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Abstract

Load following with a passive reactor core using the
SPARC design

Sebastian Leo Eile Svanström

This thesis is a follow up on "SPARC fast reactor design: Design of two passively
metal-fuelled sodium-cooled pool-type small modular fast reactors with Autonomous
Reactivity Control" by Tobias Lindström (2015). In this thesis the two reactors
designed by Lindström in said thesis were evaluated. The goal was to determine the
reactors ability to load follow as well as the burnup of the neutron absorber used in
the passive control system.

To be able to determine the dynamic behaviour of the reactors the reactivity
feedbacks of the cores were modelled using Serpent, a Monte Carlo simulation
software for 3D neutron transport calculations. These feedbacks were then
implemented into a dynamic simulation of the core, primary and secondary circulation
and steam generator. The secondary circulation and feedwater flow were used to
regulate steam temperature and turbine power. The core was left at constant coolant
flow and no control rods were used.

The simulations showed that the reactor was able to load follow between 100 % and
40 % of rated power at a speed of 6 % per minute. It was also shown that  the reactor
could safely adjust its power between 100 % and 10 % of rated power suggesting that
load following is possible below 40 % of rated power but at a lower speed. Finally the
reactors were allowed compensate for the variations in a week of the Latvian wind
power production in order to show one possible application of the reactor.
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Sammanfattning

För att möta klimathotet s̊a blir förnyelsebar energi mycket vanligare i länders energisystem.
Detta har i sin tur resulterat i större behov av lastföljande energiproduktion för de tillfällen
vinden inte bl̊aser eller solen inte skiner. Idag görs detta huvudsakligen med gasturbiner,
dieselgeneratorer och vattenkraft. Det är dock inte alla länder som har tillg̊ang till vattenkraft
och gas och diesel är b̊ade dyrt och förorenande.

Kärnkraft kan utgöra ett alternativ d̊a den ej är baserad p̊a fossila resurser. Detta kräver dock
att problem förknippade med säkerhet och l̊anglivat avfall kan lösas. Fjärde generationens
kärnkraft i form av metallkylda snabbreaktorer är d̊a ett lovande alternativ. Denna rapport
bygger vidare p̊a just en s̊adan reaktor, SPARC.

SPARC, kort för Safe, Passive with Autonomous Reactivity Control, är en modulär bat-
terihärd med en termisk effekt p̊a 150 MW som skall fungera i 30 år. Den är baserad p̊a
Integral Fast Reactor (IFR) och har samma passiva säkerhet. För att kompensera för reak-
tivitetsförändringar över reaktorns livscykel används det passiva reaktivitetskontrollsystem
ARC, kort för Autonomous Reactivity Control. Detta system gör att reaktorn kan fungera
passivt under 30 år utan mänskligt ingripande.

Denna rapport syftar till att utvärdera SPARC-reaktorns lastföljningsförm̊aga. Denna lastfölj-
ning skall ske passivt vilket betyder att flödet i härden m̊aste vara konstant och inga styrstavar
f̊ar utnyttjas. Därmed s̊a kommer reaktorn endast styras med hjälp av temperatur̊aterkoppling
fr̊an ångcykeln.

För att kunna utföra en dynamisk simulering av reaktorn s̊a m̊aste dessa temperatur̊aterkoppl-
ingar bestämmas. Detta gjorde med neutrontransport simuleringar i SERPENT, ett 3D
Monte Carlo program. Tv̊a kategorier av återkopplingar bestämdes, de lineära och icke-
linjära. De linjära bestod av den radiella, axiella och kapslingsexpansions̊aterkopplingen samt
kylmedel̊aterkopplingen. De ickelinjära var Doppler̊aterkopplingen och ARC-̊aterkopplingen.
I en del av dessa simuleringar s̊a bestämdes även utbränningar av neutronabsorbatorn i ARC-
systemet.

Man kunde avgöra att utbränningen av neutronabsorbartorn var försumbar. Samtliga återkop-
plingar visade sig vara negativa och stora vilket resulterar i en stabil reaktorhärd. Dessa
återkopplingar implementerades sedan i den lastföljningssimuleringarna. Dessa simuleringarna
omfattades av reaktorn, sekundära kylmedelscirkuleringen och ånggenerator. Matarvattenflödet
användes för att styra effekten i ånggeneratorn och flödet i ångcykeln används för att re-
glera ångtemperaturen. Tre simuleringar utfördes. Först ett stegsvar för att avgöra hur
snabbt reaktorn kan lastfölja, därefter testades reaktorns effektgränser, slutligen gjordes en
lastföljning mot vindkraftproduktion som ”proof-of-concept”.

Med denna enkla reglering p̊avisades det att SPARC-reaktorn effektivt kunde kompensera
för variationerna hos 60 MW vindkraft. När reaktorn opererar mellan 100 % och 40 % kan
effekten anpassas med hastighet av 6 % av märkeffekten per minut. Reaktorn kunde även
reglera sin effekt ned till 15 MWt dock med reducerad hastighet under 40 MWt. Det är troligt
att ångcykeln kommer att vara begränsade för anläggningens lägsta effekt.
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Executive summary

In this report the load following abilities of the SPARC-reactor was investigated. It was fueled
both with enriched uranium and transuranic waste. The reactor was simulated in SERPENT
to determine the feedbacks. These were implemented in dynamic simulation of the reactor,
secondary circulation and steam generator. From this it could be determined that:

• The reactor has only negative feedbacks of which multiple are strong.

• The reactor was able to load follow at 6 % of rated power per minute between 100 %
and 40 %, which is the same as modern reactors.

• The reactor was able to regulate its power between 100 % and 10 % but at slower rate.
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1 Introduction

1.1 Scope to the thesis

This thesis is a follow up on ”SPARC fast reactor design: Design of two passively
metal-fuelled sodium-cooled pool-type small modular fast reactors with Autonomous
Reactivity Control” by Tobias Lindström (2015). The goal of this thesis is to evaluate
if the two reactors designed in the above mentioned thesis are able to load follow
and to determine the burnup of the neutron absorber used in the passive control
system.

To be able to determine the behaviour of the reactors under changing load it is
necessary to determine the reactivity feedback coefficients. This is done by modelling
the core in Serpent, a Monte Carlo simulation software for 3D neutron transport
calculations. By varying parameters in this model the reactivity feedback coefficients
for the radial, axial, cladding and coolant expansion as well as the Doppler coefficient
and the autonomous reactivity control (ARC) system feedback is determined.

These reactivity feedbacks are then implemented in a dynamic model of the reactor,
primary and secondary coolant loops and the steam generator. These components
are designed with parameters appropriate for a reactor of this size, i.e., 50 MWe.
The load following ability of the system is then evaluated by letting the plant balance
hourly wind power production. The step response of the system is also evaluated
to determine how quickly the reactor can respond. Finally the steady state tem-
peratures of the reactor will be determined at different loads. From these results
the reactor’s ability to load follow and any limitations on its operations can be
determined.

1.2 Background

The development of 4th generation nuclear reactors offers an opportunity to address
many of the problems with current energy production and current nuclear power.
They are able to mitigate climate change while supporting renewable power in the
grid. Furthermore they aim to solve the problem with long term nuclear waste,
provide proliferation resistance while remaining safe. This section is intended to
introduce the reader to these subjects.

Since the beginning of the last century the average temperature of the Earth has
risen by 0.8 oC. 13 of the 14 warmest years have been recorded in the 21st century.
The warming is changing the climate, both on land and in the sea. The warming
oceans are also fuelling stronger hurricanes and typhoons. They also paradoxically
cause more frequent and stronger droughts as well as more frequent floods. As oceans
warm they expand, which together with melting land ice causes the sea levels to rise
[1].

Most of this warming can be attributed to the release of greenhouse gases by human
activity such as burning of fossil fuel, land usage and manufacturing. Without
reduction in emissions of greenhouse gases it is very likely that the warming will
exceed 3 oC with significant impact on the environment and human well being [1].

It is therefore essential that greenhouse emissions are reduced, which must be ac-
complished by burning less fossil fuels. The International Panel on Climate Change
(IPCC) outlines a couple of scenarios to accomplish this using both renewable en-
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ergy sources and nuclear energy. Nuclear energy is not a fossil based energy source
and is therefore able to complement the renewable sources [2].

However many renewable energy sources are intermittent, meaning that they are
unable to produce power on demand. As the amount of renewable energy increases
the need for dispatchable energy sources that can provide balancing services will
also increase. This is necessary in all transmission networks because there is no
ability to store energy [3, 4].

Load following can be done with gas turbines, diesel engines or hydro power. How-
ever gas and diesel have environmental and cost problems, while hydro power is
not available to all countries. In some countries with significant fractions of nuclear
power, like France, nuclear power is forced to be used for load following [3, 5]. How-
ever to be feasible as a long term solution, reactor technology also has to overcome
several other disadvantages with traditional nuclear power.

Nuclear reactors currently produce long lived radioactive waste which is harmful to
humans for hundreds of thousands of years. Most of this long term radioactivity
comes from elements heavier than uranium, called transuranic elements (TRU).
However, these elements are still fissionable at higher neutron energies than those
used in thermal reactors. It is therefore possible to utilise TRU as fuel for a fast
reactor leaving only shorter lived fission products in the waste. This reduces the
required storage time to about a thousand years, while simultaneously producing
useful energy [6].

It is also necessary to ensure that the reactor cannot be used to produce mate-
rial used to build nuclear weapons, refereed to as nuclear proliferation resistance.
This is best explained by the two ways to build a nuclear bomb, either using en-
riched Uranium-235 (U-235) or using Plutonium-239 (Pu-239) [7]. Each method is
associated with certain challenges and problems.

When using U-235 the construction of the bomb itself is simple. The challenging
part is reaching high enrichment since this requires expensive and very complex
facilities [7]. This would be a problem for a fast reactor utilizing U-235 since fast
reactors usually require an enrichment above 10 % which is higher than for thermal
reactors [8].

When using Pu-239 the production of a bomb itself is significantly more complex
[7]. One also need a nuclear reactor to irradiate U-238 to produce Pu-239. However
if Pu-239 is left in core it will produce Pu-240 which, due to its instability, will make
the construction of a bomb itself even more difficult [7]. This could be a problem
for TRU reactors since facilities that are used to extract TRU for reactor also can
be used for extracting plutonium for weapons [7]. However this can to some degree
be negated by designing the reactor so that the fuel is irradiated for a sufficiently
long time [6].

Finally the reactor has to be safe and controllable in all operating scenarios. This is
achieved by strong negative feedback, monitoring and control systems. In addition
it also needs to be shown that the reactor is safely contained during any accident
scenarios. For nuclear reactors the two most common accident scenarios are prompt
criticality and meltdown.

Prompt criticality happens when the reactor is critical only with prompt neutrons
and this results in an explosive increase in power in the core. This is prevented by
having a high proportion of delayed neutrons and strong negative feedbacks [8].
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Meltdowns are on the other hand caused by the heat produced by the decay of the
fission products after the reactor shutdown. If insufficient cooling is available to the
core it will then heat up until the point where it melts. This is prevented by ensuring
that there are cooling available to the core in any accident scenario. Preferably this
cooling should by passive and not require any outside power or action from the
operators [8].
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2 Nuclear reactors

This section is intended to give a brief introduction to the nuclear reactor physics
and design in this thesis. It should function as an introduction for readers unfamiliar
to the subject and a refresher for readers familiar with the subject.

2.1 Nuclear reactions

All nuclear reactions involve reactions with the nucleus. The most common process
is the nuclear decay of unstable nuclei. If the nucleus is too large to be stable it
usually decays with an alpha particle which reduces the size of the nucleus. If a
nucleus instead has too many neutrons it will decay by beta decay where a neutron
turns to a proton by releasing an electron. Most nuclear reactions will leave the
nucleus excited which then de-excites by releasing gamma particles, high energy
photons[8].

In nuclear reactors there is also reactions between free neutrons and the nucleus. For
simplicity the three most common types will be considered. The first is an elastic
collision where the neutron just bounce of the nucleus giving it some momentum
in the process. The second reaction is the capture of the neutron which creates a
heavier nucleus. The probability of capture depends on the nucleus and the energy
of the neutron and is usually expressed as size or cross section of the nucleus. An
example of this can be seen on figure 1, the many peaks are due to quantum effects
and are known as resonance peaks[8]. Finally the reaction of fission which will be
the main focus of the next section.

Figure 1: The neutron cross section of U-238 for various reactions as a function of
neutron energy [9].
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2.2 Reactor kinetics

The process of fission is different because the nucleus splits in two components in-
stead of emitting a particle. Fission induced from neutrons have three distinguishing
characteristics; The fission cross-section for fissile isotopes is significantly larger that
for other reactions; More neutrons are produced than is consumed; a large amount
of energy, compared to other reactions, is produced.

This makes it possible to create a self-sustaining nuclear chain reaction in which
excess energy is produced. In fact, per mass of fuel, nuclear reactions produce orders
of magnitude more energy than chemical reactions. The power in a nuclear reactor
depends on the fission rate and consequently the neutron population. Because of
this the power changes with the neutron balance:

production - absorption - leakage = rate of change of population

To allow the reaction to be self-sustaining this rate has to be positive or zero, when
this happens the reactor is critical. If the rate drops below zero the reactor goes
sub-critical and the power of the core will drop until it is critical again or reaches
zero. If the rate is above zero the reactor is super-critical and its power increases.

The change in neutron population from one generation to the next is known as
criticality and is defined as (1).

k =
neutrons in generation x + 1

neutrons in generation x
(1)

The average neutron lifetime is usually around 10−3 and 10−4 sec for thermal reac-
tors, and it may be as short as 10−7 and 10−8 sec for fast reactors [8]. With such
a short lifetime a 0.1 % positive generational increase (k = 1.001) would result in
a 22 000 increase in power over one second for the thermal reactor. However this
does not happen in a reactor since a small but a significant fraction of neutrons are
produced by decay of fission products, which causes them to be delayed. By relying
on these delayed neutrons to achieve criticality they also determine the generation
lifetime which slows down the reactor.

If the reactor were to become critical with promt neutrons alone it could result in
a runaway chain reaction. To prevent a prompt critical reactor a reactor should be
designed with strong negative feedbacks, meaning that an increase in power would
lower the reactors reactivity. This is one of the most essential properties of nuclear
reactors and important for this thesis.

Because a reactor always operates with a criticality close to 1 with small deviations a
more convenient measurement is reactivity. Reactivity can be seen as the deviation
from criticality and is defined as (2).

ρ =
(k − 1)

k
(2)

Because the reactivity is usually in the region of 10−5 a common unit for reactivity is
per cent mille (pcm) [10]. When calculating reactivity temperature feedbacks they
are usually measured in pcm/K.
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2.3 Reactor design

To remain a critical core the the power produced has to be removed, or the negative
feedbacks will make it sub-critical again. This is done by circulating coolant trough
or around the fuel. The coolant can be a gas such as carbon dioxide (CO2), helium
(He) or a liquid like light water (H2O), heavy water (D2O). This also includes molten
metal such as lead (Pb) and sodium (Na). These materials are used because they
have a low neutron absorption cross section and high heat capacity [10].

To protect the fuel from reacting with the coolant a cladding is usually added as a
barrier between the fuel and coolant. The reactor also needs structural components
to keep these components in position and to separate the reactor from the environ-
ment. These materials are chosen for resistance to corrosion, low neutron absorption
cross-section and high strength. There might be circumstances where it is desirable
to absorb neutrons, for example to stop the reactor or shield from neutrons. This
is commonly done using boron (B) alloys [10].

When neutrons are created by fission they have energies around 2 MeV and for
thermal reactors they need to be slowed down to thermal energies. This allows the
neutrons to react at lower energies where the capture cross-section is bigger, which
allows for a lower enrichment. This is done using moderators which can either be
H2O, D2O or graphite. The first two can simultaneously be used as coolant [8].

Using thermal neutrons however limits the fuel options since only a few isotopes
are fissile at thermal energies. By using a non-moderating coolant and a higher
enrichment it is possible to use mainly fast neutrons in a reactor. This both gives
the reactor better neutron economy since more neutrons are created in fission. It
also allows the reactor to fission a greater variety of isotopes since the probability
of fission increases with neutron energy for many heavy isotopes [8].

Due to the reactions in the reactor the isotopic content of the fuel will change over the
lifetime. Fission products will constantly accumulate, and due to capture reactions
new heavier isotopes will be produced. Eventually as the fissile isotopes are depleted
the reactor will become sub-critical and the fuel will need to be replaced with fresh
fuel. The amount of power that can be produced by a reactor is called ”burnup”
and is measured in megawatt days per tonne (MWd/ton). This is typically higher
for fast reactors since they have better neutron economy and are less affected by
build-up of heavier isotopes [8].

In fact, this capture will often create new fissile isotopes when a neutron is captured
in U-238 or Th-232 according to equation (3) and (4).

238U + 1n→ 239U
β− decay−−−−−→ 239Np

β− decay−−−−−→ 239Pu (3)

232Th+ 1n→ 233Th
β− decay−−−−−→ 233Pa

β− decay−−−−−→ 232U (4)

The amount of new fissile isotopes created over the amount consumed is known
as conversion ratio. This is commonly below 0.8 for thermal reactors but for fast
reactors it’s commonly above 1 meaning that more fuel is produced than consumed.

2.4 Reactivity feedbacks

A reactor’s behaviour is determined by the feedback, which is strongly influenced
by the design of the reactor. For simplicity this thesis will only cover feedbacks in
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light water reactor (LWR) and for sodium cooled fast reactors (SFR).

Thermal reactors

In LWR’s the dominant feedbacks are the moderator temperature feedback, the void
feedback and Doppler feedback. They are also affected by neutrons poisons which
affects the reactor during transients.

The moderator temperature feedback is created because the neutron spectrum and
the moderator are roughly in the thermal equilibrium. Since cross-sections generally
fall as neutron energy increases this will reduce the capture in the fuel, moderator
and structural components. At the same time the leakage increases with a faster
neutron spectrum and as a result this feedback is always negative [8].

The void feedback occurs in reactors cooled by light or heavy water. Due to waters
ability to reflect neutrons any boiling will cause increased leakage and also less
reflection. If the reactor is correctly designed any boiling will also lead to less
moderation and faster spectrum, which in turn will lower the reactivity due to more
leakage and parasitic absorption [8].

Finally the Doppler feedback is caused by the vibrations of fuel atoms in their
lattices. Higher temperature means more vibrations which in turn causes Doppler
broadening of the sharp absorption resonances in the isotopes in the fuel. The
additional absorption of neutrons lowers the reactivity. This feedback is given by
equation (5) where aD is the Doppler coefficient [8].

aD = log
T

T0
(5)

Over longer periods the build-up of neutron absorbing fission products called neutron
poisons will also affect the reactor. For thermal reactors the strongest neutron
poison, i.e. the largest thermal neutron capture cross section, is Xenon-135 (Xe-
135). Although Xe-135 is a fission product about 95 % of Xe-135 is produced from
decay of I-135 according to (6).

135Te
19sec−−−→ 135I

6.7h−−→ 135Xe
9.2h−−→ 135Cs (6)

In equation (7) one can see how the concentration of I-135 changes over time. The
production is dependent on the fission yield (γI), the macroscopic fission cross-
section (Σf ) and neutron flux (φ). The consumption is dependent on the decay
constant (λI) and the concentration (N). If the reactor operates at constant power
the reactor will reach equilibrium at a certain concentration. If the power decreases
there will be excess I-135 that needs to decay to reach a new equilibrium.

dNI

dt
= γIΣfφ− λINI (7)

This decay will create Xe-135 as seen in equation (8) by the λINI factor. A smaller
amount is also produced directly by fission as seen by the γXeΣfφ factor. The
consumption has two factors which both are dependent on the concentration of Xe-
135: the first factor is also dependent on the cross section of Xe-135 (NXe) and the
neutron flux (φ); the second factor depends on the decay constant.
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dNXe

dt
= [γXeΣfφ+ λINI ]−NXe[σXeφ+ λXe] (8)

At constant power the production and consumption of Xe-135 are in equilibrium
with the absorption balancing the decay from I-135. However when the power
decreases the absorption will decrease while the production will remain high until
the excess I-135 has decayed. As a result the Xe-135 will start to build up in the
core which in turn results in a negative reactivity insertion. After about 7 hours
the excess Xe-135 from I-135 would have reached a maximum and afterwards the
concentration will decrease until equilibrium is reached again [5]. In figure 2 the
effect of a reactor shutdown this is illustrated.

Figure 2: The effect of Xenon poisoning after a reactor shutdown. The concentration
(1) increases significantly while the reactivity (2) decreases in response.

If the reactor instead increase in power the consumption of Xe-135 would be higher
than the production from I-135 and therefore the concentration would first fall with
a minimum after about 3 hours. After this the production from I-135 would rise
and eventually a new equilibrium would be reached. The end result is a reactivity
increase with a peak after about 3 hour. Worth noting is that Xenon poisoning can
occur locally due to, for example, movement of control rods. This can cause axial
power oscillations in the reactor power, which can make load following challenging
[5].

Fast reactors

Fast reactors, unlike thermal reactors, are designed to have no moderator and there-
fore cannot rely on moderator feedbacks. In fast reactors, instead, the geometry of
the core changes which provide some of the most important feedbacks.

The radial expansion feedback is a negative feedback. It is caused by the thermal
expansion of the grid plate below the core or the load pads between the ducts above
the core. When these expand the assemblies move further apart which in turn
increases the effective surface of the active core. This causes more leakage, which
reduces the reactivity. The opposite happens when the temperature decreases [8].

The axial expansion feedback is negative feedback, which is caused by the axial
expansion of the fuel rod. Just like the radial expansion this causes the effective
surface of the core to increase which in turn causes leakage. This effect is a bit
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more complex since the fuel rod is made of both fuel and cladding. Since these
have different thermal expansion coefficient they would also cause different feedback
[8]. In this thesis the coefficient will be determined by the cladding since it’s in
direct contact with the fuel. However for completeness both coefficients should be
calculated.

The cladding temperature feedback is caused by the radial expansion of the fuel
rods and the displacement of coolant. Its effect changes depending on the reactor
due to the balance between volume dependent moderation and the surface depen-
dent leakage. Moderation lowers the energy of neutrons in the core, which for fast
reactors causes less fission. This means less coolant in the core cause a positive
feedback, which increase the reactivity. However less coolant also causes more leak-
age since there is less material to reflect neutrons back into the core. The cladding
temperature feedback may be either a positive or negative feedback depending on
which effect dominate [8].

The coolant temperature feedback unlike the previous feedbacks does not change
the geometry. Instead the thermal expansion of the coolant reduces the mass of
coolant inside the core. The mechanisms of this feedback is identical to the cladding
temperature feedback and it therefore depend on the same factors. [8].

The Doppler feedback in fast reactors works on exactly the same mechanism as in
thermal reactors. Even though the spectrum for fast reactors is concentrated above
the resonance peaks there is still some neutrons which are slowed down enough
to interact with the resonance peaks. This gives a smaller but not insignificant
negative feedback for the reactor [8]. In this thesis all of the five feedbacks above
will be considered.

2.5 Load following

Load following is the process of adjusting the power output of a plant to meet the
demand. This is necessary in all electrical networks since, today, there is limited
ability to store energy in the transmission network. Traditionally load following is
used to adjust the power to changing demand of the network over a day or a week.
However load following is also used to compensate for intermittent power sources.
The demand of load following has increased over recent years due to the increasing
fractions of renewable sources like wind, solar and wave power, where the power
production depends on the availability of sun, wind or waves [3, 4].

Load following can effectively be done by power sources like gas turbine, diesel
engines and hydro power. However gas and diesel have problems with cost and air
pollution, while hydro power is not available to all countries. In some countries
with significant fractions of nuclear power, like France, nuclear power is forced to
be used for load following [3, 5]. However there are three problems with using
conventional light water reactors (LWRs) for load following. They are susceptible
to Xenon poisoning, axial power oscillations and are sensitive to burnup.

As described in section 2.4 thermal reactors are susceptible to xenon poisoning
during transients. If not compensated for the xenon poisoning can cause oscillations
in the reactors power level and lead to instability.

Additionally variation in power levels may also cause the axial temperature gradient
in the core to change. This will change the moderation in parts of the core and push
the power distribution towards the colder, usually lower part of the core. Combined
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with Xenon poisoning this may cause axial power oscillation [5].

Finally the ability to load follow is also affected by the burnup of the fuel. At the
end of the cycle all the control rods may be fully withdrawn, circulation pumps at
maximum speed and the concentration of boron may be almost zero. This removes
many of the tools used when load following [5].

Nuclear reactors are, regardless of these problems, used for load following. The
load following practices and abilities can vary significantly with the reactor design.
The following examples are only intended to illustrate some of the issues with load
following. Simplified the LWRs can be divided into two categories, pressurised water
reactors (PWRs) and boiling water reactors (BWRs) [5].

The load following modes of PWRs can vary significantly with the reactor design
and local requirements. Typically control rods together with boric acid is used to
control the reactivity of the core. A power reduction in a PWR is usually done by
inserting control rods into the core and increasing the concentration of boric acid.
Afterwards the boric acid concentration is gradually reduced to compensate for
Xenon poisoning. More advanced load following also involves less effective control
rods called ”grey rods”, compared to normal ”black rods”. This also allows for
better control of axial power distribution [5].

Boiling water reactors (BWRs) differ from PWRs in that they only have a single
circuit and as a result there is no steam generator. Instead the boiling occurs
directly in the core and because of this there is no boric acid to control the reactivity.
BWRs instead use circulation pumps to adjust the boiling in the core which in turn
determines the moderation and reactivity. However control rods are typically used
when going below 60 % of rated power and in BWRs relying on natural convection.
Regulating with circulation pumps, however, is the preferred mode since there is
little effect in axial power distribution and it can therefore also do xenon poisoning
compensation [5].

According to European Utility Requirements (EUR) a modern reactor should be able
to continuously regulate it’s power between 50 % to 100 % of rated power. They
should also be able to do this within 90 % of their fuel cycle [11]. Some reactors,
such as the European Pressure Reactor (EPR), claim to be able to load follow as
low as 25 % of their rated power [12]. However, even though modern LWRs are able
to load follow with greater flexibility they are still inhibited by problems mentioned
above. Fast reactors can offer an alternative as rapid load following reactors.

Fast reactors are not affected by Xenon poisoning because the cross section of Xe-
135 in the fast spectrum is not significantly larger than other fission products [9, 13].
When regulated with temperature feedbacks the axial power distribution changes
very little and there is also no moderation or boiling. This makes them significantly
less vulnerable to axial power oscillations [13]. Due to the fact that they are designed
to operate for long periods burnup is not an issue.
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3 The SPARC reactor

3.1 The basic design

The reactors used in this thesis are of a conceptional design called SPARC, short for
Safe and Passive with Autonomous Reactivity Control [14]. Two configurations are
tested, one using the transuranic waste generated currently by LWRs and one using
enriched uranium. These will be refereed to as TRU and U-235. The SPARC has a
thermal power output of 150 MW with an expected electrical power of 50 MW.

The SPARC is designed to be a small modular battery-type nuclear reactor with the
ability to be combined into larger plants or operate individually to provide power
to small communities. As such it is designed to operate with minimum control
and supervision for 30 years without refuelling by breeding new fuel. The minimal
control is due to ARC-system which is meant to replace control rods for regulating
long term reactivity changes, this is explained further in section 3.3.

The SPARC-reactors design is inspired by the Integral Fast Reactor (IFR) and has
many of the same safety features. It uses sodium coolant, a pool-type reactor vessel
and metallic fuel which has shown to be passively safe even if all the control systems
fail [15].

Sodium was chosen for multiple reasons. First it avoids the corrosion problems
associated with lead or lead-bismuth which is essential for a reactor designed to
operate for 30 years. Furthermore there is significantly more experience from using
sodium, among others from the IFR and the EBR reactors, the Russian BN-series
and the French Phoenixes [16, 15, 17].

The pool type design was used in the IFR and the BN-600 reactor and reduces the
risk of primary coolant leaks due to the lack of any welded joints. It also has the
added benefit of a large thermal inertia from the sodium coolant. This ensures that
that the decay heat does not become a problem, even if the primary and secondary
circulations are lost [16, 15]. It will also function as a buffer between the reactor and
the secondary circulation when load following. For an explanation of these system
see section 3.4.

Metal fuel was chosen because it further increases the passive safety of the reactor.
Because of its higher heat transfer less Doppler reactivity will be stored in the
temperature difference between fuel and coolant. It also allows a higher power
density and burnup [16, 15].

The reactor is designed to minimize the reactivity swing over the reactor cycle.
This reduces the size of the ARC-system and the burnup of the neutron absorber.
The feedbacks will be evaluated at the beginning, middle and end of the reactor
cycle, shortened to BOC, MOC and EOC respectively. For safety the reactor is also
equipped with independent shut-down systems or SCRAM for short.

3.2 The components

In this section the individual components of the reactor will be explained. This
will be limited to the basic function and construction of the components. For more
information about the construction or measurements of individual components see
[14].
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Figure 3: The radial geometry of the reactor. In the middle is the active core fuel
assemblies in orange (1) and empty SCRAM assemblies (2). Surrounding the active
core is the neutron reflectors in grey (3). At the perimeter of the core are the shield
assemblies in maroon (4).
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(1) The fuel assemblies contain all the fuel in the system and therefore also produce
all the power. In total there are 48 fuel assemblies in the reactor and they can be
seen in greater detail in figure 4. Each assembly contains 169 rods, of which 6 are
ARC rods which are responsible for controlling long term reactivity variations. Each
fuel pin has a central fuel pellet surrounded by a HT9 steel cladding. All assemblies
are surrounded by a duct which also consist of HT9 steel.

Figure 4: The radial geometry of a fuel assembly. The fuel is orange, the lithium
is blue and the potassium is green. They are surrounded by steel cladding in grey
and light blue sodium.

(2) The SCRAM assemblies are empty assemblies but are fitted with control rods
that can be lowered into the core for shutdown or just for lowering the reactivity
of the core. The control rods are made of B4C which is a conventional absorber
material. They are mainly used in accident scenarios and when the reactor is shut-
down for maintenance since long term reactivity control will be handled by the
ARC-system. There are 7 SCRAM assemblies in the reactor.

(3) The reflector assemblies are made of HT9-steel and are designed to reflect neu-
trons back into the core and raise the reactivity of the core. They will also result
in a more even radial power distribution since there is less leakage at the perimeter.
There are a total of 30 reflector assemblies surrounding the core.

(4) The shield assemblies are designed to absorb any neutrons leaving the core and
prevent them from damaging equipment and people working outside the reactor.
They are made of B4C, the same material as the control rods. In total there are 36
shield assemblies.
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Figure 5: The axial geometry of the core. Surrounding the core is the sodium
pool (5) in which the reactor barrel is submerged. Coolant is taken in from
the lower plenum (6) and expelled above the core into the upper plenum (7).
The reactor core consist, from the bottom up, of the lower shield in maroon and the
neutron reflector in grey. In the middle is the active core in orange, which contains
all the fuel. Directly above the fuel is the fission gas plenum in yellow and above
that is another neutron reflector in grey.

(5) The sodium pool is the main reactor containment and contains the reactor barrel
and the main core. The sodium pool has a volume of 44.9 m3 and 43.4 m3 for U-235
and TRU respectively. Like most components it is constructed of HT9-steel.

(6) The lower plenum is positioned directly under the reactor barrel and allow
coolant from the sodium pool to get drawn into the core. The lower plenum has a
volume of 1.67 m3 and 1.04 m3 for U-235 and TRU, respectively.

(7) The upper plenum contains hot coolant and it is place directly above the core.
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It has a volume of about 15.2 m3 and 14.8 m3 for U-235 and TRU, respectively.
The hot coolant is pumped through the primary heat exchanger and then returned
to the sodium pool.

The fission gas plenum is designed to capture the fission gases produced during the
life cycle of the core. This is to prevent them from escaping and contaminating the
coolant. The lower shield is constructed of the same material as the shield assemblies
and has the same function. The same applies for the lower and upper reflector which
are constructed of HT9-steel.

3.3 The ARC-system

In this section an introduction to the passive reactivity control system will be given.
The ARC-system is designed to provide passive control of the reactivity in accident
scenarios and has also been shown to be able to control long term reactivity changes
[14]. It works by inserting a neutron poison into the reactor depending on the
coolant temperature at the reactor outlet.

The ARC-system is essential in the SPARC design as it allows the control of long
term reactivity changes that occur over the lifetime of the reactor. However, the
ARC-system is intended to fit any metal cooled fast reactor and is not specific to
the SPARC reactor. In this thesis the goal is to show that the system is compatible
with a load following reactor.

To cover all of the technical details and variations of the ARC-system is outside
the scope of this thesis. However an in depth description can be found in [18].
This section will instead aim to provide the reader with an understanding of the
operation of the ARC-system and the rationale of its design. This will include its
construction, the materials used and its operation.

Construction

The ARC-system is designed to improve the safety of fast reactors by providing
additional negative temperature feedback [18]. In this section the main mechanical
component of the system will be discussed which include the (1) ARC-pin, (2) the
upper reservoir and (3) the lower reservoir. Illustrations of the system is provided
in figure 6 to 9.

(1) The arguably most important component in the system is the ARC-pin. It
consists of two concentric tubes. The inner tube is filled with an expansion liquid
and connects a upper and a lower reservoirs. The outer tube is normally filled with
inert gas but when the temperature rises a neutron poison is forced up into the outer
tube by the expansion liquid displacing the gas.

(2) The upper reservoir contains the expansion liquid and is connected to the inner
tube. The expansion liquid will expand and contract with the outgoing coolant
temperature because of its position above the reactor. This will in turn cause the
expansion liquid to be forced into the lower reservoir.

(3) The lower reservoir contains both a liquid neutron poison and the expansion
liquid. The neutron poison is connected to the outer tube and floats on top of the
expansion liquid. The expansion liquid is in turn connected to the upper reservoir
through the inner tube. This allows an expansion in the upper reservoir to raise
the level of the liquids in the lower reservoir and push the neutron poison into the
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reactor.

Material

The material components: the (1) neutron poison, (2) the expansion liquid and (3)
the inert gas have special requirements to allow the system to function.

(1) The neutron poison consist of lithium and is essential for the operation of the
system. Lithium was chosen because it fits all requirements; it’s liquid at operational
temperatures but not close to boiling, it’s non corrosive [19] and it has high neutron
absorption cross section. Finally it’s light so it floats on top of the expansion liquid
[18].

Lithium consist of two isotopes, lithium-6 (Li-6) and lithium-7 (Li-7). While Li-
6 is an excellent neutron absorber Li-7 is comparatively transparent to neutrons.
Unfortunately natural lithium contain only 7.5 % Li-6 so enrichment is necessary to
make the ARC-system effective. It has been determined that to compensate for the
reactivity swing an enrichment of 39.06 % and 16.49 % is required for the TRU and
U-235 reactor respectively [14].

(2) The expansion liquid consist of potassium and has similar properties to lithium.
It is liquid at operational temperatures but not close to boiling, it is non corrosive
and insoluble in lithium. However unlike lithium it has a low neutron absorption
cross section. Finally it also has a high thermal expansion which allows for smaller
reservoir to achieve the same results [18].

(3) Finally argon was picked as the inert gas for its low neutron cross section and
because it’s chemically inert [18].

Table 1: Properties for lithium and potassium. Volumetric expansion is for between
300 and 500 o C and the cross section is Maxwellian average. [19, 18, 9]

Lithium Potassium

Temperature
Melting 180.5 oC 63.7 oC
Boiling 1347.0 oC 774.0 oC

Neutron cross section 940.9 barn 2.060 barn
Density 0.53 g/cm3 0.86 g/cm3

Volumetric expansion 2.08 % / 100K 3.16 % / 100K

Operation

In this section the operation of the ARC-system will be explained. First we assume
that we have a stable reactor, meaning that k = 1, and operating at full load. The
level of lithium is at the bottom of the ARC-pins, below the neutron shield.

Assume now that the secondary heat exchanger suddenly reduces its power to 80 %.
This means that more power is produced than extracted which heats up the coolant
in the pool. Since this coolant is used as intake to the reactor it will result in a
temperature increase in the reactor core. This will in turn heat up the potassium
in the ARC-system which expands and pushes the lithium higher into the core [18].

The lithium will then absorb neutrons which makes the reactor sub-critical, meaning
that k < 1. As a result the power of the reactor will decrease until the power is
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Figure 6: 3D CAD of an assembly with
one ARC-pin installed [18]. Used with
permission from the author

Figure 7: ARC-assembly showing two
pins installed [18]. Used with permission
of the author.

Figure 8: The upper reservoir of the
ARC-system [18]. Used with permission
from the author

Figure 9: The lower reservoir of the ARC-
system [18]. Used with permission of the
author.
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less than the power removed by the secondary heat exchanger. This lowers the
temperature of the coolant since more heat is being removed than is produced.
When the temperature is reduced the ARC-system will start to cool which reduces
the level of lithium in the core. This will increase the criticality until the reactor is
critical again at 80 % power and the system is at equilibrium [18].

If the ARC-system has a strong feedback problems can occur with oscillations The
ARC-system also has, unlike the other feedbacks discussed in section 2.4, a limited
range of regulation because it is constrained by the height of the pin [18].

To allow load following the expansion fluid reservoir has been repositioned to below
the core. This prevents oscillations that can occur in high reactivity ARC-system
during transients, which was discovered during load following simulations. As a
result the generic description of the provided here ARC-system will not be accurate.
The changes include repositioning of the upper reservoir and removal of the inner
tube. However because of the late implementation of this change all results will be
for the original system unless stated otherwise.

Figure 10: The operation of the ARC-system. A shows the level of the system while
refuelling, B shows the system while the reactor is operating normally, C shows the
system during a transient where the Lithium is inserted into the reactor [18]. Used
with permission of the author.

3.4 The plant

In the previous sections of this chapter the reactor and its components have been
described in detail. However to be able to convert the heat produced in the reactor
into electricity a nuclear plant requires many other systems. These systems are
illustrated in figure 11.

The reactor itself needs primary pumps to maintain the sufficient flow to the core
when running at full power. These pumps are intended to operate at a constant
flow and are assumed to be placed inside the internal heat exchanger (IHX). It is
worth noting that the flow is also driven by the temperature gradient in the core
which is especially important in an accident scenario.
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The IHX is used to transport the heat from the main circulation to the secondary
circulation. The secondary circulation is a loop of sodium between the reactor and
the steam generator. It is intended to prevent coolant in the sodium pool from
coming in direct contact with the water in the steam cycle in case of a leak. In our
case it will also be used for regulation of the temperature in the steam cycle. The
secondary loop also functions as a delay between the steam cycle and the reactor.
This is because it takes time for any changes in the steam cycle to propagate into
the reactor. This delay will depend on the flow in the secondary cycle and therefore
longer delays are expected at lower flow rates. This can also affect the reactors load
following behaviour and might set a lower power limit.

If this is not the case the limit is probably set by the steam cycle. Here steam is
boiled in the steam generator and is used to drive the turbine to produce electrical
power in the generator. There are specific requirements on steam quality to avoid
damage to the turbine. Especially important is that the steam is superheated to
sufficiently high temperature so that droplets do not form in the turbine and cause
erosion on the blades. It is also important to avoid rapid temperature swings since
this can cause metal fatigue and early failure of components [20]. Because of the
condenser the water that is feed into the steam generator is maintained at a constant
temperature. The condenser uses cooling water from either a body of water or a
cooling tower to condense the steam from the turbine. This allows it to be pumped
back to a higher pressure before entering the turbine again.

23



Upper plenumUpper plenum

Reactor coreReactor core

IHXIHX IHXIHX

Steam
generator
Steam

generator

Steam turbineSteam turbine GeneratorGenerator

CondensorCondensor

PumpPump

Figure 11: Simplified plant diagram
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4 Methods

The three dimensional continuous energy Monte Carlo program Serpent version
2.1.16 was used for the neutronic analyses to obtain the effective multiplication
factor (keff ). Serpent is able to construct full core geometries and is also able to
preform burnup calculations. Cross sections for Serpent are taken from the JEFF-
3.1 libraries, which combined with calculations of nuclear probabilities and random
number generators are able to simulate the behaviour of neutrons in the core. In
addition, Serpent is also able to simulate the changes in the material composition
due to irradiation and the effect that this has on the reactivity of the reactor. This
last feature, however, will not be used since data on the material composition for
the life-cycle of the fuels are already provided in [14].

Serpent allows the implementation of detectors to measure the reaction rates in
certain materials inside of the reactor. This will be used to measure the reaction
rates for Li-6 in each individual assembly to find the assembly with the maximum
reaction rate. In addition, the cross section for Li-6 and the neutron flux below
the core will be taken and used to calculate the burnup in the reservoir. The cross
section and the neutron flux in the active core are also measured for verification.
These values are presented in appendix A.

Simulations with Serpent, like all Monte Carlo simulations, have some uncertainty.
This uncertainty is given as the standard deviation for each measurement. To ensure
that this uncertainty does not affect the result the aim will be to keep the standard
deviation under 5 % for all feedbacks whenever possible. Six feedbacks were divided
into two categories. The first category is the linear feedbacks and includes coolant
and cladding temperature feedbacks as well as the radial and axial expansion feed-
back. The second category includes the two non-linear feedbacks Doppler and ARC
feedback.

When the feedbacks were modelled in Serpent the temperature deviations was uni-
form in the core. The core was divided into sections of different temperature, five
for active core as well as one above and one below the core. These calculations
were done for the reactor at the beginning of the cycle (BOC), middle of the cycle
(MOC) and end of the cycle (EOC). A more detailed explanation for each feedback
is presented in appendix B. The linear feedbacks used simple linear fits, while the
more complex Doppler and ARC feedbacks are fitted to the equation (9) and (10)
respectively using Matlab. More information can be find in appendix B.

keff = k0 − aD log

(
∆T

T0
+ 1

)
(9)

keff = k0 + ∆kARC (cos (hLi hscale)− 1) (10)

The load following simulation was done solely in order to evaluate the reactor’s
ability to load follow using only feedbacks. Consequently, the simulation is limited to
the reactor with pool and plenums, secondary heat exchanger and steam generator.
The limitations of the steam cycle beyond the steam generator were not investigated
in this thesis. However it was assumed that the steam cycle was only able to
operate above 40 % of rated power and as a result the electrical output was limited
to a minimum 20 MW. The steam cycle efficiency was assumed to be 33 % and
independent of temperature and flow. This simplifies the system considerably and
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reduces computation time. For the same reasons thermal inertia of the the non fluid
components outside of the core are not considered.

The simulation had two regulators installed to maintain the outlet steam temper-
ature and control the power in the steam generator. Both regulators are simple
Proportional, Integral and Derivative (PID) regulators [21]. The first regulator con-
trols the steam temperature by adjusting the flow in the secondary loop and has
the settings (30%/0%/15%) (P/I/D). The second regulator controls the power in
the steam generator by adjusting the flow in the steam cycle and has the settings
(15%/1%/10%) (P/I/D). Both regulators use the relative and not the absolute er-
ror. To maintain stability the feedback is also proportional to current flow. The
regulators were intentionally simple to reduce computation time.

Three simulations were done. First a step response simulation to determine the
speed which the reactor is able to load follow. Then the reactor power limit was
then determined in another simulation. Finally a proof of concept load following
simulation was towards the Latvian wind power production [22] because the installed
power of 61.7 MW is similar to the plant rated electrical power. The aim of the plant
was to maintain a combined power of 61.7 MW. Hourly Nordpool production data
between 05-02-2016 and 13-02-2016 was chosen because this time period showed a
high variability.
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5 Results

5.1 Feedbacks

The feedbacks simulated with Serpent are given in table 2 to 5. The coolant feedback
is the weakest feedback for both reactors, and is negligible in the TRU reactor. For
the U-235 reactor it is stronger at BOC but decreases quickly during the cycle. The
cladding feedback, like the coolant feedback is relatively weak. For the U-235 reactor
it increases over the lifetime, however this increase remains within the uncertainty
for each step. For the TRU reactor all variations are within the uncertainty.

The radial feedback is significantly stronger than the previous feedbacks but still
exhibits the same behaviour. It increases for the U-235 reactor and all variation for
the TRU reactor is within the uncertainty.

Table 2: The reactivity feedback from the coolant, cladding and radial expansion at
different points in the reactor cycle. All feedbacks are in pcm/K.

U-235 reactor Coolant Cladding Radial

Start -0.89471 -0.46532 -2.1448
± 4.6523 % ± 8.8922 % ± 2.4358 %

Middle -0.62228 -0.52604 -2.6339
± 6.7576 % ± 8.0215 % ± 2.0327 %

End -0.29249 -0.62926 -2.9441
± 14.995 % ± 6.8863 % ± 1.8766 %

TRU reactor Coolant Cladding Radial

Start -0.02965 -0.61816 -3.2213
± 151.8 % ± 7.2774 % ± 1.7684 %

Middle -0.07967 -0.71103 -3.2581
± 54.76 % ± 6.1376 % ± 1.6960 %

End -0.05519 -0.70409 -3.2144
± 81.31 % ± 6.3549 % ± 1.7510 %

The strength of the axial feedback differs significantly depending on how it is de-
rived. The fuel dependent axial expansion is significantly lower than the cladding
dependent axial expansion. The behaviour of both axial feedbacks is the same re-
gardless of the reactor type. The fuel dependant feedback increases in the middle of
the cycle and then decreases slightly at the end of the cycle. The cladding dependant
feedback increases over the lifetime of the reactor.
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Table 3: The reactivity feedback from the axial expansion at different points in the
reactor cycle. All feedbacks are in pcm/K.

U-235 reactor Axial (fuel) Axial (cladding)

Start -1.0645 -3.2207 pcm/K
± 4.8739 % ± 1.6292 %

Middle -1.4379 -3.5496 pcm/K
± 3.7170 % ± 1.5083 %

End -1.3018 -3.6942 pcm/K
± 4.2189 % ± 1.4932 %

TRU reactor Axial (fuel) Axial (cladding)

Start -1.5678 -3.9035 pcm/K
± 3.7855 % ± 1.4584 %

Middle -2.1391 -3.9827 pcm/K
± 2.5798 % ± 1.4013 %

End -1.7446 -4.1949 pcm/K
± 3.2223 % ± 1.3487 %

The changes in Doppler feedback remain within the uncertainty for the U-235 reactor
while it decreases slightly for the TRU reactor. The ARC feedback on the other
hand increases for both reactors over their lifetime. The Doppler and ARC feedback
can be seen in table 4 and 5

Table 4: The Doppler coefficient at different points in the reactor cycle.
U-235 reactor aD

Start -233.9 pcm ± 2.6728 %
Middle -228.5 pcm ± 2.5634 %
End -231.5 pcm ± 2.6740 %

TRU reactor aD

Start -260.9 pcm ± 2.4552 %
Middle -244.9 pcm ± 2.8072 %
End -231.1 pcm ± 2.6997 %
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Table 5: The reactivity feedback for the ARC-system at different points in the
reactor cycle.

U-235 reactor ∆ρmax hscale
Start -905.0 pcm 3.1872

± 0.1920 % ± 0.0993 %
Middle -1008.6 pcm 3.1870

± 0.1141 % ± 0.0612 %
End -1076.8 pcm -3.2149

± 0.1292 % ± 0.0667 %

TRU reactor ∆ρmax hscale
Start -1887.9 pcm 3.1732

± 0.0739 % ± 0.0392 %
Middle -1929.0 pcm 3.1814

± 0.0884 % ± 0.0467 %
End -2032.5 pcm 3.1415

± 0.0997 % ± 0.0540 %

5.2 Load following

To determine how rapidly the reactors are able to load follow their step response
from 100 % to 40 % and from 40 % to 100 % were simulated. The length of the
steps where 1, 5, 10, 15, 20, 30 and 60 minutes. The reactors were allowed to
reach equilibrium at 40 % power before stepping back to full power. All of these
simulations used the redesigned ARC-system.
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Figure 12: The power in the U-235 reactor and steam generator at the begining of
the cycle (BOC). Step lengths from top to bottom are 1 min, 10 min and 60 min.
The red line is the target power, the green line is the power output in the steam
generator and the blue line is the reactor power.

In figure 12 the power response of three simulations are presented. For the 1 minute
step there are significant oscillations in the steam generator output due to an over-
shoot caused by the the PID regulator. The overshoot is especially large when
returning to full power. In the reactor these effects are slightly dampened and as
a result the overshoot is slightly lower but still above 200 MW. For the 10 minute
step the steam generator is able to follow the demand with very little overshoot and
as a result the overshoot in the reactor is significantly lower. For a 60 minute step
almost no overshoot in any component can be observed.
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Figure 13: The temperatures in the core, internal heat exchanger (IHX) and steam
generator for the U-235 reactor at begining of the cycle (BOC). Step lengths from
top to bottom are 1 min, 10 min and 60 min. Red represent hot temperature while
blue is cold temperature. The reactor is represented by dashed lines, the secondary
circulation by fully drawn lines and the dotted lines the steam cycle.

In figure 13 the temperature response of the plant is presented. As expected the 1
minute step has abrupt temperature changes with oscillations present in the steam
and secondary cycle. These oscillations are dampened in the reactor core, however
abrupt temperature changes are still present. For the 10 minute step no oscillations
are present and the steam temperature deviates very little from the target value.
The temperature variations are significantly more gradual, however the incoming
primary and secondary coolant experience rapid temperature variations of over 50
oC. For the 60 minute step the same components still experience variations of up
to 50 oC, however they are significantly more gradual.

The average overshoots are presented in table 6 and 7. The overshoot both in
temperature and power decreases quickly as the length of the step increases. With
a step length of about 10 minutes and longer the overshoot is nearly insignificant.
This corresponds to a power curve of 6 % /min which is in line with current LWRs
[5].
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Table 6: The overshoot and undershoot relative to equilibrium outgoing coolant
temperature depending on step length.

U-235 Overshoot (oC) Undershoot (oC)

1 min 8.6 -7.7
5 min 4.5 -4.2
10 min 1.2 -1.4
15 min 0.9 -0.7
20 min 0.7 -0.5
30 min 0.6 -0.3
60 min 0.6 -0.1

TRU Overshoot (oC) Undershoot (oC)

1 min 6.1 -4.6
5 min 1.9 -1.9
10 min 0.6 -0.6
15 min 0.4 -0.4
20 min 0.3 -0.3
30 min 0.2 -0.2
60 min 0.1 -0.1

Table 7: The overshoot and undershoot from target power depending on step length.

U-235 Overshoot (MW ) Undershoot (MW )

1 min 69.5 -30.5
5 min 29.6 -19.5
10 min 7.3 -7.9
15 min 5.2 -4.7
20 min 3.8 -3.5
30 min 3.2 -2.6
60 min 3.1 -1.6

TRU Overshoot (MW ) Undershoot (MW )

1 min 73.8 -29.2
5 min 19.5 -15.8
10 min 5.7 -6.4
15 min 3.0 -4.4
20 min 1.7 -3.6
30 min 0.9 -2.8
60 min 0.3 -2.0

In order to determine the behaviour of the reactors at partial load they are gradually
stepped down from 100 % power to 10 % power and allowed to reach equilibrium
after each step. In figure 14 one can observe that the reactor is stable between 100
% and 10 % power and that a step gives a slightly larger overshoot at lower power.
These trends were seen for both reactors at all points in the life cycle.

The equilibrium temperatures in the plant are illustrated in figure 15. As it can
be seen the temperature at the reactor outlet decreases with decreased power while
the temperature at the reactor inlet increases. This means that the safety margin
increases while operating at lower power. As power decreases the temperature of the
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hot secondary coolant tangents the reactor outlet temperature. The cold secondary
coolant decreases as power decreases. The steam and temperature remain constant
during the test. These trends were seen for both reactors at all points in the life
cycle.
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Figure 14: The power curve of the U-235 reactor and steam generator at the begining
of the cycle (BOC) when stepping down from 100 % to 10 % load. The red line is
the demand curve, the green line is the power output in the steam generator and
the blue line is the reactor power.
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Figure 15: The equilibrium temperatures in the core, internal heat exchanger, steam
generator for the U-235 reactor at the begining of the cycle (BOC). Red represent hot
temperature while blue is cold temperature. The reactor is represented by dashed
lines, the secondary circulation by fully drawn lines and the dotted lines the steam
cycle.
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When the reactor is used for load following against the wind power the variability in
total output decreases significantly. In figure 16 the production only deviates from
the demand when the load is outside the power limits of the reactor.
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Figure 16: The electrical production for the U-235 reactor at the begining of the
cycle (BOC). The wind power is in blue, the reactor power is in green, their total
production is in red and the demand is in cyan.

In figure 17 temperature changes in all the components are visualised. The coolant
temperature at the core outlet varies between 451 oC and 434 oC. while the coolant
temperature at the inlet varies between 396.7 oC and 354 oC. This is a range of 17
oC and 42.4 oC respectively.

The behaviour is similar for the internal heat exchanger whose outlet temperature
varies between 444 oC and 434 oC while the inlet temperature varies between 319
oC and 279 oC. This is a range of 10 oC and 40 oC respectively.

The steam outlet temperature remains constant at 365 oC because of effective regu-
lation. The feedwater temperature remains constant at 240 oC because of a constant
condenser temperature.
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Figure 17: The temperatures in the core, internal heat exchanger (IHX) and steam
generator for the U-235 reactor at the begining of the cycle (BOC). Red represent hot
temperature while blue is cold temperature. The reactor is represented by dashed
lines, the secondary circulation by fully drawn lines and the dotted lines the steam
cycle.

By looking at figure 18 we can see how the regulation works. The steam flow is
adjusted to regulate the power output of the plant to compensate for the changes
in wind power. The secondary loop flow is adjusted to maintain a constant steam
temperature when the feedwater flow changes.
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Figure 18: The flow in the secondary and steam cycle for the U-235 reactor at the
begining of the cycle (BOC). The blue represents the flow in the secondary loop and
the green represents the feedwater flow.
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5.3 Lithium absorber burnup

Any significant burnup of Li-6 will reduce the effectiveness of the ARC-system over
the lifetime of the reactor. It is therefore important to ensure that the loss Li-6 does
not become a problem. There will always be some loss of Li-6 even if the system
doesn’t actuate due to leakage flux at the lower reservoir which is presented in table
8.

Table 8: Maximum burnup per ARC-pin of Li-6 at different levels of actuation.
U-235 BOC MOC EOC

Reservoir 1.18 1.22 1.18 µg/cm3/y
Shield 22.20 22.52 22.20 µg/y
Reflector 0.58 0.61 0.58 mg/y

TRU BOC MOC EOC

Reservoir 4.44 4.01 4.31 µg/cm3/y
Shield 66.17 62.67 62.37 µg/y
Reflector 1.82 1.72 1.71 mg/y

The Li-6 in the active core will be exposed to significantly higher flux and will
therefore be the main sink of Li-6. The burnup in the active core was calculated
using both direct measurement of the reaction rate of Li-6 in the rods and from the
average assembly flux and cross section. The calculated values deviated at maximum
20 % of each other and this deviation was consistent between both reactors. These
differences can be explained by the variations in flux within the assemblies. The
more accurate direct measurement of burnup rate is presented in table 9.

Table 9: Maximum burnup per ARC-pin of Li-6 at different levels of actuation.
U-235 BOC (mg/y) MOC (mg/y) EOC (mg/y)

0 % 0.00 0.00 0.00
20 % 1.00 1.04 1.06
40 % 2.53 2.62 2.66
60 % 4.27 4.44 4.49
80 % 5.81 6.05 6.11
100 % 6.75 7.03 7.11

TRU BOC (mg/y) MOC (mg/y) EOC (mg/y)

0 % 0.00 0.00 0.00
20 % 2.85 2.68 2.59
40 % 7.11 6.68 6.32
60 % 12.15 11.39 10.66
80 % 16.74 15.68 14.65
100 % 19.48 18.27 17.15

There is significantly more burnup in the TRU-reactor than in the U-235 reactor.
However, the burnup over the lifetime is significantly lower than the amount of Li-6
contained in the rods as presented in table 10. The total burnup over the lifetime
of the U-235 reactor is 0.1332 grams per rod which is less than 2 % of the Li-6
contained in a fully actuated rod, excluding the reservoir. As stated, the burnup for
the TRU reactor is significantly higher than for the U-235 reactor but still negligible
compared to the mass of the system.
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The burnup in the reservoirs is, like the burnup in the rod, negligible for the oper-
ation of the system. In the reservoir only 0.05 % and 0.07 % of the initial Li-6 is
lost during lifetime of the U-235 and the TRU reactor. The radial distribution of
the burnup is presented in figure 19 and as expected the burnup is highest in the
middle of the core and decreases towards perimeter.
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Figure 19: The yearly burnup per ARC pin of Li-6 in each assembly at different
level of actuation for the U-235 reactor with at the BOC.

Table 10: The total burnup, excluding reservoir, during the lifetime. The mass Li-6
contained per ARC-rod excluding reservoir and fraction of this burned. Percentage
contained in reservoir burned due to leakage flux.
U-235 Total burnup Mass Li-6 Frac. burned Reservoir

0.13 g/rod 11.4 g/rod 1.16 % 0.052 %

TRU Total burnup Mass Li-6 Frac. burned Reservoir
0.34 g/rod 23.1 g/rod 1.47 % 0.075 %
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6 Discussion

The reactors studied in this thesis are able to load follow at a rate of 6 % of rated
power per minute between 60 MW and 150 MW power. Furthermore the reactors
were shown to be stable at a load as low as 10 % of rated power, which suggests that
it is possible to load follow below 60 MW. Most likely the limiting factor for lower
power load following will be the steam cycle [20]. However it needs to be pointed out
that the reactors respond slower to changing loads at lower power. This difference
is probably due to two effects: first a 10 MW decrease is proportionally greater for a
reactor operating at 30 MW compared to a reactor operating at 150 MW; secondly
at lower power the flow in the secondary cycle is lower which increases the delay
between reactor and steam generator.

It should also be noted that the regulator implemented in this thesis is a very simple
PID regulator and should be regarded as worst case in automatic control. It was
chosen for its simplicity and short computational time. Preferably a state space
representation and/or model predictive control would have been used to control the
plant. This combined with the ability to predict the demand in advanced would
further enhance the reactor’s ability to load follow.

Because the reactor can operate at low power it is able to maintain a high temper-
ature in the steam and secondary circulation. This allows the plant to be brought
online quicker and avoids large temperature changes that may limit the life of com-
ponents due to metal fatigue [20]. Furthermore load following would increase the
life of the reactor. This is because the reactor’s life is limited by irradiation damage
to structural components [14]. Since the flux in the core depend on the power run-
ning at lower power should reduce this damage and potentially allowing the core to
operate longer. Load follow however is expected to decrease the life of components
outside the core due to increased fatigue.

The small modular nature of the SPARC design combined with load following ca-
pability could be suitable for small isolated communities or district heating with co-
generation. The SPARC could also synergies with concentrated solar power (CSP)
and molten salt storage to allow the production longer into night while reducing
investment costs.

The burnup of Li-6 presented in section 5.3 does not present any problem and
load following should not increase it. This is because both burnup and power are
proportional to the neutron flux. Section 5.2 gives further support as it has been
shown that the core temperature, and therefore lithium height, decrease with lower
power.

Possible follow up work from this thesis include investigating the limitations of the
steam cycle, the potential problem caused by tritium created from burnt Li-6 and
the effects of load following on the life of components. There is also need for extra
work to validate the conclusions of this thesis and the conclusions of [14].
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Énergoatomizdat, Moscow, 1987.

[14] Tobias Lindström. SPARC fast reactor design : Design of two passively safe
metal-fuelled sodium-cooled pool-type small modular fast reactors with au-
tonomous reactivity control, 2015.

[15] Yoon I Chang. The integral fast reactor. Nuclear Technology, 88(2):129–138,
1989.

[16] JE Cahalan, RH Sevy, and SF Su. Accommodation of unprotected accidents
by inherent safety design features in metallic and oxide-fueled LMFBRs. 1:29,
1985.

[17] VI Subbotin, MN Arnol’dov, FA Kozlov, and AL Shimkevich. Liquid-metal
coolants for nuclear power. Atomic energy, 92(1):29–40, 2002.

[18] Staffan Qvist and Ehud Greenspan. An autonomous reactivity control system
for improved fast reactor safety. Progress in Nuclear Energy, 77:32–47, 2014.

[19] United States. Department of Energy and DW Jeppson. Lithium literature
review: lithium’s properties and interactions. Technical report, Department of
Energy, 1978.

[20] P Myles and S Herron. Impact of load following on power plant cost and per-
formance: Literature review and industry interviews. Technical report, Nuclear
Development Division, Nuclear Energy Agency, 2012.

[21] Torkel Glad and Lennart Ljung. Reglerteknik: grundläggande teori. 2, 2006.
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A Reactor parameters and lithium data

The peaking factor for both reactors remains virtually the same for both reactors
over their lifetime with the only exception being a small decrease at EOC for the
TRU reactor. The delayed neutron fraction for the U-235 reactor decreases quickly
in the beginning of the cycle and slower towards the EOC. This is probably due to
the U-235 being burnt and replaced by breed isotopes with a lower delayed neutron
fraction such as Pu-239. The TRU reactor is comparatively stable and decreases
slightly over the lifetime from 401 pcm to 366 pcm. This data can be seen in table
11.

Table 11: The peaking factor and delayed neutron fraction for the reactors at dif-
ferent points in their life cycle.
U-235 reactor BOC MOC EOC

Peaking factor 1.2518 1.2549 1.2474
Delayed neutron 748 pcm 599 pcm 509 pcm

TRU reactor BOC MOC EOC

Peaking factor 1.2988 1.3025 1.2763
Delayed neutron 401 pcm 375 pcm 366 pcm

In table 12 and 13 the average flux for each level of the reactor is shown. The active
core is divided into 5 sections and the area below the core is represented by the
reflector, shield and the reservoir. The capture cross section for Li-6 is also shown
for each level due to its dependency on the neutron spectrum. The cross section
increases in the softer spectrum further from the core while the flux decreases,
therefore the maximum cross section and flux density is not expected to overlap.
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Table 12: The average/maximum neutron flux density in neutrons/s/cm3 and cap-
ture cross section for Li-6 in the U-235 reactor.
U-235 reactor

Average BOC MOC EOC

Flux 100-80 % 10.9462e12 11.2438e12 11.5102e12
Flux 80-60 % 17.9321e12 18.5100e12 18.7664e12
Flux 60-40 % 20.6365e12 21.3135e12 21.4786e12
Flux 40-20 % 18.3398e12 18.8810e12 19.1051e12
Flux 20-0 % 11.5397e12 11.8296e12 12.0960e12
Flux Reflector 4.2448e12 4.3433e12 4.4589e12
Flux Shield 236.5707e9 239.7854e9 245.0265e9
Flux Reservoir 64.4265e9 65.4422e9 67.0575e9

XS 100-80 % 1.0003 barn 1.0076 barn 1.0139
XS 80-60 % 0.9450 barn 0.9529 barn 0.9589
XS 60-40 % 0.9443 barn 0.9532 barn 0.9597
XS 40-20 % 0.9462 barn 0.9546 barn 0.9611
XS 20-0 % 0.9759 barn 0.9843 barn 0.9906
XS Reflector 1.7522 barn 1.7850 barn 1.8093 barn
XS Shield 1.2739 barn 1.2753 barn 1.2799
XS Reservoir 4.2386 barn 4.2899 barn 4.2980 barn

Maximum BOC MOC EOC

Flux 100-80 % 17.1968e12 17.6872e12 17.9632e12
Flux 80-60 % 29.0439e12 29.9070e12 29.9524e12
Flux 60-40 % 33.5563e12 34.5691e12 34.3589e12
Flux 40-20 % 29.8114e12 30.6330e12 30.6179e12
Flux 20-0 % 18.6077e12 19.0839e12 19.3483e12
Flux Reflector 6.6379e12 6.7993e12 6.9613e12
Flux Shield 363.7938e9 367.1780e9 373.6394e9
Flux Reservoir 97.0403e9 98.6169e9 99.0227e9

XS 100-80 % 1.0782 barn 1.0867 barn 1.0935 barn
XS 80-60 % 0.9850 barn 0.9943 barn 1.0011 barn
XS 60-40 % 0.9827 barn 0.9925 barn 1.0002 barn
XS 40-20 % 0.9859 barn 0.9957 barn 1.0037 barn
XS 20-0 % 1.0327 barn 1.0407 barn 1.0484 barn
XS Reflector 1.9321 barn 1.9583 barn 1.9782 barn
XS Shield 1.4837 barn 1.4877 barn 1.4987 barn
XS Reservoir 5.6300 barn 6.0187 barn 6.0809 barn
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Table 13: The average/maximum neutron flux density in neutrons/s/cm3 and cap-
ture cross section for Li-6 in the TRU reactor.
TRU reactor

Average BOC MOC EOC

Flux 100-80 % 17.0927e12 15.9712e12 15.8638e12
Flux 80-60 % 28.1776e12 26.4494e12 25.3732e12
Flux 60-40 % 32.4662e12 30.5467e12 28.8140e12
Flux 40-20 % 28.7739e12 27.0655e12 25.8951e12
Flux 20-0 % 18.0867e12 17.0031e12 16.8137e12
Flux Reflector 6.6705e12 6.2991e12 6.3244e12
Flux Shield 367.4158e9 347.1775e9 350.4213e9
Flux Reservoir 99.4226e9 93.8332e9 95.0667e9

XS 100-80 % 1.0149 barn 1.0157 barn 1.0127 barn
XS 80-60 % 0.9558 barn 0.9541 barn 0.9536 barn
XS 60-40 % 0.9547 barn 0.9528 barn 0.9539 barn
XS 40-20 % 0.9577 barn 0.9561 barn 0.9559 barn
XS 20-0 % 0.9946 barn 0.9947 barn 0.9919 barn
XS Reflector 1.8072 barn 1.8110 barn 1.8060 barn
XS Shield 1.2724 barn 1.2679 barn 1.2603 barn
XS Reservoir 4.4054 barn 4.3910 barn 4.3099 barn

Maximum

Flux 100-80 % 26.8768e12 25.2091e12 24.5013e12
Flux 80-60 % 45.5505e12 42.7066e12 39.7468e12
Flux 60-40 % 52.7267e12 49.4085e12 45.0905e12
Flux 40-20 % 46.7408e12 43.8599e12 40.6912e12
Flux 20-0 % 29.1203e12 27.4881e12 26.5804e12
Flux Reflector 10.3638e12 9.8538e12 9.7655e12
Flux Shield 557.0860e9 528.5210e9 526.8879e9
Flux Reservoir 147.8441e9 137.8944e9 142.0532e9

XS 100-80 % 1.0972 barn 1.1004 barn 1.0948 barn
XS 80-60 % 1.0003 barn 1.0000 barn 0.9965 barn
XS 60-40 % 0.9975 barn 0.9965 barn 0.9942 barn
XS 40-20 % 1.0023 barn 1.0017 barn 0.9987 barn
XS 20-0 % 1.0576 barn 1.0593 barn 1.0540 barn
XS Reflector 1.9861 barn 1.9877 barn 1.9791 barn
XS Shield 1.4912 barn 1.4768 barn 1.4716 barn
XS Reservoir 6.3247 barn 5.5532 barn 5.7987 barn
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B Feedback coefficients

B.1 Thermal expansion

The cladding, shielding, wires, assemblies and other structural elements all consists
of HT9-steel. The thermal expansion of HT9 is described by equation (11) from [23]
and will be used for this report. This equation is only valid between 400 and 990 K
for cooling and 400 and 1090 K for heating. Also note that irradiation of the steel
is not accounted for as this is considered outside the scope of this thesis.

∆L/L = −0.2191 + 5.678× 10−4T + 8.111× 10−7T 2 ×−2.576× 10−10T 3 (11)

In [14], which this thesis is based on, the thermal expansion [23] for D9-steel is
used instead of HT9-steel as stated. The difference in expansion for these materials
between 434 deg.C and 434 deg.C D9 is 0.202 % compared to 0.141 % for HT9,
which is 44 % more.

The pressure inside the reactor is assumed to be close to atmospheric. The density
of the sodium coolant can then be described by equation (12) with an uncertainty
of 0.5 % according to [24].

ρNa = 1014− 0.235 · T [kg/m3] (12)

The expansion of the TRU-fuel and the U-235 fuel is calculated using the formula
(13) and (14) from [25]. Note that this does not account for the effects of burnup
as this is considered outside the scope of this thesis.

∆L/LPuZr =


0.0017694 · T + 0.18 T ∈ [400, 868]K

0.0074286 · T + 1.004 T ∈ [868, 938]K

0.0020104 · T + 1.524 T ∈ [938, 1378]K

(13)

∆L/LUZr =


0.0021252 · T + 0.157 T ∈ [400, 941]K

0.0070093 · T + 1.3 T ∈ [941, 1048]K

0.0022376 · T + 2.05 T ∈ [1048, 1408]K

(14)

For the ARC-feedback two expansions are important. First is the expansion of
the lithium which affects the absorption of neutrons. The equation (15) allows the
calculation of the density of lithium from 200 to 1600 degrees C with an accuracy
of 0.3 % [19].

ρLi = 0.515− 1.01 · 10−4(T − 200) [g/cm3] (15)

For the neutronic simulation it is assumed that the change in density of potassium
and argon is negligible. However the expansion of the potassium will affect the level
of lithium in the core and for equation 16 will be used.

ρK = 0.819− 0.23 · 10−3(T − 100) [g/cm3] (16)
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B.2 ARC-level

The goal of this section is to evaluate how the actuations of the ARC-system depend
on temperature. This will start by evaluating the expansion of potassium followed
by the lithium. The expansion of all the liquids follows equation (17).

ρ(T ′) = ρ0 + βT ′ (17)

Furthermore, the density of uniform material is given by equation (18).

ρ =
m

V
(18)

First the volume of the potassium can be expressed by (19) where Vlow is the volume
of potassium in the lower reservoir, Vres is the volume of the upper reservoir. They
are assumed to have different temperatures due to their positions.

VK = Vlow + Vres (19)

Because the upper reservoir has a constant volume expanding potassium will flow
from the upper reservoir to the lower. The change of mass in the upper reservoir is
(20) where ∆T is the change in temperature, T ′1 and T ′0 are the final and starting
temperature respectively.

∆mres = Vres(ρ(T ′1,res)− ρ(T ′0,res)) = −VresβK∆T (20)

Since the mass added from the upper reservoir will cool down as it flows to the lower
reservoir it will also decrease in volume. This can be written as

∆VK = V1,low − V0,low =
mlow −∆mres

ρ(T ′1,low)
− mlow

ρ(T ′0,low)

where mlow is the starting mass of potassium in the lower reservoir, V1 and V0 is
the final and starting volumes respectively. Which after rearranging becomes

∆Vlow =
mlow

ρ(T ′0,low)
·

(ρ(T ′0,low)− ρ(T ′1,low))

ρ(T ′1,low)
− ∆mres

ρ(T ′1,low)

By using equation (17), (18), (19) and (20) we get

∆VK =
βK∆T

ρ(T ′1,low)
(Vlow + Vres) =

βK∆T

ρ(T ′1,low)
VK (21)

Now the lithium expansion needs to be evaluated. It is assumed that the lithium
has the same temperature as the incoming coolant. The change in volume can then
be expressed as

∆VLi = V1,Li − V0,Li =
mLi

ρ(T ′1)
− mLi

ρ(T ′0)

which by using (17) and rearranging the terms becomes

∆VLi =
mLi

ρ(T ′0)
· βLi(T

′
1 − T ′0)

ρ(T ′1)
=
βLi∆T

ρ(T ′1)
V0,Li (22)

By combing equation (22) and (21) the combined change in volume becomes

∆V = ∆VLi −∆VK =

(
βLiVLi
ρLi(T ′1)

+
βKVK
ρK(T ′1)

)
∆T (23)

45



which is a linear volumetric expansion except for the factor

β

ρ(T ′1)
=

1

ρ0/β + T ′1

which decreases for higher temperatures. Meaning that the expansion is slightly
slower at higher temperatures. Since the increased volume will always expand into
the outer ARC-pin the height can be written as

∆h =
∆V

π(R2 − r2)
(24)

Where R is the outer radius, r is the inner radius and ∆h is the change in height.

B.3 Cladding feedback

Cladding feedback is a positive temperature feedback caused by the radial expansion
of the fuel rods. When the temperature of the fuel rods increases the fuel rods will
expand radially which in turn will displace the sodium coolant. Since the coolant
has a moderating effect this will give harder neutron spectrum which causes more
fissions and an increase in reactivity. However there will also be an increase in
leakage that will lower the reactivity.

The cladding feedback is implemented by changing the inner and outer radius of the
cladding and by adjusting the density of fuel rod accordingly. The expansion and
contraction of the fuel rod radius is calculated from equation (11). This also gives
the volumetric expansion, which is equivalent the square of the linear expansion.

The reactor core is divided into five axial levels with different starting temperatures.
It’s assumed that the temperature increase is equal over the whole reactor which
would correspond to an increase in inlet temperature. For enough statistical accu-
racy the simulation is run with 10 000 source neutrons, 25 000 active cycles and 2
000 inactive cycles. The feedback is calculated for a temperature change of -100 K,
-50 K, 50K and 100K.

The feedback for cladding, coolant, radial expansion, axial expansion can all be
described by a linear equation like equation (25). All of these feedbacks are fitted
to this equation and this is used to calculate the reactivity.

keff (∆T ) = k0 + ∆ · Tdkeff/dT ) (25)
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Figure 20: The linear fit for the cladding feedback in the U-235 reactor at the
begining of the cycle (BOC). Simulation data is in blue and the fit is in red.

Table 14: The parameters of the linear fit for the cladding feedback for the reactors
at different points in the life cycle.
U-235 reactor keff dkeff/dT

Start 1.0015 -4.6602e-06
± 0.0029 % ± 8.8892 %

Middle 1.0121 -5.3240e-06
± 0.0030 % ± 8.0185 %

End 1.0075 -6.3400e-06
± 0.0031 % ± 6.8832 %

TRU reactor keff dkeff/dT

Start 1.0127 -6.2600e-6
± 0.0040 % ± 7.2742 %

Middle 1.0295 -7.3200e-6
± 0.0031 % ± 6.1345 %

End 1.0154 -7.1489e-6
± 0.0032 % ± 6.3517 %

B.4 Coolant feedback

The coolant feedback is a positive temperature feedback caused by the volumetric
expansion of the sodium coolant. The expansion will decrease the mass of coolant in
the reactor. Since the coolant has a moderating effect this will give a harder neutron
spectrum which will cause more fission and higher reactivity. However there will
also be an increase in leakage that lowers the reactivity.

The coolant feedback is implemented by adjusting the density of the coolant inside
the core as well as above and below the core. The core is divided into five axial
levels with different starting temperature. The coolant above and below also have
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their own defined starting temperatures. The increase/decrease in temperature is
assumed to be uniform.

For enough statistical accuracy the simulation is run with 10 000 source neutrons,
40 000 active cycles and 2 000 inactive cycles. The feedback is calculated for a
temperature change of -100 K, -50 K, 50K and 100K. A fit to the data is shown in
figure 21 and the parameters are presented in table 15.
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Figure 21: The linear fit for the coolant feedback in the U-235 reactor at begining
of the cycle (BOC). Simulation data is in blue and the fit is in red.

Table 15: The parameters of the linear fit for the coolant feedback for the reactors
at different points in the life cycle.
U-235 reactor keff dkeff/dT

Start 1.0004 -8.9503e-6
± 0.0029 % ± 4.6493 %

Middle 1.0111 -6.2918e-06
± 0.0030 % ± 6.7547 %

End 1.0067 -2.9444e-06
± 0.0031 % ± 14.992 %

TRU reactor keff dkeff/dT

Start 1.0119 -3e-07
± 0.0032 % ± 151.79 %

Middle 1.0292 -8.2e-07
± 0.0031 % ± -54.76 %

End 1.0147 -5.6e-07
± 0.0032 % ± -81.32 %

B.5 Radial expansion feedback

The radial expansion feedback is a negative feedback caused by the thermal expan-
sion of the plates that hold the assemblies. This expansion causes the assemblies to
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move apart which in turn causes leakage. This will lower the reactivity.

The temperature of the end plates should vary proportionally to the coolant tem-
perature. Below the core the starting temperature is assumed to be the inlet coolant
temperature and above the core it is assumed to be the coolant outlet temperature.
The temperature increase is assumed to be equal for both sections.

For enough statistical accuracy the simulation is run with 10 000 source neutrons,
25 000 active cycles and 2 000 inactive cycles. The feedback is calculated for a
temperature change of -100 K, -50 K, 50K and 100K. A fit to the data is shown in
figure 22 and the parameters are presented in table 16.
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Figure 22: The linear fit for the radial expansion feedback in the U-235 reactor at
begining of the cycle (BOC). Simulation data is in blue and the fit is in red.

Table 16: The parameters of the linear fit for the radial expansion feedback for the
reactors at different points in the life cycle.
U-235 reactor keff dkeff/dT

Start 1.0015 -2.1479e-5
± 0.0037 % ± 2.4321 %

Middle 1.0107 -2.662e-05
± 0.0038 % ± 2.0289 %

End 1.0071 -2.9651e-05
± 0.0039 % ± 1.873 %

TRU reactor keff dkeff/dT

Start 1.0126 -3.262e-05
± 0.0040 % ± 1.7644 %

Middle 1.0279 -3.3489e-05
± 0.0039 % ± 1.6921 %

End 1.0147 -3.2618e-05
± 0.0040 % ± 1.747 %
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B.6 Axial expansion feedback

The axial expansion feedback is a negative feedback caused by the axial expansion
of the fuel rods. This lowers the density of the fuel and increases the effective area,
which in turn causes leakage. With more leakage there is less fission and therefore
reactivity should decrease.

The axial feedback is implemented by taking the expansion of the fuel elements in
the axial direction. The core is divided into five axial temperature levels and the
temperature increase is uniform for all levels. The density of the fuel and cladding
is adjusted accordingly. However the expansion is also bound by the cladding an
this will be accounted in a separate simulation.

For enough statistical accuracy the simulation is run with 10 000 source neutrons,
40 000 active cycles and 2 000 inactive cycles. The feedback is calculated for a
temperature change of -100 K, -50 K, 50K and 100K. A fit to the data is shown in
figure 23 in figure 24 and the parameters are presented in table 17 and 18.
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Figure 23: The linear fit for the fuel dependant axial feedback in the U-235 reactor
at begining of the cycle (BOC). Simulation data is in blue and the fit is in red.
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Table 17: The parameters of the linear fit for the fuel dependent axial feedback for
the reactors at different points in the life cycle.
U-235 reactor keff dkeff/dT

Start 1.0016 -1.0661e-5
± 0.0037 % ± 4.8702 %

Middle 1.0116 -1.4545e-05
± 0.0038 % ± 3.7133 %

End 1.0074 -1.3114e-05
± 0.0039 % ± 4.2150 %

TRU reactor keff dkeff/dT

Start 1.0123 -1.5871e-05
± 0.0030 % ± 2.0305 %

Middle 1.0284 -2.1999e-05
± 0.0039 % ± 2.5759 %

End 1.0149 -1.7706e-05
± 0.0040 % ± 3.2183 %
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Figure 24: The linear fit for the cladding dependant axial feedback in the U-235
reactor at begining of the cycle (BOC). Simulation data is in blue and the fit is in
red.
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Table 18: The parameters of the linear fit for the cladding dependent axial feedback
for the reactors at different points in the life cycle.
U-235 reactor keff dkeff/dT

Start 1.0015 -3.2254e-5
± 0.0037 % ± 1.6255 %

Middle 1.0101 -3.5855e-05
± 0.0038 % ± 1.5045 %

End 1.0070 -3.72e-05
± 0.0040 % ± 1.4893 %

TRU reactor keff dkeff/dT

Start 1.0127 -3.9553e-5
± 0.0040 % ± 1.4543 %

Middle 1.0273 -4.0914e-05
± 0.0039 % ± 1.3974 %

End 1.0147 -4.2563e-05
± 0.0040 % ± 1.3447 %

B.7 Doppler feedback

The Doppler feedback is a negative feedback which is caused by the thermal vi-
brations of atoms in the fuel. Most isotopes have narrow resonance peaks in their
absorption cross-section in which virtually all neutrons that encounter the isotope
will be absorbed. When isotope vibrates this will cause the relative velocity between
the isotope and neutrons to cover a wider range, this in turn means that more neu-
trons will encounter the peak. This causes less fission and lowers the reactivity.

Since this is a relatively small effect the temperature of the fuel is varied by -300
K and 300 K. The simulation was run with 10 000 source neutrons, 40 000 active
cycles and 2 000 inactive cycles. Change in reactivity is then fitted to equation (26).
A fit to the data is shown in figure 25 and the parameters are presented in table 19.

keff = k0 − aD log

(
∆T

T0
+ 1

)
(26)
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Figure 25: The fit of (26) to the criticality for the U-235 reactor at the begining of
the cycle (BOC). Simulation data is in blue and the fit is in red.

Table 19: The parameters of the fit to (26) at different points in the life cycle
U-235 reactor k0 aD T0

Start 1.0037 2.2035e-3 539.36 K
± 0.0004 % ± 1.419 % ± 1.068 %

Middle 1.0132 1.7677e-3 471.85 K
± 0.0004 % ± 1.404 % ± 0.946 %

End 1.0087 3.1439e-3 699.239
± 0.0004 % ± 1.746 % ± 1.490 %

TRU reactor

Start 1.0136 2.4687e-3 729.14 K
± 0.0004 % ± 2.503 % ± 2.164 %

Middle 1.0306 2.3675e-3 741.27 K
± 0.0004 % ± 2.788 % ± 2.425 %

End 1.0163 2.3757e-3 733.31 K
± 0.0004 % ± 2.749 % ± 2.383 %

B.8 ARC system feedback

The ARC system feedback is a strong negative feedback. It’s caused by the capture
of neutrons by Lithium-6 in the ARC-pins. As described in section 3.3 the system
is designed so that the level of Lithium in the ARC-pins rises with the temperature.
The system is designed to control the reactor in an accident scenario [18]. However
it has previously been shown that the ARC-system can control the reactivity of the
reactor over the whole life-cycle in SPARC fast reactor design [14].

The system is implemented by simply adjusting the height of the lithium in the
reactor as well as adjusting the temperature and density of lithium so that it matches
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the surrounding coolant.

The axial neutron flux density in the core is assumed to be described by a sinus
between 0 and π, and the change in criticality is assumed to be proportional to the
absorption. The criticality of the reactor can then be described by equation (27)
where k0 is the starting criticality, ∆kARC is the maximum reduction in criticality
and hscale scales from height fraction to radians and should be close to π. A fit to
the data is shown in figure 26 and the parameters are presented in table 20.

keff = k0 + ∆kARC (cos (hLi hscale)− 1) (27)
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Figure 26: The fit of (27) to the criticality for the U-235 reactor at the begining of
the cycle (BOC). Simulation data is in blue and the fit is in red.

Table 20: The parameters of the fit to (27) for the reactors at different points in the
life cycle
U-235 reactor k0 ∆kARC hscale

Start 1.0014 4.5271e-3 3.1871
± 0.0006 % ± 0.096 % ± 0.099 %

Middle 1.0124 5.1052e-3 3.1866
± 0.0003 % ± 0.058 % ± 0.060 %

End 1.0077 5.4309e-3 3.2124
± 0.0005 % ± 0.065 % ± 0.066 %

TRU reactor

Start 1.0131 9.5573e-3 3.1754
± 0.0004 % ± 0.037 % ± 0.039 %

Middle 1.0299 9.9328e-3 3.1818
± 0.0006 % ± 0.045 % ± 0.047 %

End 1.0154 10.3207e-3 % 3.1417
± 0.0007 % ± 0.051 % ± 0.054 %
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