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Abstract

Development of Dynamic Simulation
Model for 10 kWe Heat Pipe Micro
Fission Battery using AMESIM

Jongsung Chi
Department of Energy System Engineering

The Graduate School

Seoul National University

Recently, demand for replacing chemical energy is increasing as most
contemporary industries require stable energy sources. Chemical energy only
provides the energy for several hours to days at the longest without refueling even
though it has advantages in high technology maturity and being used for various
industries.

The study begins with to overcome the weakness of the chemical energy and

suggest replacing it as a micro heat pipe cooled reactor. Micro heat pipe cooled



reactor is also referred to as fission battery, producing less than 20 MWe. Fission
batteries have in strengths in long-refueling interval, compactness of unit design
with high mobility and passive safety system by self-regulation. Various studies for
the fission battery’s individual components have been conducted. Muller suggested
new concept design of the micro reactor, Fuel-Element Heat-pipe, FEHP (Muller,
2019) with increased 17% of fuel density. Also, Ma studies materials used for the
thermoelectric generator. However, there are only few studies have conducted
regarding the entire system of the micro reactor. To make a micro fission battery
feasible, more studies to analyze entire system is needed. Therefore, the purpose of
this study is to develop a numerical model to analyze micro reactor dynamics, and
to assess the system’s behavioral characteristics on possible scenarios.

The reference reactor of the study is a 10 kWe micro heat pipe cooled reactor
for underwater drones. The reactor consists of three main components: the core,
heat pipe and thermoelectric generator (TEG) as a power conversion system. The
heat is produced from the fission of the core and transferred to heat pipe. It is a very
effective system to transfer the heat by its evaporation and condensation at each end
of the pipe. The condensate end of the heat pipe is connected to the hot side of the
TEG. It converts heat energy to electric energy by using thermoelectric effect. The
produced electric energy is firstly saved in the outer battery of the reactor and rest
of the energy is remained for the control drum. This reactor system ensures the
safety because of its high reactivity feedback effect and outstanding cooling
performance.

To develop dynamic simulation model, AMESIM software is used, made by
SIEMENS. It is a simulation software specialized in modeling, analyzing, and

predicting the performance of mechatronics system. For modeling the core,
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equivalent annulus approximation method is used. It is widely used for the concept
design and analysis of the reactor. The core is divided into the sections of fuel,
matrix, a gap between fuel and matrix, and a gap between matrix and heat pipe.

Thermal resistance concept is used to model the heat pipe. Each section of
evaporation and condensation is divided into three areas: shell, wick, and chamber.
Thermal transfer and resistance are calculated as the heat passes each area. Also,
operating limits of heat pipe: capillary, sonic, viscous, boiling, and entrainment, are
considered.

Thermoelectric effect, Thomson and Seebeck, is used for modeling TEG. It
converts from heat energy to electric energy by using temperature differences of
each end of TEG. The governing equation for TEG includes Thomson and Seebeck
effects.

To analyze dynamic behavior of the reactor, reactor kinetics with feedback
effect should be considered. Point kinetics equations are used, and fuel and
moderator temperature coefficient are considered for feedback effect. McCARD is
used for neutron physics analysis, and kinetic parameters including effective
multiplication factor and temperature coefficient are calculated.

Integrated model including the core, heat pipe, TEG, reactor kinetics with
feedback effect verified its accuracy with less than 1% error by comparing the result
with the reference data.

With the integrated model, several dynamic simulations based on the scenarios
of possible accidents on micro reactor are conducted. First scenario is about
abnormal heat sink transient. The cooling performance of heat sink area is changed
by -80% to +80% of normal condition, the sinusoid wave and random distribution.

Second scenario is about unexpected reactivity transient. The reactivity of the core
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is abruptly increased by 0.05$, 0.108, 0.15$ and 0.20$. Each simulation is
conducted to analyze dynamic behavior of the reactor. As a result, for every case of
the heat sink scenario, the reactor not only behaved within the operating limit of
heat pipe and fuel temperature, but also produces stable power without significant
difference from the normal condition. For abruptly increase of reactivity scenario,
from 1.5$, the reactor behaved beyond the operating limit of heat pipe and fuel
temperature.

In conclusion, the development of dynamic simulation model for 10 kWe
micro fission battery showed its stability and robustness under severe conditions.
The electric power maintained within 15% for every condition, and the reactor
operates without intervention of the control drums under the reactivity insertion of
1.58. Moreover, the study proved the feasibility of the micro heat pipe fission

battery system as a power source for the underwater drones
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Micro Heat Pipe Cooled Reactor, Dynamic Simulation for Micro Reactor,

AMESIM Simulation, Thermoelectric Generator
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Chapter 1.

Introduction

1.1 Background and Motivation

Recently, a variety of studies for smart technology and 4" industry revolution
technologies such as artificial intelligence, drones, big-data, unmanned system,
Internet-of-Things, and 3D printers have conducted. These technologies require
stable electric energy sources in common because most of them promotes
unmanned system. Chemical energy has high technology maturity and advantage
in being used for various industries. However, it only provides the energy for
several hours to days at the longest without refueling as shown in Figure 1.1.

This study begins with to overcome the weakness of chemical energy and
suggest replacing it as a micro reactor. A micro reactor is defined as a reactor
producing less than 20 Mwe and referred to as a nuclear battery or a fission battery.
Fission batteries have strengths in long-refueling interval, compactness of unit
design with high mobility and passive safety system by self-regulation. Due to these
advantages, demand on the micro fission battery is rapidly increasing and numerous
research have been conducted. Micro heat pipe fission battery is one of kinds of
micro reactors that have received much attention world-widely. Kilopower project,

conducted by NASA, successfully developed a micro heat pipe reactor using
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sterling engine in 2018, and Westinghouse Electric Company has been developing
eVince micro reactor, specialized in fully factory built, fueled, and assembled, as

shown in Figure 1.2 and 1.3.

1.2 Previous Studies

Moreover, diverse studies on the components of micro heat pipe cooled reactor
have been conducted. For heat pipe, Muller suggested new concept design of the
micro reactor, Fuel-Element Heat-pipe, FEHP (Muller, 2019) as shown in Figure
1.4. The main difference from traditional heat pipe design is designing a reactor
system with a coolable geometry, and it increased 17% of fuel density. Ma et al.
showed the stability of heat pipe system of the micro reactor. Ma simulated heat
pipe failures of MegaPower Reactor model. It proved the heat pipe failures do not
affect the power distribution and the reactivity of the core as shown in Figure 1.5
(Ma, 2020). For thermoelectric generator (TEG), one of power conversion systems,
Liu studied materials used for the thermoelectric generator. As shown in Figure 1.6,
the material’s ZT values are increasing as time goes. Also, Wang suggested a
concept design of thermoelectric generator with a heat pipe system as shown in
Figure 1.7. For the integrated system of the micro reactor, Hu analyzed heat pipe
cooled micro reactor by using the System Analysis Module (SAM), developed at
Argonne National Laboratory. As shown in Figure 1. 8§, SAM analyzed the steady-
state solid temperature profile of the reactor. Tang studied the performance of
thermoelectric generator for heat pipe cooled micro reactor experimentally as
shown in Figure 1.9. Its data from the experiment verified numerical model with

the maximum 5% simulation error.



However, besides the studies mentioned above for the integrated system, only
few studies for micro reactor’s entire system have been conducted. Therefore, to
make micro reactors to be more feasible, more diverse studies for the integrated

system should be conducted.

1.3 Objectives

The purpose of this study is to develop a numerical model to analyze micro
reactor dynamics, and to assess the system’s behavioral characteristics on possible

scenarios. The specific objectives of the research are as followed:

1) The conceptual design of 10 kWe micro heat pipe fission battery for
underwater drones is described. It consists of the core, heat pipe and
thermoelectric generator as a power conversion system.

2) The theory on dynamic simulation for the reactor core, heat pipe,
thermoelectric generator, and reactor kinetics is explained.

3) The process of modeling each part of the micro heat pipe fission battery
for dynamic simulation using AMESIM software is presented

4) Dynamic simulations for the micro heat pipe fission battery is analyzed
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Chapter 2.

Micro Heat Pipe Fission Battery System

2.1 Basic System Concept

The conceptual heat pipe reactor battery is divided into three parts: core, heat
pipe, and thermoelectric generator (TEG) for the power conversion system as
shown in figure 2.1. It is designed to produce 74 kWt thermal power and 11% of
enriched UN fuel is used. The sodium heat pipe system is used because of its
operable temperature range. The total of 37 sodium heat pipes and 90 fuel rods are
installed in a triangle array into moderators. In the core of the model, the point
kinetic equations and the reactivity feedback effect are adopted to analyze the time-

dependent behavior of the reactor and its effect on the total power of the battery.
2.1.1 Reactor Core

The reactor produces heat energy by the nuclear fission. It consists of the core,
reactivity control system, and a vessel surrounding the reactor. The core is
composed of fuel, reflectors, and shielding materials. Materials causing nuclear
fission such as uranium is used for the fuel and formed as UO: or UN. Nuclear

fission reaction with neutrons produces about 200 MeV of heat energy. The



neutrons are formed through the fission cause chain reaction with the fissionable
materials. They tend to react easily with the neutrons of lower energy, and the
moderator plays a role to slow down the fast neutrons formed from the fission
reaction. Water or graphite are widely used for moderator. Also, reflectors surround
the reactor core and make the neutrons return back to the core.

This system enables nuclear fission reaction to be continuously maintained.
The power of the core is controlled by the reactivity, and the reactivity by the total
number of neutrons. The control materials are used for balancing the neutron
numbers. Therefore, when the control materials are inserted in the core or taken out
from it, the reactivity speed is decreased or increased.

The control materials can be classified as control rods or control drums by its
mechanism. The control drum works as insertion or extraction and control drum as
spinning toward the core. The heat generated from the core is transferred to heat
pipe by the internal matrix. For the micro reactor, the moderator plays a role as an

internal matrix.

2.1.2 Heat Pipe

To produce electricity using the heat energy, the power conversion system
should transfer heat energy. Heat pipe plays a role as a coolant for the micro reactor.
Heat pipe is a metal pipe filled with working fluid. It is a very effective system to
transfer the heat using the phenomena of evaporation and condensation of the
working fluid. Heat pipe is a unique system in that it is very conductive and no
exterior energy is needed such as pumps. There have been diverse studies for heat

pipe to be applied for the reactor, and sodium and lithium heat pipe are developed
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for the high temperature environment. In this study, sodium heat pipe is used
because it is operable between 350 ~ 800 C. The heat pipe’s evaporate sections is

connected to the core and condensate section to the cold side of TEG.

2.1.3 Power Conversion System

Power conversion system converts heat energy to electric energy. There are
direct and indirect method for the power conversion system. The indirect method is
selected for this study because it does not require mechanical operating parts and
controlling system. The condensate section of the heat pipe passes heat to the hot
side of the TEG by a heat distributor. It can be designed as various methods. Its
design is significant to reduce heat transfer paths and maximize surface of TEG for
the compactness of the system in size. The cold side of the TEG is connected to the
heat sink areas by other heat distributor. The heat sink is a place to release the heat,
and sea water is used in this study. Most electricity produced from the TEG is stored

in an exterior battery, the rest is used for the control drum of the reactor.

2.2 Safety Concept

The concept of reactor’s safety system is damaged when there is a loss of the
reactivity control and failure of elimination of the decay heat. Micro heat pipe
fission battery’s safety system is shown as figure 2.2, ensuring its safety system by
following reasons:

* No possibility for a loss of coolant accident (no use of coolant and pumps)

* Low possibility for the fuel melting accident (low power of the core and

11



high thermal capacity)

* Low possibility for the leakage of radioactive materials due to low operating

pressure

* Ensured inherent safety due to the property of the solid core

2.3 Radiation Shield

The micro fission battery of the study is developed for underwater drones.
Therefore, there is no need to consider radioactive effect for the people. To operate
efficiently and prevent radiation hardening for the underwater drones, the thickness
of the shielding materials and its installation should be considered. The main
purpose of shielding for radiation is gamma ray and neutrons. As the atom number
of the shielding material is bigger and its mass is smaller, the efficient for the
shielding is better. The layered with tungsten and B:C are used for the shielding

materials as shown in figure 2.3 and 2.4.

2.4 Design of 10 kWe Micro Heat Pipe Fission Battery

System

The basic concept of the micro heat pipe fission battery is shown as figure 2.5.
The system is composed of the core, heat pipe and the TEG. The cylinder-shaped
core is surrounded by the reflectors. The shielding materials are installed at the top
and bottom of the core and protect the TEG and the control drum. The heat from

the heat pipe is transferred to the TEG by the copper block. The TEG is a stable

12



system to convert heat energy to electricity because there is no mechanical driving
system. To cool down the reactor, sea water is mainly used at the cold side of the
TEG. To increase the cooling performance of heat sink, cooling fins are adopted.
The entire system is protected by a metal case, and its exterior surface is cooled

down to maintain the reactor operable in emergency situation.

13
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Chapter 3.
Theory on Dynamic Simulation of Micro Heat

Pipe Fission Battery System

3.1 Dynamic Model for Reactor Core Thermal Response

3.1.1 Equivalent Annulus Approximation

To analyze thermal response of the core, the equivalent annulus approximation
method is used. This method is widely used for designing reactors because it has
strength in reflecting physical properties of the complicated shapes of materials.
For precise approximation, several thermal design options are considered as shown
in Figure 3.2. The basic method of the equivalent annulus approximation is applied
to the first option. The second and the third ones reflect the real fuel rod design.
Multi-physics analysis codes are used to select the best option for the thermal

analysis, and the second one is chosen for the model.

3.1.2 Equations for Reactor Core Thermal Analysis Model

The general heat transfer equation is:

dT 1d< dT)

C -
P rdr

Pdc  rdr
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However, AMESIM provides different types of transient equations using the
concept of thermal resistance. Figure 3.3 shows the general concept of thermal
resistance circuit of the core. Each node of the core is connected by the thermal

resistance, and governing equation is:

dT, ~T,—T,
M;Cy; - R, +0;
J

Q; represents the heat flow rate from the fission. Each resistance of the nodes are
decided by its properties. Tables 3.1 shows the resistance and heat flow rate used

for the core.

3.2 Heat Pipe Model

3.2.1 Equations for Heat Pipe Model

The governing equation for the heat pipe is developed using the concept of
thermal resistance. The heat pipe is divided by two parts: evaporate and condensate
section. Each section includes 3 nodes meaning the wall, wick, and chamber as

shown in Figure 3.4. Table 3.2 represents the resistance used for each node.

3.2.2 Heat Pipe Operational Limit

There are 5 different operating limits for the heat pipe: capillary, sonic,
entrainment, boiling, and viscous limit as shown in Figure 3.5. The capillary limit
occurs when the capillary effect of the wick is too weak for the working fluid to

move from the condensate section to the evaporate section. The sonic limit is
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defined when the speed of the vapor becomes fast as the sound. The vapor at the
high-speed keeps being cumulated, and results finally in slowing down the speed
ofthe vapor. The entrainment limit happens when the path of the vapor is so narrow
that the liquid is absorbed in the vapor. It results the decrease of the amount of
working fluid returning from the evaporate section. The Boiling limit occurs when
the evaporate section becomes too hot to cause the evaporation of the wick. The
viscous limit is caused when the speed of the vapor is decreased due to the
indifferent pressures between the evaporate and condensate section. The related

equations of the operating heat pipe are shown in Table 3.3.

3.3 Thermoelectric Generator (TEG) Model

3.3.1 Thermoelectric Phenomena

Thermoelectric effect occurs between two different semi-conductors as shown
in the Figure 3.6. They are called as ‘n-type’ and ‘p-type’ semi-conductors. The
current occurs when electron carriers move from the high to the low temperature.
So, ‘n-type’ semi-conductor work as an electron and ‘p-type’ as a carrier. If this
phenomenon occurs in an opposite direction, there is a temperature gradient
produced by a voltage gradient. These phenomena are called Seebeck, Peltier, and

Thomson effects.

3.3.2 Equations for TEG Model

The equations of the thermoelectric effect and the governing equation are:
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E, = aAT (Seebeck Effect)
G, = mj (Peltier Effect)

qin = —7jVT (Thomson Effect)

dT; T] -T; 2
M;Cy; G R, +Ji"piVi
Jj
|xi—x;]|
(Rij  krEGATEG

The governing equation is developed by heat transfer equation with

considering the thermoelectric effects as shown in Figure 3.7.:

3.4 Reactor Kinetics Model

3.4.1 Point Kinetics

The point kinetics equations are used to approximate reactor’s transient
response to make it maintain stable condition. The equation is composed of several
differential equations representing the neutrons’ time dependent behaviors prior to

their space change. The point kinetics equations are:

an@) _ p®)-B , ,
% - O N(@®) + XN CGi(1)

ac;t) _ Bi _ ' _
dt /\(t)N(t) NCGi(D), (i=1,2,3, -,6)
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3.4.2 Reactor with Reactivity Feedback

The reactivity feedback effect occurs when the change of the reactivity affects
the power of the reactor, and it simultaneously influences the composed materials’
density, and temperature, etc. The process of the reactivity feedback effect is shown
in Figure 3.8. In this study, the fuel temperature coefficient (FTC) and the moderator

temperature coefficient (MTC) is considered, the main factors of the feedback effect.
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Table 3.1 Thermal Resistance and Heat Flow rate of the Core

Component R; [K/W] Q: [W]
1
Gap 2 R;j = 2nnLhyey Q:=0
i
Mat |inc) _
atrix = i Q;=0
Y 2mlLk,,
1
Gap 1 R;j = 2 Lhyy Q=0
T'.
In(< Vi
Fuel — ‘ (ri) Qi = QtotalVf_pfi
uel

U7 2nLk,,

Table 3.2 Thermal Resistance of the Heat Pipe

- Rij [K/W]
Evap. Shell — Wick R, =1 [ro‘”‘ ri‘rw]
vap. Shell — Wic 12 = 50 | 2k, o
. 1 =Ty,
Evap. Wick — Chamber Rys = T [Zk—]
whe Leff
. 1 T'i —_ T'W
Cond. Chamber — Wick Ry = C— [Zk ]
wc Leff

Cond. Wick — Shell

1 T,—T; T;i—T,
45 = +
2nriL. | 2k, 2k orf
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Table 3.3 Equations for the Heat Pipe Operating Limits

Type

Equation

Capillary Limit

AP.qp = AP, + AP, + AP, + APy,

Sonic Limit

VoR,To 12
qs,max = Avpohfg — ]

2(py + 1)

Entrainment Limit

1/2
apy )

e, max = Avhfg <E
S

Boiling Limit

B 2mLerrkeT, (20)

qp, max = i\ ..
hfg pyln (T'_;) Tn

Viscous Limit

2ntLlesrk,T, (20
qp, max = —‘rl (T_)
hfgpvln(a) n
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Chapter 4.
Development of Dynamic Simulation Model

for 10kWe Micro Fission Battery using
AMESIM

4.1 AMESIM Software

AMESIM is a simulation software developed by Siemens. It is specialized in
modeling, analyzing, and predicting the performance of mechatronics system.
There are various industrial libraries such as thermal, hydraulic, mechanics and
electricity as shown in Figure 4.1. Each library is composed of numerous
components, and time-dependent equation is installed in the components. For
example, there are ‘Thermal Capacity’ and ‘Thermal Resistance’ components in a
thermal library as shown in Figure 4.2. ‘“Thermal Capacity’ component calculates
heat flux between two different points, and their temperatures are used as input data.
‘Thermal Resistance’ component receives temperature as an input data from
‘Thermal Capacity’ component and calculates the heat flux as an output data. A
variety of mechatronic system can be modelled by using the combination of

numerous components.
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4.2 Reactor Core Model

The core is divided in to 5 parts radially, and 11 parts axially as shown in
Figure 4.3. By splitting the core, more precise temperature profile data can be
simulated. Each divided point of the fuel, the heat from the fission is added. The
end of the core model is connected to the evaporate section of the heat pipe to

transfer the heat of the core.

4.3 Heat Pipe Model

The heat pipe is divided by six parts; 3 parts for evaporate section and others
for condensate section as shown in Figure 4.4. Each section consists of a wall, wick
and chamber. The heat from the core is transferred to the condensate section, and it
is connected to the hot side of the TEG. There is a ‘Temperature Sensor’ attached
to the component of the evaporate section, sending the temperature of the heat pipe
to the operating limit model. There are 5 operating limits for heat pipe. Each limit
is modelled based on its related equation as shown in Figure 4.5. The operating limit
model calculates the individual unit power of the heat pipe and compare it with the

limit to analyze the reactor’s stability.

4.4 TEG Model

The TEG model is developed using the method same as the core model. TE
elements are divided in to 10 parts for better analysis as shown in Figure 4.6. Each
point of the TEG includes the joule heat from thermoelectric effect. The hot side of

the TEG is connected to the condensate section of the heat pipe and the cold side to
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the heat sink of the reactor. The heat sink is modelled using a component to generate

cooling effect.

4.5 Point Kinetics Model

There is a component ‘Integrator Solver’ to solve differential equations. There
are 7 differential equations for the point kinetics: one for the total number of
neutrons, the others for the total number of delayed neutron precursors. The point
kinetics equations are solved by using the component mentioned above as shown
in Figure 4.7. The calculated reactivity is connected to the reactivity feedback effect

model.

4.6 Reactivity Feedback Model

The reactivity is calculated as a sum of the reactivity from the fuel and
moderator, initial reactivity, and external reactivity as shown in Figure 4.8.. The
average temperature of the fuel and moderator of the core is connected to the
reactivity feedback model, and its reactivity, calculated output of the model, is sent

to the variable of the point kinetics model.

4.7 Model Integration

The integrated model is shown as Figure 4.9. The core model, affected by the
point kinetics and reactivity feedback model, is connected to the heat pipe model.
The heat pip model includes the operating limit model. There is a ‘Thermal

Capacity’ component between the heat pipe and the TEG, representing a copper
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block for the distribution from the heat pipe. The integrated model uses a function
called ‘Super Component’. It puts all the complicated models together into a simple

single component.

4.8 Verification

To verify the dynamic simulation model of the micro fission battery,
Engineering Equation Solver (EES) program is used as a reference data. It solves
all the equations related to the micro fission battery and calculates values of the
steady state. In Figure 4.10, and 4.11, the significant parts of the micro fission
battery are demonstrated. As a result of the simulation, there are only negligible
errors from the AMESIM simulation compared to the reference data, and it proves

the appropriateness of the dynamic model.
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Table 4.1 The Temperature Profile of the Micro Fission Battery

. Reference AMESIM o
Region Design (K) Temperature (K) Error (%)
Fuel 1030.04 1036.80 0.65
Heat Pipe
Evaporate Section 964.50 965.67 0.12
TEG Hot Side 950.04 950.06 0.11
Heat Sink 298.08 298.05 0.01
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Chapter 5.
Dynamic Simulation for 10kW Micro Heat

Pipe Fission Battery

5.1 Abnormal Heat Sink Transient

This scenario represents abnormal change of cooling performance at heat sink
of'the TEG as shown in Figure 5.1. Since the micro fission battery is developed for
underwater drones, there are various scenarios for changing the cooling
performance such as some foreign matters stock in the heat sink area or increase of
water speed. The purpose of this simulation is to analyze the reactor’s stability
under abnormal heat sink transient. The simulation begins with the heat sink
transient after maintaining steady state for 2,500 seconds. The transient simulation

is continued for 2,500 seconds. The time step for the simulation is 10 seconds.
5.1.1 Abrupt Undercooling

The cooling performance of TEG is decreased by -20%, -40%, -60% and -80%
of its normal condition. Figure 5.2 shows results of the simulation. As the cooling

performance is decreased, heat flux of the heat sink is gradually increased. The
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temperature of the cold side of TEG is slightly increased proportionally, but the
whole system’s temperature is not affected. The maximum temperature of the core
slightly increased and the unit power of the heat pipe is decreased. Their changes
are under the operating limits. The reactivity feedback effect becomes more
significantly observed as the cooling performance decreased, but there is only slight

change in thermal and electric power. The efficiency of the power changed from

14.9% to 13.8%.

5.1.2 Abrupt Overcooling

Overcooling can be observed when the speed of the water is increased, or
underwater drones accelerates its speed. The cooling performance of TEG is
increased by +20%, +40%, +60%, and 80% of the normal condition. The results are
shown in Figure 5.3. As the cooling performance is increased, heat flux of the heat
sink is decreased proportionally, but temperature profile of the system does not
show significant change. There are slight changes in maximum core temperature
and heat pipe unit power under the operating limits. As the change of the reactivity,

thermal and electric power increased negligibly.

5.1.3 Oscillated Cooling

The cooling performance changes with sinusoidal wave. The maximum and
minimum value for the oscillation is +80% and -80% of the normal condition. The
periods of 100 seconds, 500 seconds and 1,000 seconds are observed. As shown in

Figure 5.4, heat flux of the heat sink and system temperature profiles fluctuation
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with the change of sinusoidal wave. Thermal and electric power shows same
phenomenon, but the reactor behaves under the operating limits of both fuel

temperature and heat pipe.

5.1.4 Random Cooling

The cooling performance of TEG is abnormally changed with uniformly
generated random distribution. The range of the random distributions is between -
80% and +80% of the normal condition. Figure 5.5 shows the result of the
simulation. Heat flux of the heat sink changes randomly. The system temperature
profile shows only slight change in the cold side of TEG. The reactor operates under
the limits of fuel temperature and heat pipe. Thermal and electric power shows

negligible changes.

5.2 Unexpected Reactivity Transient

This scenario represents a situation when there is an unexpected reactivity
insertion of the core. The purpose of the simulation is to observe the robustness of
the reactor regarding the reactivity changes without the intervention of the control
drums as shown in Figure 5.6. The simulation condition is same as the heat sink
transient, and the reactivity is inserted by 0.05$, 0.10$, 0.15$, and 0.208.

As aresult of the simulation in Figure 5.7, the reactivity is abruptly increased.
The reactor maintains is stability before 0.10$ but when there is reactivity insertion

of 0.15% and 0.20§, its maximum core temperature reaches beyond the operating
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limit. The heat pipe unit power is increased beyond the operating limit by the

reactivity insertion of 0.20$.
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Figure 5.3 Heat Sink of the Micro Fission Battery
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Chapter 6.

Conclusion

6.1 Summary

The dynamic simulation model is developed using AMESIM for the micro
heat pipe fission battery. The system of the fission battery consists of the core, heat
pipe and TEG as a power conversion system. The core is modelled using transient
heat balance equations with equivalent annulus approximation, the heat pipe model
is developed using thermal resistance concepts with considering various heat pipe
operational limits. Also, for the TEG model, transient heat balance equations with
considering Seebeck & Thomson effects are used. Neutronics and thermal response
using point kinetics model is analyzed.

With the developed mode, dynamic behaviors of 10kWe micro heat pipe
fission battery for underwater drones are analyzed for various anticipated scenarios.
As a simulation result, the system conditions and its power outputs are stably
maintained with 15%, even under very serious abnormal heat sink scenarios without
any external controls. Also, the simulation proved that the reactor system is
operable for a sudden reactivity insertion up to 0.15$ ~ 0.20$ without any external

controls.
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6.2 Significance of the Study

The study shows the provision of a simple and fast analysis tool for transient
fission battery behaviors. The developed model can be a useful tool for evaluating
dynamic system performance and transient behaviors given fission battery design.
It also can be utilized for optimization and improvement of a fission battery system
design.

Moreover, the study demonstrates the feasibility of the micro fission battery
concept. Its system configuration consisting of a solid core, heat pipe, and
thermoelectric generators can be a very stable and robust concept for anonymous
underwater drones. Even under serious heat sink and reactivity changes, the system
power outputs, temperature, efficiencies can be stably maintained with a little

deviation from the nominal conditions.
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Appendix A. Kinetic Parameters

Division

Value

RSD

SD

Prompt Neutron
Generation Time from
Fission to Next Fission

7.2837E-06

6.5483E-04

4.7696E-09

Prompt Neutron
Generation Time
Weighted by Adjoint
Flux

2.1678E-05

1.9227E-03

4.1680E-08

Prompt Neutron
Lifetime Time

2.7366E-05

5.4350E-04

1.4874E-08

The Number of Delayed
Neutrons

104,235

The Number of Total
Neutrons

15,000,000
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Group Bi RSD SDh
1 2.6053E-04 5.92E-02 1.5432E-05
2 1.2867E-03 2.63E-02 3.3794E-05
3 1.2334E-03 2.99E-02 3.6855E-05
4 2.9511E-03 1.71E-02 5.0489E-05
5 1.2057E-03 2.68E-02 3.2323E-05
6 5.0847E-04 3.78E-02 1.9238E-05
Berf 7.4458E-03 1.06E-02 7.9280E-05
Group A; RSD SDh
1 1.3351E-02 1.37E-06 1.8259E-08
2 3.2666E-02 2.67E-06 8.7258E-08
3 1.2091E-01 1.31E-06 1.5899E-07
4 3.0386E-01 4.28E-06 1.3011E-06
5 8.5241E-01 4.12E-06 3.5077E-06
6 2.8631E+00 4.25E-06 1.2154E-05

76



Appendix B. The Burn-Up Calculation

McCARD Burn-Up (Depletion) Calculation Options

The Number of Neutrons 50,000
Active Cycle 300
Inactive Cycle 150
Cross-Section Data ENDF-B VIILO
Multiplication Factor
EFPD (day) kers SD

0 1.02392 0.00030
0.1 1.02425 0.00028
5 1.02338 0.00030
10 1.02329 0.00029
20 1.02339 0.00029
30 1.02279 0.00027
40 1.02297 0.00030
50 1.02292 0.00028
100 1.02191 0.00029
200 1.02058 0.00030
365 1.01959 0.00028
730 1.01600 0.00030
1,095 1.01360 0.00029
1,460 1.01183 0.00029
1,825 1.00984 0.00027
2,190 1.00820 0.00030
2,555 1.00689 0.00028
2,920 1.00608 0.00029
3,285 1.00373 0.00028
3,650 1.00256 0.00028
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k_eff. vs. EFPD
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Figure B.1 Burn-Up Calculation of the Fission Battery
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Appendix C. Temperature Coefficient of

Reactivity Feedback
Material Density [g/cc] Enﬁ;t}(l)zl]ent Thézlri%ess
Fuel Temp. [K] 1200 UN 13.60 9
%‘;‘jﬁg 900 Zr2H3 5.60
Ref. Temp. [K] 900 BeO 3.01 - 8
Cladding. Temp. 900 7c4 6.56
[K]
[pcm / K]
FTC -0.9341
MTC -0.0922

79



g 2%

A2 MAARoR wlolaE YR Forvt Zrteta lth
mo] AR AARY 5 AR AFF o) AT Aol ThsEh,

e rozy ool AFFL 9 WIE

Asaaz Qs 3 P Tl Utk wlola e dxtE #™
ABAT=S FTE AHHESEA 9 SEo|Z F AR
T4l dst ASHA AFEZ TS HAYH Aot AT
ME FAALAE g Ao wE wholaR YR FFH
Alz~dlo] gt At AiF oz B3 AEjolw, mlojaz dxtr 9
FEstE ellde AA Alagel didt A7 S F s

Webd, B ATAE J1Ee] Ad AAR 10kW 5£F Sg9
mlo]ZE S|Evtelx MR WEHeE /WO opd AEE oIS
AgE BH AFdold Rae et vholaz 5 Este] X
FHeRD xR AR 54, slEselm, e
AGuBAAL AALARANE BAYste] FEFE vio]AE
AREE AAFAT. o FA AFdold rde FH violAm
Axpze] WY S o APY A T 2L 2
ofe AuE o] g RIS FAAALG. olF | violaz
ARtz o) ARA 2 kS Flstert

RN

o o =
HheE A &

T YAR AARL £ B2 99 vho]aR s|Evfo]x o
Helglz 3709 Fo FAAeA (4], s|Edo]x, ouA] HEAE) =
et g Qv ez QAR de S A7y AE
Arstar, o] duAl= FAA AAE F& HdFER Buyddg. A
A2 FE5A0lAR Y Fo] BHEEW, Al 9 v Al AlolA
RS WAgcmM RS A FHE FAT F Uk

oA s dald S SlEl violaR AR A4S &9 A (Unit

80



=D

1

Reow,

o
bl

S

)

4

tol

)

&

=

]
5 Axte] =3}

o
A

=

[e)

o}l 4l (Advanced Modeling

o] 4]

sheie.

S

(Es ERL

o

=

7k

Environment for Simulation, AMESIM)

lac A
OO RAN AAH

©
=

=

A%
stol o,
EPE

=]

;\__L.

7
T

=
0

N

o A
JEE

3

O
Al2~E AlE o] A

SEA L ol 4]

H

3ol

z2 1158

Fo

21}

|=]
L)

5%

ol
pid
-

i

0
3

M
g
%
A=

oV

o
o

a1,

sreie.

S

oF 4ol

Ho=z s)uk

)

|
)
B

i
|
)
o

WA

)

fite)

m

o

A7}

]
=

[e)
HES-

Aol 23 AR AFol A AuHo] ANHES

Seaeshl

Adtgrew Aitd

Eagstaiom,

tol

<)

AHg

B!

pid
-

—

H

=
=

Engineering Equation Solver (EES)
81

ol o
=

1
-

.



ALEoE A Y FRFF] # vluste] Ay Aoz HAFsST)
e mdF2 wlo]lmag J|Eyo]X A7 FF AlEHo|HE
] O

4
oM, % MY A@AY AxdY 2

A8k po
AolEAn 2 wdsAn. AlEgold Ay dA Wz Ao

O

F3to R Wy = A m FHo] @f&o] 15% UE FAHIL,
] o= Aoj=" Qo= $0.15 ~ $0.2071A
5}

re
re,
4
il
of
%
1%
M
o ng
=
o
AL
1o
i)
bt
r.EL'
o
%
X
i)
o
e
A,
>,

g
E2a9e Ago] b 2 stk b A e E Haye
A Ax" Y% P W A=A A6l fEP PHon 2 F
glovl, wEe 4% A= U Mol EF AR+ U9sS
Folstort. £a, vholaz ARG Wi AW A HPHS B
ATl welFdth B AT IA 1w, FEs|xg
1o F SR AgHZC Age,
Wt gdEle] e A Mol

O

Fo A L WS
I3 fAFE YL molFrkd 2 997} gluk

F90] mlo]A% FEstelL A4, WA, nlo] AR 5 Espo]x

Az FAAE o], ofld A&l

3HH 1 2021-29347

82



WA 2

ATAR FE vhad 28S 7ML AFoR 2% A A oF 2

b Algo] £38e A7 SHSlEFe At 22 2w Ae
AUtk oA AZEEE, A2 BFA EHe] ok AR 9l
FoATE FAd JgRgs AV g 0 AT Ggd e

etk Aol o 2 Egel o AYov, 109 kel 4B 9

getel e @ webd 5 gdezkel dd A4E wol AW 3 2
O~

= HFEete] A7 S, 18 8 7SS od giEdd oA

PAE] 9SS £ ddEUT o 22 FAMSE 1 25
Ao Bae vaw Ay,

e

e 2Riskd Aol s HEshs wgd ] ARR o

A% v} <oh” = wgdol g wrE of W Q9| 7]
= ki

o tzde 9A 2, I

83



Aol AFFAE ¢

AL,

o

=

SEl

Eay

j
a1

W A=,

s

3 97g ogglel A T

5!

—

T

Z]

[@)

ol &

)

=

A}

o2k Ao A
glojo] FHol.

RS
=

3z

7)—11:1

S

=

$evet g
Al

Hulel mgo] o

oA

—

T

—

T

5

Is)

[R=R=s

A, AgsE e o) 42 1
ATAY TINE HYA @), AFE)

SRS

kAt

3} 9]
=R

AARE,

=

=
W Al
]

PR

o

14 oble =

73

Zol.
ARy ohet T/ BRSO B

t]Eo] ESLAB %4

o

FAl A el 5= AL,

HE2 AAS

A}

N

dst ASHEH & A

el

Ho

fof

R

!

HAbshy AR

[e]
A%

]

o
1l

M A

T

T

bk 7h91 k9] sl

Is)

zg

o]_

_—[L

A

~—

-
A

o
o

]

S

I
T

2ol U

[e)

=
P o olzl7h wAl

& A"

&

&l

Q7 4

1

o
o

AARE <] A
84

g ol.

T

=
LN

B

oj A -2

w2Eo dolw, ouA7F b WA= Ejgkol.

Tyl

—

T

= F8°l.

S

20the] 715 =74
i

Al

o



sieolst Al BEd Bede FRHFAY 2de). v v
b R gk Ha, 2
shthe wHe molw Ak

ot

npA RO 2 A 25t JANE, A, JE 3 SolkA] s

A et Ags ek AFFshs o], clZeledAl THE 2 vk s
Ashal AFYH(EAToZE U Al Ago] A A4 st
Arebgean 9lolA vgs aimke]). Aw7bA @ g o] v e s FvkEs
A A R AR obsd S8 JEsFAlaL opAFA
TR wetd ARetE A A gol gA] KstAA N atel Ao

%

o WEAFAIY, 4 X AFRC R VEdFAE A9 T A
A ZEARY] #ES Syl B AHVIER itk E4E HE
Nl ot A9 vy, HolgolA dt HEA AL 7]
st AAFE I3 Fed, A7 AR v g o R, A5t
A Ao e AmsFA, dore] Ar AFSA = sbEA B
=y

85



	Chapter 1.  Introduction
	1.1 Background and Motivation
	1.2 Previous Studies
	1.3 Objectives

	Chapter 2.  Micro Heat Pipe Fission Battery System
	2.1 Basic System Concept
	2.1.1 Reactor Core
	2.1.2 Heat Pipe
	2.1.3 Power Conversion System

	2.2 Safety Concept
	2.3 Radiation Shield
	2.4 Design of 10 kWe Micro Heat Pipe Fission Battery System

	Chapter 3.  Theory on Dynamic Simulation of Micro Heat Pipe Fission Battery System
	3.1 Dynamic Model for Reactor Core Thermal Response
	3.1.1 Equivalent Annulus Approximation
	3.1.2 Equations for Reactor Core Thermal Analysis Model

	3.2 Heat Pipe Model
	3.2.1 Equations for Heat Pipe Model
	3.2.2 Heat Pipe Operational Limit

	3.3 Thermoelectric Generator (TEG) Model
	3.3.1 Thermoelectric Phenomena
	3.3.2 Equations for TEG Model

	3.4 Reactor Kinetics Model
	3.4.1 Point Kinetics
	3.4.2 Reactor with Reactivity Feedback


	Chapter 4.  Development of Dynamic Simulation Model for 10kWe Micro Fission Battery using AMESIM
	4.1 AMESIM Software
	4.2 Reactor Core Model
	4.3 Heat Pipe Model
	4.4 TEG Model
	4.5 Point Kinetics Model
	4.6 Reactivity Feedback Model
	4.7 Model Integration
	4.8 Verification

	Chapter 5.  Dynamic Simulation for 10kW Micro Heat Pipe Fission Battery
	5.1 Abnormal Heat Sink Transient
	5.1.1 Abrupt Undercooling
	5.1.2 Abrupt Overcooling
	5.1.3 Oscillated Cooling
	5.1.4 Random Cooling

	5.2 Unexpected Reactivity Transient

	Chapter 6.  Conclusion
	6.1 Summary
	6.2 Significance of the Study

	References
	Appendix A. Kinetic Parameters
	Appendix B. The Burn-Up Calculation
	Appendix C. Temperature Coefficient of Reactivity Feedback
	국문 초록
	감사의 글


<startpage>13
Chapter 1.  Introduction 1
 1.1 Background and Motivation 1
 1.2 Previous Studies 2
 1.3 Objectives 3
Chapter 2.  Micro Heat Pipe Fission Battery System 9
 2.1 Basic System Concept 9
  2.1.1 Reactor Core 9
  2.1.2 Heat Pipe 10
  2.1.3 Power Conversion System 11
 2.2 Safety Concept 11
 2.3 Radiation Shield 12
 2.4 Design of 10 kWe Micro Heat Pipe Fission Battery System 12
Chapter 3.  Theory on Dynamic Simulation of Micro Heat Pipe Fission Battery System 18
 3.1 Dynamic Model for Reactor Core Thermal Response 18
  3.1.1 Equivalent Annulus Approximation 18
  3.1.2 Equations for Reactor Core Thermal Analysis Model 18
 3.2 Heat Pipe Model 19
  3.2.1 Equations for Heat Pipe Model 19
  3.2.2 Heat Pipe Operational Limit 19
 3.3 Thermoelectric Generator (TEG) Model 20
  3.3.1 Thermoelectric Phenomena 20
  3.3.2 Equations for TEG Model 20
 3.4 Reactor Kinetics Model 21
  3.4.1 Point Kinetics 21
  3.4.2 Reactor with Reactivity Feedback 22
Chapter 4.  Development of Dynamic Simulation Model for 10kWe Micro Fission Battery using AMESIM 29
 4.1 AMESIM Software 29
 4.2 Reactor Core Model 30
 4.3 Heat Pipe Model 30
 4.4 TEG Model 30
 4.5 Point Kinetics Model 31
 4.6 Reactivity Feedback Model 31
 4.7 Model Integration 31
 4.8 Verification 32
Chapter 5.  Dynamic Simulation for 10kW Micro Heat Pipe Fission Battery 43
 5.1 Abnormal Heat Sink Transient 43
  5.1.1 Abrupt Undercooling 43
  5.1.2 Abrupt Overcooling 44
  5.1.3 Oscillated Cooling 44
  5.1.4 Random Cooling 45
 5.2 Unexpected Reactivity Transient 45
Chapter 6.  Conclusion 69
 6.1 Summary 69
 6.2 Significance of the Study 70
References 71
Appendix A. Kinetic Parameters 75
Appendix B. The Burn-Up Calculation 77
Appendix C. Temperature Coefficient of Reactivity Feedback 79
국문 초록 80
감사의 글 83
</body>

