hr in level (B). In level (C), the neutron dose
rate was estimated to be between 1.25E-01 - 3.68E-04 mrem/hr. While the level (D), the
neutron dose rate was estimated to be in the range of 4.24E+01 - 6.78E-03 mrem/hr in
most areas. The results showed that the neutron dose rate estimation on the experimental
floor in front of the beam port was the highest, but it decreases as we move further away
from the beam port.
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Figure 6.29 Cross-Section View of the MSTR Showing the Total Neutron Dose Rate with
85 Million Particles.

Figure 6.30 shows the relative uncertainty of the total neutron dose rate for the 85
million particles run. Figure 6.35 illustrates that the majority of the voxels had a relative
uncertainty of the total neutron dose rate using 85 million particles below 18%. In addition,
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it illustrates the improvement of the relative uncertainty when running 85 million particles
by about 70%.
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Figure 6.30 Cross-Section View of the MSTR Showing the Relative Uncertainty of Total
Neutron Dose Rate 85 Million Particles.

The final results of the radiation dose estimation of the photons acquired from the
85 million particles run are demonstrated in Figure 6.31. In the (B) level, the photon dose
rate was found to be in the range of 3.00E-03 - 2.39E-04 mrem/hr. Level (C) had a photon
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dose rate between 5.08E-01 - 2.18E-03 mrem/hr. The lowest level, (D), recorded the total
dose rate of the photons to range between 2.26E+01 - 4.19E-03 mrem/hr.

R e sp o n se

P h o to n

D o se R ate (m rem /hr)
1.15e+10

Z .0 3 e + 1 1

6.58e+08

l.lSe+10

3.75e+07

6SBe+ 08

2,14e+06

3.75e+Q7

E22e+Q5

2,l4e+06

6.96e+03

1.22e+05

3.97e-f-02

6.96e+03

2.26e+01

3.97e+02

1.29e+00

2.26e+01

■ 1.29e+00

4.19e 03

735e 02

2,39e-04

4.10e-()3

' 3 0 .-ns

2.39e-04

7.77e-07

1.36e-05

4.43 e -08 - 7.77e-07
- 4 .4 3 e -0 o

1.44e-10

2.S3e-09

8.21e-12

Figure 6.31 Cross-Section View of the MSTR Showing the Total Photon Dose Rate with
85 Million Particles.

Figure 6.32 displays the relative uncertainty of the total photon dose rate estimation
for the 85 million particles. For the photons, the results demonstrated in Figure 6.36 showed
that the maximum relative uncertainty for the majority of the voxels was below 19%.
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Furthermore, it clarifies the enhancement of the relative uncertainty when simulating 85
million particles by about 62%.
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Figure 6.32 Cross-Section View of the MSTR Showing the Relative Uncertainty of Total
Photon Dose Rate 85 Million Particles.

The final results of the radiation dose estimation of the total neutron-photon dose
rate with 85 million particles are illustrated in Figure 6.33. The total neutron-photon dose
rate was estimated to range between 2.06E-01 - 3.72E-05 mrem/hr in level (B). In level
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(C), the neutron-photon dose rate was estimated to be between 6.90E-01 - 6.58E-04
mrem/hr. While the (D) level, the neutron-photon dose rate was estimated to be in the range
of 6.43E+01 - 1.16E-02 mrem/hr. The results showed that the total neutron-photon dose
rate estimation on the experimental floor in front of the beam port was the highest, but it
decreases as we move further away from the beam port.
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Figure 6.33 Cross-Section View of the MSTR Showing the Total Neutron-Photon Dose
Rate with 85 Million Particles.
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The following figure (Figure 6.34) is a representation of the relative uncertainty of
the total neutron-photon dose rate using 85 million particles. Figure 6.37 shows that the
majority of the voxels had a relative uncertainty of the total combination of the radiation
dose rate using 85 million particles less than 18%.

Figure 6.34 Cross-Section View of the MSTR Showing the Relative Uncertainty of Total
Neutron-Photon Dose Rate 85 Million Particles.
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The total CPU computational time that was needed to complete the calculations for
the coarse mesh with the five million particles was about 67.8 days, as listed in Table 6.4.
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Figure 6.35 A Comparison Between the Two Numbers of Particles Used in the Coarse
Mesh Based on the Relative Uncertainty of the Neutron Dose Rate.
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Figure 6.36 A Comparison Between the Two Numbers of Particles Used in the Coarse
Mesh Based on the Relative Uncertainty of the Photon Dose Rate.
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Figure 6.37 The Relative Uncertainty of the Total Neutron-Photon Dose Rate Obtained
from the Coarse Mesh Runs with 85 Million Particle.

Table 6.4 Total CPU Computational Time for the Coarse Mesh with 85 Million Particles
Run.

Calculation

Total CPU
Computational
Time (minute)

FW-CADIS

9.92E+01

Adjoint

7.94E+01

Monaco

9.74E+04

Total

9.76E+04

The results that were obtained by combining the radiation dose rate of the neutrons
and the photons showed the accessible areas have a total radiation dose rate below the limit
set by the ICRP except in the region in front of the beam port [60]. Figure 6.38 illustrates
the annual limit that the public can receive.

96

I C R P 's N E E D - E O R A C T I O N
-L l'ic iu ,
/

m Sv/vr

1

^INCREASING
NATURAL BACKGROUND
AROUND 1 m Sv/yr

DECREASING
4

i
LOW
INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION

-

Figure 6.38 The 2005 ICRP Recommendations Regarding the Limit of the Radiation
Dose Exposure for the Public [60].

This study based its conclusion on the assumption that a public/visitor is accessing
the reactor building for one hour every week o f the year. Accordingly, Equation (6.8) can
calculate the maximum amount of the radiation dose that a public/visitor will be exposed
to.
X = T xM xH

(6.8)

where X is the exposure rate per year, T is the number of weeks, M is the maximum
estimated dose rate using the results obtained by the SCALE-6.2.3/MAVRIC for the coarse
mesh with 85 million particles, and H is the number of hours per week.
After a thorough investigation o f the reasons behind having a high dosage rate in
front o f the beam port, it was concluded that the lack o f accurate design information o f the
beam port is the primary reason.
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7. RADIATION DOSE RATE ESTIMATION OF THE MSTR UNDER A
NATURAL DISASTER USING SCALE-6.2.3/MAVRIC

7.1. ACCIDENT SCENARIOS
The MSTR is less than 200 miles (321.87 kilometers) away from the Joblin, MO,
where the EF-5 tornado hit a few years ago. In this work, two accident scenarios resulted
from a similar tornado will be studied. The SCALE-6.2.3/MAVRIC model of the MSTR
was upgraded to include a wide range of accessible areas outside the MSTR building, 200
ft (6096 cm) diameter from the center of MSTR building, as shown in Figure 7.1.

Figure 7.1 The Areas of Interest Around the MSTR Building.

7.1.1.

Event I. In case of an EF-5 tornado hitting the MSTR, the damage will be

overwhelming. In this event, we assumed that the steel curtain walls were eradicated. The
beam port was also damaged, and the water has leaked inside the beam tube. Furthermore,
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the water has filled the experimental floor of the MSTR, as shown in Figure 7.2. Moreover,
the tornado has damaged the water supply piping system. Which means there will be no
supply of water to maintain the critical water level. Additionally, the water level inside the
reactor pool went down from 318 inches (807.72 cm) to 95.75 inches (243.2 cm) from the
bed of the reactor pool. The level of the water outside the pool on the experimental floor
has become balanced with the water inside the reactor pool due to the pressure equalization,
as illustrated in Figure 7.2.

/ater Leaked Inside the
earn Tube

[Experimental Floor Floods

Figure 7.2 3D Illustration for the MSTR after the First Accident Scenario.

7.1.2.

Event II. This event is similar to the first event in terms of the lack of water

inside the reactor pool, and in terms of the eradication of the walls. However, in this event,
the water inside the reactor pool was fully sucked-out by the enormous force of the tornado,
as illustrated in Figure 7.3. It worth mentioning that, in this event, the temperature of the
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cladding, the fuel meat, and water was assumed to be equal to 588 oC. This assumption
was made to make sure the cladding temperature will remain below the melting point.

Figure 7.3 3D Illustration for the MSTR after the Second Accident Scenario.

7.2. MAVRIC ACCIDENT MODEL
The following figure (Figure 7.4, and Figure 7.5) shows both accident scenarios
that were modeled using SCALE-6.2.3/MAVRIC.

Figure 7.4 Side View o f SCALE-6.2.3 Geometrical Model o f the First Event.
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Figure 7.5 Side View of SCALE-6.2.3 Geometrical Model of the Second Event.

7.3. RESULTS AND DISCUSSION
To run the created SCALE-6.2.3/MAVRIC model for estimating the radiation dose
rate due to both accident scenarios, the same parameters used in Section 6.2.1 were used
here. However, for the Monaco portion, the mesh size has been changed from 1.7 inches
to 7.9 inches (5 cm to 20 cm). This decision was based on the fact that the smaller mesh
1.7 inches (5 cm) will take a too long time to simulate the radiation dose rate resulted from
the accident scenarios. For this run, 20 batches were used with 1 million particles in each
batch for both events. This step will test the wide ranges and give a general idea if the
SCALE-6.2.3/MAVRIC with FW-CADIS can predict the radiation dose rate in the
investigated area. Another assumption that was made and applied to both events is that the
reactor was working continuously on full power during and after the EF-5 tornado disaster.
This was assumed to be the case due to the failure to shut down the MSTR. Figures 7.6
7.11 are showing the results obtained by SCALE-6.2.3/MAVRIC for both events. In these
Figures, (A) is a side view of the area of interest from the center of the MSTR. While (B),
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is showing a top view of the area of interest at an elevation of 185.039 inches (470 cm)
from the center of the core.
7.3.1.

Event I. The results obtained from running the model event showed that the

remaining water 30.12 inches (76.5 cm) from the top of the core, after the leak, was not
enough to create a shielding against the particles. Thus, the total radiation dose was found
to be high. The rate of the radiation is inversely proportional to the increase in distance
from the reactor, as shown in Figure 7.6. In this event, the radiation dose rate at 100 ft
(3,048 cm) radius from the center of the reactor building was estimated to be below 30
mrem/hr, as illustrated in Figure 7.7.

Response - Total
Dose Rate (mrem/hr)
3.82e+10 - 4.53e+11
3.22e+Q9 - 3.82e+10
2.71 e+08 - 3.22e+09
2.29e+07 - 2.71 e+08
1.93e+06 - 2.29e+07
1.62e+05 - 1.93e+06
1.37e+04 - 1.62e+05
1.15e+03 - 1.37e+04
9.73e+01 - 1.15e+03
8.20e+00 - 9.73e+01
6.91 e-01 - 8.20e+00
5.83e-02 - 6.91 e-01
4.91 e-03 - 5.83e-02
4.14e-04 - 4.91 e-03
3.49e-05 - 4.14e-04
2.94e-06 - 3.49e-05
2.48e-07 - 2.94e-06
2.09e-08 - 2.48e-07

Figure 7.6 The Total Neutron-Photon Dose Rate Obtained from Event I.
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Figure 7.7 The Regions with Total Neutron-Photon Dose Rate Less Than 30 mrem/hr.

Figure 7.8 shows the relative uncertainty of the total dose rate using 20 million
particles. Figure 7.12 illustrates that the majority of the voxels had a relative uncertainty of
the total radiation dose rate, using 20 million particles, of less than 30%. The total CPU
computational time that was required to acquire the results for the first event model run
with the 20 million particles was 11.37 days, as shown in Table 7.1

Table 7.1 Total CPU Computational Time for the First Event Model With the 20 Million
Particles Run.

Calculation

Total CPU
Computational
Time (minute)

FW-CADIS

1.71E+02

Adjoint

1.27E+02

Monaco

1.61E+04

Total

1.64E+04
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Response - Total
Dose Rate Relative
Uncertainty
9.00e-01 - 1.00e+00
8.00e-01 - 9.00e-01
7.00e-01 - 8.00e-01
6.00e-01 - 7.00e-01
5.00e-01 - 6.00e-01
4.00e-01 - 5.00e-01
3.00e-01 - 4.00e-01
2.00e-01 - 3.00e-01
l.00e-01 - 2.00e-01
0.00e+00 - 1.00e-01

Figure 7.8 The Relative Uncertainty of the Total Neutron-Photon Dose Rate for Event I.

7.3.2.

Event II. In this event, the water was assumed to be wholly sucked-out from

the reactor pool. This assumption is far from reality, but for the sake of research and
investigation, it was made. The results attained from running the SCALE-6.2.3/MAVRIC
model for this event showed an extremely high radiation dose rate due to the lack of water.
The estimated total radiation dose rate was found to be less than 3E+05 mrem/hr at the
periphery of the area of interest. These values of radiation dose estimation are unbelievably
high, as shown in Figure 7.9. Figure 7.10 shows a top sectional view of the areas of interest
showing the regions that estimated to have a total neutron-photon dose rate lower than
3E+05 mrem/hr from event II.
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R e s p o n s e - T o ta l
D o s e R a te ( m re m /h r)
1.09e+11 - 8.81 e+11
1.36e+10-1,09e+11
1.68e+09 - 1,36e+10
2.09e+G8 - 1,68e+09
2.59e+07 - 2,09e+08
3.22e+06 - 2,59e+07
3.99e+05 - 3.22e+06
4.95e+04 - 3.99e+05
6.15e+Q3 - 4,95e+04
7.63e+02 - 6.15e+03
9.47e+01 - 7,63e+02
1.17e+01 - 9,47e+01
1.46e+00-1.17e+01
1.81 e-01 - 1,46e+00
2.24e-02 -1,81 e-01
2.79e-03 - 2,24e-02
3.46e-04 - 2,79e-03
4.29e-05 - 3,46e-M

Figure 7.9 The Total Neutron-Photon Dose Rate Obtained from Event II.

Figure 7.10 The Regions with Total Neutron-Photon Dose Rate Less Than 3E+05
mrem/hr.
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Figure 7.11 shows the relative uncertainty o f the total dose rate using 20 million
particles in the 2nd event. Figure 7.12 demonstrates that the majority o f the voxels had a
relative uncertainty o f the total radiation dose rate o f less than 15%.

Response
Relative
Uncertainty
00e

01

OOe 01
OOe

0

00e+ 00
OOe 01
OOe

0

OOe 01

OOe 01

OOe 01

OOe 01

0

OOe 01

OOe 01

OOe 01

OOe 01

OOe 01

OOe 01

OOe 01

OOe+OO

OOe 01

OOe

Figure 7.11 The Relative Uncertainty o f the Total Neutron-Photon Dose Rate for Event
II.

The total CPU computational time that was required to acquire the results for the
first event model run with the 20 million particles is shown in Table 7.2. Although both
events were utilizing the same parameters, the CPU computational time for event II was
shorter than the 1st event by about 3 days. This was expected because some water was
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remaining in the first event, which created a sort of shielding. Whereas, in the second
scenario, there was no water.

Table 7.2 Total CPU Computational Time for the Second Event Model with the 20
Million Particles Run.

Calculation

Total CPU
Computational
Time (minute)

FW-CADIS

2.17E+02

Adjoint

1.57E+02

Monaco

1.12E+04

Total

1.16E+04

Figure 7.12 The Relative Uncertainty of the Total Radiation Dose Rate Obtained from
Both Events.
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8. CONCLUSION AND FUTURE WORK

8.1. CONCLUSIONS
This work involved introducing and validating a new computational model of the
MSTR using the SCALE-6.2.3 code package. The SCALE-6.2.3 model includes a detailed
3D geometry of the MSTR. The code to code validation method was used to validate the
SCALE-6.2.3 model of the MSTR. Three sets of criticality calculations were performed
using SCALE-6.2.3/CSAS6. Both CE and M G cross-section treatments were used. Three
geometrical configuration models were examined to determine the most accurate model
that will serve any future work on the MSTR. The results indicated that the SCALE6.2/CSAS6 that has the full detailed geometry, has an excellent agreement with the MCNP6
model in estimating the criticality calculations. The comparison indicated that the CR
worth that obtained from both models were almost identical, Ap -10.8% . The obtained k eff
values showed a satisfactory agreement between MCNP6 and SCALE-6.2.3 models. The
results of the k eff were slightly overestimated in both CSAS6/CE and CSAS6/MG by 50
135 pcm and 84-165 pcm, respectively. The predicted critical CR height was found slightly
lower than that predicted by the MCNP6 model for both CSAS6/CE and CSAS6/MG by
1.87%.
Additionally, this study demonstrated that LATTICECELL treatment is a proper
treatment for the reactors that utilize the curved-MTR plate fuel type. Both CE and MG
treatments are in good agreement with biases ranged between -39 to 75 pcm. So the
MG/LATTICECELL treatment will be reliable when running the MSTR model with any
sequence within the SCALE-6.2.3 package that required the M G treatment.
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This study concluded that using FW-CADIS is essential for obtaining good results
in a reasonable time when simulating deep penetration problems with a large area such as
the entire building of the MSTR. Therefore, FW-CADIS was successfully implemented in
the SCALE-6.2.3/MAVRIC with seventeen batches and 5 million particles in each batch.
The SCALE-6.2.3/MAVRIC FW-CADIS model showed that the total radiation dose rate
in most accessible regions of the MSTR was below 1 mrem/hr. From the same run, the
total relative uncertainty was found to be under 18% in the majority of the voxels.
By reading the official ICRP recommendation report, it was found that the
maximum annual radiation dose rate for the public is 1 mSv (100 mrem). Therefore, it was
very important to carry out a comprehensive study for the sake of the public. This work
found that the maximum radiation dose rate was below the maximum annual radiation
exposure limit with the assumption that a public or a visitor is visiting the MSTR once a
week and staying for 1 complete hour.
In the final stage of this work, the developed model was used to simulate the
radiation dose rate in the case of severe damage to the MSTR resulted from two accident
scenarios. In both events, the damage was assumed to be caused by an EF-5 tornado. The
results obtained from the first event showed that the total radiation dose rate at the edges
of the area of interest was 30 mrem/hr. However, in the second event, the total radiation
dose rate was estimated to be less than 3E+05 mrem/hr at the periphery of the area of
interest mrem/hr. The justification for having a high radiation dose rate in the second event
is due to the fact that it lacked water. On the other hand, in the first event, the rector was
still submerged underwater. This remaining water over the top of the reactor caused the
massive gap between the two results of the accident scenarios.
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8.2. FUTURE WORK
Since the SCALE-6.2.3 model employed fresh fuel, it is crucial to simulate the
depletion of the fuel. Thus, as future work, the SCALE-6.2.3 model will be running to
simulate the depletion of the fuel with the TRITON/T6-DEPL sequence. In addition, once
the new version of SCALE (version-6.3) is available, the developed model of the MSTR
will be implemented. This decision was made based on the advantages that the new version
has. For instance, it will provide a sequence called “SHIFT” that will couple the TRITON,
CSAS, and MAVRIC with the option of using a parallel process during the run. This
coupling sequence will speed up the process of simulating deep penetration problems, such
as the problems presented in this work. Another advantage of using SCALE-6.3 in the
future is the new 3D visualization capability with the updated nuclear data libraries
ENDF/B-VIII.

A PPEN D IX A.

SCALE-6.2.3 MODEL OF THE MSTR AND THE DEVELOPED GUI
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Since the input file of the SCALE-6.2.3 model of MSTR contains a significant
number of code lines, it is irresponsible to attach the whole code to this work. Therefore, a
few sample lines of the input file are listed below. In case of any inquiries, please feel free
to contact Dr. Abdulaleem Bugis at (aabwzf@umsystem). Please note that all inquires must
be sent by SCALE licensed users.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

= CSAS6
19 CE
ce_V7.1_endf
read comp
''+1+Keno mix concrete (MCNP Primer, rho=0.081776 atom/b-cm)
''with atom densities atom/b-cm according to the following description with
atom%
''1001 0.168018 1002 0.000019 8016 0.562969
''8017 0.000214 14028 0.187429 14029 0.009518
''14030 0.006274 13027 0.021343 11023 0.021365
''+20000 0.018596 26054 0.000248 26056 0.003896
''+26057 0.000090 26058 0.000012
H-1 1 0 0.013739839968 293.6 end
H-2 1 0 0.000001553744 293.6 end
O-16 1 0 0.046037352944 293.6 end
O-17 1 0 0.000017500064 293.6 end
Si-28 1 0 0.015327193904 293.6 end
Si-29 1 0 0.000779161728 293.6 end
Si-30 1 0 0.000513062624 293.6 end
Al-27 1 0 0.001745345168 293.6 end
Na-23 1 0 0.00174714424 293.6 end
Ca 1 0 0.001520706496 293.6 end
Fe-54 1 0 0.000020280448 293.6 end
Fe-56 1 0 0.00031851752 293.6 end
Fe-57 1 0 0.00000735984 293.6 end
Fe-58 1 0 0.000000981312 293.6 end
''+2+Dry-air
Dry-air 2 1 293.6 end
''+3+1100-series aluminum (MatWeb, rho=0.060441 atom/b-cm)
''13027 0.999469 29063 0.000367 29065 0.000164
''*Grid plate
Al-27 3 0 0.060408905829 293.6 end
Cu-63 3 0 0.000022181847 293.6 end
Cu-65 3 0 0.000009912324 293.6 end
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34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

''+4+ Aluminum
Aluminum 4 1 293.6 end
''+5+Cast A356-T6 aluminum alloy (UMRR Element Qual. report,
rho=0.059363 atom/b-cm)
''13027 0.928066 14028 0.061640 14029 0.003130
''14030 0.002063 12000 0.003567 22000 0.000736
''+26054 0.000031 26056 0.000490 26057 0.000011
''+26058 0.000002 30000.42c 0.000124 25055 0.000099
''+29063 0.000029 29065 0.000013
''*Fuel element handle
Al-27 5 0 0.055092722595 293.6 end
Si-28 5 0 0.00365913532 293.6 end
Si-29 5 0 0.00018580619 293.6 end
Si-30 5 0 0.000122465869 293.6 end
Mg 5 0 0.000211747821 293.6 end
Ti 5 0 0.000043691168 293.6 end
Fe-54 5 0 0.000001840253 293.6 end
Fe-56 5 0 0.00002908787 293.6 end
Fe-57 5 0 0.000000652993 293.6 end
Fe-58 5 0 0.000000118726 293.6 end
Zn 5 0 0.000007361012 293.6 end
Mn-55 5 0 0.000005876937 293.6 end
Cu-63 5 0 0.000001721527 293.6 end
Cu-65 5 0 0.000000771719 293.6 end

zplanes -31.75 -30.48 -29.44749 29.60751 32.0675 end
zlinear 50 -29.44749 29.60751
end gridgeometry
end data
end

A PPEN D IX B.

PUBLICATION DISCLOSURE
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Four research papers are intended to be submitted based on Section 4 to Section 7
of this work. The titles of the papers, as well as the potential journals, are listed below,
starting from Section 4 followed by 5, 6, and Section 7:
1. A. Bugis, and X. Liu, Development of a GUI model of the MSTR for Generating Input
Files for SCALE-6.2.3, Nuclear Engineering and Technology, to be submitted.
2. A. Bugis, and X. Liu, Modeling and Validation Study of the Missouri S&T Reactor
(MSTR) Using SCALE-6.2.3, Progress in Nuclear Energy, Submitted.
3. A. Bugis, and X. Liu, Developing a Numerical Model to Estimate the Radiation Dose
Rate in Accessible Areas of the MSTR using SCALE-6.2.3/MAVRIC, Nuclear
Engineering and Design, to be submitted.
4. A. Bugis, and X. Liu, A Simulation Model for Predicting the Radiation Dose Rate
Resulted from Two Accident Scenarios at MSTR Using SCALE-6.2.3/MAVRIC,
Annals of Nuclear Energy, to be submitted.

115

BIBLIOGRAPHY

[1]

Research Reactor D atabase (RRDB), International Atomic Energy Agency
(IAEA).
Accessed
on:
June
2,
2020.
[Online].
Available:
http s://nucleus.i aea.org/RRDB/RR/ReactorS earch .aspx.

[2]

International Atomic Energy Agency (IAEA), "Derivation of The Source Term and
Analysis of The Radiological Consequences of Research Reactor Accidents,"
IAEA, Vienna, Austria, Safety Rep. 53, Oct. 2008.

[3]

A. L. Costa, P. A. Reis, C. A. Silva, C. Pereira, M. A. F. Veloso, B. T. Guerra, et
al., "Safety studies and general simulations of research reactors using nuclear
codes," N uclear Pow er— System Sim ulations a n d Operation, pp. 21-42, 2011.

[4]

International Atomic Energy Agency (IAEA), "Utilization related design features
of research reactors : a compendium," IAEA, Vienna, Austria, Tech. Rep.455, July,
2007.

[5]

International Atomic Energy Agency (IAEA), Research Reactors: Purpose a nd
Future, Vienna, Austria, 2016. Accessed on: Feb. 22, 2020. [Online]. Available:
https://www.iaea.org/sites/default/files/18/05/research-reactors-purpose-andfuture.pdf.

[6]

F. D'Auria and A. Bousbia-Salah, "Accident analysis in research reactors," in
Pacific B asin N uclear Conference 2006, Sydney, Australia, 2006, p. 381.

[7]

J. C. King, "MCNP Model of the Missouri S&T Nuclear Reactor," Missouri
University of Science and Technology, Rolla, MO, 2008.

[8]

"M issouri S & T Reactor," Missouri University of Science and Technology.
Accessed
on:
Jan.
23,
2020.
[Online].
Available:
http://nuclear.mst.edu/research/reactor/.

[9]

W. E. Bonzer and C. M. Carroll, "Safety Analysis Report for The Missouri
University of Science and Technology Reactor-Revision 2," Missouri University
of Science and Technology, Rolla, MO, 2008.

[10]

B. Richardson, J. King, A. Alajo, S. Usman, and C. Giraldo, "Modeling and
validation of temperature and void effects on reactivity experiments at the Missouri
S&T Research Reactor," N uclear Science a n d Engineering, vol. 187, pp. 100-106,
July 2017.

116

[11]

B. Richardson, C. H. Castano, J. King, A. Alajo, and S. Usman, "Modeling and
validation of approach to criticality and axial flux profile experiments at the
Missouri S&T Reactor (MSTR)," N uclear engineering a n d design, vol. 245, pp.
55-61, 2012.

[12]

K. C. R. O'Bryant, "Hot channel determination and burnup analysis of Missouri
University of Science and Technology Research Nuclear Reactor," M.S. thesis,
Dept. Nuc. Eng., MS&T Univ., Rolla, MO, 2012.

[13]

J. H. Rhodes, "Fuel burnup simulation and analysis of the Missouri S&T Reactor,"
M.S. thesis, Dept. Nuc. Eng., MS&T Univ., Rolla, MO, 2018.

[14]

C. Reisner, "2017-2018 Annual Progress Report for Missouri University of Science
and Technology Reactor," Missouri University of Science and Technology, Rolla,
MO, June 12, 2017. Accessed on: June 8, 2020. [Online]. Available:
https://www.nrc.gov/docs/ML 1816/ML 18165A398.pdf.

[15]

T. Akyurek, W. S. Vaz, A. B. Alajo, J. C. King, S. Usman, and C. H. Giraldo,
"Neutron reflector analysis for the beam-port of the Missouri S&T Reactor,"
Journal o f Radioanalytical a n d N uclear Chemistry, vol. 322, pp. 975-981, 2019.

[16]

F. B. Brown, R. Barrett, T. Booth, J. Bull, L. Cox, R. Forster, e ta l. , "MCNP version
5," Trans. Am. Nucl. Soc, vol. 87, pp. 02-3935, 2002.

[17]

J. K. Shultis and R. E. Faw, "An MCNP primer," Kansas state university, 2011.

[18]

J. T. Goorley, M. R. James, T. E. Booth, F. B. Brown, J. S. Bull, L. J. Cox, et al. ,
"Initial MCNP6 release overview-MCNP6 version 1.0," Los Alamos National
Lab(LANL), Los Alamos, NM (United States), 2013.

[19]

B. P. Richardson, "Verification of a Monte Carlo model of the Missouri S&T
reactor," M.S. thesis, Dept. Nuc. Eng., MS&T Univ., Rolla, MO, 2012.

[20]

Z. Kulage, C. H. Castano, S. Usman, and G. Mueller, "Characterization of the
neutron flux energy spectrum at the Missouri University of Science and Technology
Research Reactor (MSTR)," N uclear E ngineering a n d Design, vol. 261, pp. 174
180, 2013.

[21]

K. Kovalev, V. Kolesov, V. Mishin, and N. Mishchukov, "Using the Scale Software
for Critical Analysis," K nE E ngineering, pp. 371-378, 2018.

[22]

E. M. Saylor, W. J. Marshall, J. B. Clarity, Z. Clifton, and B. T. Rearden,
"Criticality Safety Validation of Scale 6.2. 2," Oak Ridge National Lab.(ORNL),
Oak Ridge, TN, 2018.

117
[23]

B. T. Rearden, K. B. Bekar, C. Celik, K. T. Clarno, M. E. Dunn, S. W. Hart, et al.,
"Criticality safety enhancements for scale 6.2 and beyond," Oak Ridge National
Lab (ORNL), Oak Ridge, TN, 2015.

[24]

W. A. Wieselquist and B. T. Rearden, "Fiscal Year 2018 Report on SCALE
Maintenance and Development (Publicly Available)," Oak Ridge National Lab
(ORNL),
Oak
Ridge,
TN,
2018.
[Online].
Available:
https://www.ornl.gov/sites/default/files/2019-08/FY18-SCALEAnnualReport.pdf.

[25]

J. Gehin, M. Jessee, M. Williams, D. Lee, S. Goluoglu, G. Ilas, et al., "Development
and validation of scale nuclear analysis methods for high temperature gas-cooled
reactors," Proceedings o f H TR 2010, pp. 18-20, Prague, Czech Republic, 2010.

[26]

B. T. Rearden, M. E. Dunn, D. Wiarda, C. Celik, K. B. Bekar, M. L. Williams, et
al., "OVERVIEW OF SCALE 6.2," Oak Ridge National Lab (ORNL), Oak Ridge,
TN, 2013.

[27]

M. Matijevic, D. Pevec, and K. Trontl, "Modeling of the ORNL PCA benchmark
using SCALE6. 0 hybrid deterministic-stochastic methodology," Science a nd
Technology o f N uclear Installations, vol. 2013, 2013.

[28]

B. T. Rearden, L. Petrie, D. E. Peplow, K. B. Bekar, D. Wiarda, C. Celik, et al.,
"Monte Carlo capabilities of the SCALE code system," in SNA+ M C 2013-Joint
International Conference on Supercom puting in N uclear Applications+ M onte
Carlo, 2014, p. 06007.

[29]

B. T. Rearden and M. A. Jessee, "SCALE code system," Oak Ridge National
Laboratory (ORNL), 2017.

[30]

K. A. Benedict, "Quantum Monte Carlo methods: algorithms for lattice models,"
Contemporary Physics, vol. 60, pp. 80-81, 2019.

[31]

J. Argaud, "Neutron transport equation-indications on homogenization and neutron
diffusion," Electricite de France (EDF), 1992.

[32]

E. E. Lewis and W. F. Miller, "Computational methods of neutron transport," John
Wiley and Sons, Inc; New York, NY, 1984.

[33]

Y. Wang, L. Yan, and Y. Ma, "Lattice Boltzmann solution of the transient
Boltzmann transport equation in radiative and neutron transport," P hysical Review
E, vol. 95, p. 063313, 2017.

118

[34]

O. Laguerre and D. Flick, "Temperature prediction in domestic refrigerators:
Deterministic and stochastic approaches," International Journal o f Refrigeration,
vol. 33, pp. 41-51, 2010.

[35]

D. E. Peplow, "Comparison of hybrid methods for global variance reduction in
shielding calculations," in Proceedings o f the 2013 International Conference on
M athem atics a n d Com putational M ethods A p p lied to N uclear Science a nd
E n g in eerin g -M a n d C 2013 , 2013.

[36]

M. H. Kalos and P. A. Whitlock, M onte carlo m ethods : John Wiley & Sons, 2009.

[37]

I. Lux, M onte Carlo particle transport m ethods : CRC press, 2018.

[38]

W. A. Rhoades and D. Simpson, "The TORT three-dimensional discrete ordinates
neutron/photon transport code (TORT version 3)," Oak Ridge National Lab., TN
(United States)1997.

[39]

T. Collins and G. Hubbard, "Technical study of spent fuel pool accident risk at
decommissioning nuclear power plants," 2001.

[40]

D eclared D isasters in M issouri , State Emergency Management Agency (SEMA).

Accessed
on:
June
19,
2020.
[Online].
https://sema.dps.mo.gov/maps_and_disasters/disasters/.

Available:

[41]

R. Neblett Fanfair, K. Benedict, J. Bos, S. D. Bennett, Y.-C. Lo, T. Adebanjo, et
a l. , "Necrotizing cutaneous mucormycosis after a tornado in Joplin, Missouri, in
2011," New E ngland jo u rn a l o f medicine, vol. 367, pp. 2214-2225, 2012.

[42]

F. A. Tornado-D am aged Joplin , Alan Taylor, The Atlantic. Accessed on: June 19,

2020. [Online]. Available: https://www.theatlantic.com/photo/2011/05/tornadodamaged-joplin-from-above/100073/.
[43]

R. H. Perkins, M. T. Bensi, J. Philip, and S. Sancakatar, "Screening analysis report
for the proposed generic issue on flooding of nuclear power plant sites following
upstream dam failures," NRC, Washington, DC. US N uclear Regulatory
Commission, Office o f N uclear Regulatory Research, D ivision o f R isk Analysis,

2011.
[44]

N uke p la n t averts shutdown fro m sw elled M issouri , CBS News. Accessed on: June

19, 2020. [Online]. Available: https://www.cbsnews.com/news/nuke-plant-avertsshutdown-from-swelled-missouri/.
[45]

P. Gunter, "Natural Disasters and Safety Risks at Nuclear Power Stations," N IR S
(Nuclear Inform ation a n d Resource Service). Washington, DC. USA, 2004.

119

[46]

R. J. McConn, C. J. Gesh, R. T. Pagh, R. A. Rucker, and R. Williams III,
"Compendium of material composition data for radiation transport modeling,"
Pacific Northwest National Lab (PNNL), Richland, WA, 2011.

[47]

D. Hollenbach and L. Petrie, "CSAS6: Control module for enhanced criticality
safety analysis with KENO-VI," Vol. I, Sect. C 6 o f SCALE: A M odular Code
System fo r Perform ing Standardized C om puter Analysis fo r L icensing Evaluation,
NUREG/CR-0200, Rev, vol. 7, 1998.

[48]

D. E. Peplow, S. M. Bowman, J. E. Horwedel, and J. C. Wagner,
"Monaco/MAVRIC: Computational Resources for Radiation Protection and
Shielding in SCALE," TRAN SAC TIO N S-AM ERIC AN N U C LEAR SOCIETY, vol.
95, p. 669, 2006.

[49]

B. Ade, "SCALE/TRITON Primer: A Primer for Light Water Reactor Lattice
Physics Calculations. Oak Ridge National Laboratory," ORNL/TM -2011/21, 2012.

[50]

B. Jelen and T. Syrstad, M acros e VBA P ara M icrosoft E xcel : Elsevier, Rio de
Janeiro, Brasil, 2004.

[51]

G. H. White, "Basics of estimating measurement uncertainty," The Clinical
Biochem ist Reviews, vol. 29, p. S53, 2008.

[52]

J. R. Lamarsh and A. J. Baratta, Introduction to nuclear engineering vol. 3: Prentice
Hall Upper Saddle River, NJ, 2001.

[53]

M. Rahgoshay and O. Noori-Kalkhoran, "Calculation of control rod worth and
temperature reactivity coefficient of fuel and coolant with burn-up changes for
VVRS-2 MWth nuclear reactor," N uclear E ngineering a n d Design, vol. 256, pp.
322-331, 2013.

[54]

J. Ortensi, S. Schunert, Y. Wang, V. Laboure, F. Gleicher, and R. C. Martineau,
"Benchmark Analysis of the HTR-10 with the MAMMOTH Reactor Physics
Application," Idaho National Lab (INL), Idaho Falls, ID, 2018.

[55]

U. DOE, "DOE Fundamentals Handbook: Nuclear Physics and Reactor Theory,
Vol. 2," US D epartm ent o f Energy, Springfield, 1993.

[56]

B. T. Rearden and M. A. Jessee, "SCALE Code System," Oak Ridge National Lab
(ORNL), Oak Ridge, TN (United States)2018.

[57]

C. Baker, G. Davidson, T. M. Evans, S. Hamilton, J. Jarrell, and W. Joubert, "High
performance radiation transport simulations: preparing for Titan," in SC'12:
Proceedings o f the International Conference on H igh Perform ance Computing,
Networking, Storage a n d A nalysis , 2012, pp. 1-10.

120

[58]

J. C. Wagner, D. E. Peplow, and S. W. Mosher, "FW-CADIS method for global and
regional variance reduction of Monte Carlo radiation transport calculations," Nuclear
Science a n d Engineering, vol. 176, pp. 37-57, 2014.

[59]

D. Peplow, "Monaco: A Fixed-Source, Multi-Group Monte Carlo Transport Code
for Shielding Applications," ORNL/TM -2005/39. UT-Battelle, LLC. O ak Ridge
N ational Laboratory, 2009.

[60]

O. ICRP, "2007 recommendations of the ICRP," ed: ICRP Publication 103, 2007.

121

VITA

Abdulaleem Bugis was born in Makkah, Saudi Arabia. He joined Umm Al-Qura
University (UQU), Makkah, Saudi Arabia, in September 2004. He received several honor
certificates for his outstanding academic record. His senior project was awarded as the best
senior project at UQU. His project was to investigate the performance of the JT-9D
turbofan engine by studying its design to manufacture a small turbojet. In July 2009,
Abdulaleem received his Bachelor of Engineering in Mechanical Engineering from Umm
Al-Qura University.
In August 2009, he joined King Abdulaziz City for Science and Technology
(KACST ), Riyadh, Saudi Arabia, as an academic researcher in the National Center for
Nuclear Technology. In February 2010, Abdulaleem Bugis received an honor invitation to
attend a training program at INPAP company, San Carlos de Bariloche, Argentina. He
spent 18 months on the training, and he received multiple certificates.
In August 2012, Abdulaleem was awarded a graduate scholarship and joined the
Missouri University of Science and Technology, Rolla, Missouri, USA. In December 2014,
he received his Master of Science in Nuclear Engineering. In January 2015, he enrolled in
the Nuclear Engineering Ph.D. program at Missouri University of Science and Technology.
He continued his Ph.D. studies under the guidance of Dr. Xin Liu. In August 2020,
Abdulaleem received his Doctor of Philosophy in Nuclear Engineering from Missouri
University of Science and Technology.

